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The discovery of neutrinoless ββ decay could soon be within reach. This hypothetical
ultra-rare nuclear decay offers a privileged portal to physics beyond the Standard Model
of particle physics. Its observation would constitute the discovery of a matter-creating
process, corroborating leading theories of why the universe contains more matter than
antimatter, and how forces unify at high energy scales. It would also prove that neu-
trinos and anti-neutrinos are not two distinct particles, but can transform into each
other, with their mass described by a unique mechanism conceived by Majorana. The
recognition that neutrinos are not massless necessitates an explanation and has boosted
interest in neutrinoless ββ decay. The field stands now at a turning point. A new round
of experiments is currently being prepared for the next decade to cover an important
region of parameter space. In parallel, advances in nuclear theory are laying the ground-
work to connect the nuclear decay with the underlying new physics. Meanwhile, the
particle theory landscape continues to find new motivations for neutrinos to be their
own antiparticle. This review brings together the experimental, nuclear theory, and
particle theory aspects connected to neutrinoless ββ decay, to explore the path toward
— and beyond — its discovery.
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I. INTRODUCTION

What is “matter”? Ever since the attempts of the
ancient philosophers to conceive matter in terms of a
few elements, and the even more radical attempts of
the early atomists, humankind has been trying to de-
termine what the ultimate building blocks of nature are
and whether they are physically indivisible. Lavoisier’s
idea that “nothing is lost, nothing is created, everything
is transformed” is deeply rooted in our modern way of
thinking and has taken a very particular form in the con-
text of the Standard Model of particle physics. Nowa-
days, we assume that energy can transform into balanced
quantities of matter and antimatter, and vice versa, that
matter and antimatter can annihilate to produce energy,
according to immutable rules. Indeed, in all physical
processes observed so far, the creation or destruction of
matter particles is compensated by the destruction or
creation of antimatter particles. More precisely, the dif-
ferences between the number of baryons and antibaryons,
and leptons and antileptons, are immutable quantities,
i.e., quantum numbers of our canonical field theory.

We now believe that our universe originated in a Big
Bang, and that at the beginning of time it was extremely
hot, with energy converting into matter-antimatter and
vice versa. Yet, the universe in which we live today con-
tains almost exclusively atoms and not anti-atoms. This
observation creates a strong theoretical appeal for hy-
pothetical “matter-creating” or “antimatter-destroying”
processes, i.e., phenomena that can break the matter-
antimatter balance, and dynamically explain the asym-
metry of our universe. At present, the most promising
phenomena of this type for observation in the laboratory
are the destruction of a proton — which could decay by
changing the number of baryons while respecting energy
conservation — and the creation of electrons in nuclear
decays — which would change the number of leptons.

The quest to observe the creation of electrons is be-
ing pursued vigorously in the form of searches for a nu-
clear decay where the atomic number Z increases by
two units while the nucleon number A remains constant:
(A,Z) → (A,Z + 2) + 2e. This is commonly known as
“neutrinoless ββ decay” (0νββ decay). Here, the cre-
ation of electrons can be enabled by the “transmutation”
of neutrinos into antineutrinos, which is possible if the
neutrino’s mass is described by a unique mechanism con-
ceived by Majorana. Thus the matter-antimatter imbal-
ance and neutrino masses could have a common origin.

A symmetry between neutrinos and antineutrinos was
postulated by Majorana and further discussed by Racah
in 1937. This led Furry to propose the existence of 0νββ
decay in 1939, building on Goeppert-Mayer’s ideas on
two-neutrino double-beta (2νββ) decay transitions. Pio-
neering searches for 0νββ decay started in the 40s using
time-coincidence counting techniques or visual detection
of tracks in cloud chambers and photographic emulsions.
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Since then, experiments have continued steadily, lead-
ing to increasingly stronger constraints which at present
reach half-lives exceeding 1026 years. This means that a
nucleus will take on average more than a million billion
times the age of the universe before undergoing 0νββ de-
cay. To surpass this sensitivity, experiments must moni-
tor thousands of moles of atoms for years, and have the
capability to detect the 0νββ decay of a single one of
them. The rarity of the sought-after signal sets extremely
strict requirements for eliminating other processes that
could mimic the decay.

We face a pivotal time for 0νββ-decay searches. The
discovery of neutrino mass at the turn of the century
brought to the foreground the question of whether that
mass could be of the peculiar type proposed by Majo-
rana. This invigorated the effort in 0νββ-decay experi-
ments around the world, covering a variety of ββ-decay
nuclei and detection techniques. These efforts have set
the stage for the selection of the most promising meth-
ods for further investment. The community is currently
proposing next-generation experiments as part of a global
enterprise, with the goal for the next decade of extending
the half-life sensitivity in multiple nuclei by two orders
of magnitude beyond the current limits. This could lead
to an observation of the transition.

Meanwhile, the theoretical landscape continues to
evolve, and has also been deeply affected by the neu-
trino mass discovery. Most leading theoretical models
suggest that neutrinos have a Majorana mass responsi-
ble for lepton number violation, and hence predict 0νββ
decay. In fact, multiple lepton-number-violating mecha-
nisms that lead to 0νββ decay have been identified, so
that there is no definitive prediction of its half-life. Nev-
ertheless, running experiments are progressively probing
the parameter space available to theoretical scenarios. In
particular, if the decay is mediated by the exchange of
light neutrinos, all anticipated orderings of the neutrino
masses are being tested.

A key role in 0νββ-decay searches is also played by nu-
clear theory, which links the experimentally measurable
0νββ-decay half-life with the underlying particle physics
through the modeling of the nuclear behavior. Sophis-
ticated many-body calculations are required to evaluate
the impact of the structure of the initial and final nu-
clei on the decay rate. In addition, the nuclear operators
driving the decay need to be consistent with the treat-
ment of the initial and final nuclei. The nuclear theory
community is placing significant analytical and computa-
tional efforts with the ultimate goal of converting experi-
mental measurements into constraints on the underlying
particle physics mechanisms. In the opposite direction,
only through nuclear theory can we predict decay half-life
values based on selected theoretical scenarios.

In recent years, several review articles have discussed
0νββ decay, witnessing the vivid interest of the scien-
tific community in this topic. Each work emphasizes

one or more relevant aspects, such as the experimen-
tal part (Avignone et al., 2008; Cremonesi and Pavan,
2014; Elliott, 2012; Giuliani and Poves, 2012; Gomez-
Cadenas et al., 2012; Schwingenheuer, 2013), the nuclear
physics (Ejiri et al., 2019; Engel and Menéndez, 2017;
Vergados et al., 2012; Vogel, 2012; Yao et al., 2022b), the
connection with neutrino masses (Bilenky and Giunti,
2015; Dell’Oro et al., 2016; Petcov, 2013), other parti-
cle physics mechanisms (Deppisch et al., 2012; de Gou-
vea and Vogel, 2013; Päs and Rodejohann, 2015; Rodejo-
hann, 2011, 2012), or a combination of the above (Dolin-
ski et al., 2019). Elliott and Franz (2015) discusses Ma-
jorana fermions in a broader context. In the present
work, we mostly focus on the first three aspects, moti-
vated by the intention to follow the theoretical ideas that
describe the most plausible expectations for experiments.
We bring together theory and experiment to give a com-
prehensive overview of the field, and explore the path
towards a convincing future discovery and elucidation of
the mechanism mediating the decay.

We start our journey in Sec. II with an overview of the
history and role of 0νββ decay. In Sec. III, we revisit the
theoretical motivations to search for this matter-creating
process, which has a special role in testing the founda-
tions of nature that modern theory formulates in terms
of symmetry principles. The reference quantum field
theory of particles physics — i.e., the Standard Model
— predicts four global symmetries, with corresponding
conserved quantities given by the difference between the
number of baryons and leptons (B − L) and the number
of leptons of each flavor (Le − Lµ, Lµ − Lτ , Le − Lτ ).
The observation of neutrino flavor oscillation violates the
last three, forcing us to extend the theory to account for
these new phenomena. The only residual global symme-
try is that related to B−L conservation, as discussed in
Sec. III.A. Testing this symmetry is thus of paramount
importance, and 0νββ decay is its most sensitive direct
probe. Further interest in 0νββ decay comes from the
fact that the transition is plausibly due to new physics
— beyond the Standard Model — at an ultra-high en-
ergy scale beyond the reach of current accelerators. In
Sec. III.B and III.C, we review the mechanisms that give
rise to 0νββ decay, how their contributions can be cast
in terms of effective field theory operators, and what we
can learn about them. The lowest dimension operator
— i.e., the dimension 5 Weinberg operator — describes
Majorana masses of the light neutrinos and is one of the
better-motivated mechanisms for 0νββ decay. If this is
the dominant contribution to the transition, the half-
life of the decay is connected to the neutrino properties
and the origin of neutrino masses (Sec. III.D). This cre-
ates an exciting interplay between 0νββ-decay searches,
neutrino oscillation experiments, neutrino mass measure-
ments, and cosmology. It also implies that the search for
0νββ decay is a well-defined scientific target that can be
explored in the next years. Finally, in Sec. III.E, we ex-
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plore the connection between 0νββ decay and the excess
of baryons over antibaryons in the universe.

Section IV reviews recent advances in nuclear theory.
First, Sec. IV.A introduces an effective field theory frame-
work based on the symmetries of the fundamental theory
governing nuclei, i.e., quantum chromodynamics. Con-
tributions from different 0νββ-decay mechanisms are or-
ganized in terms of effective operators through a mas-
ter formula that provides a way to estimate the energy
scales constrained by 0νββ-decay searches. Section IV.B
describes how each 0νββ-decay mechanism involves at
least one nuclear matrix element (NME), as the decay
occurs in a complex many-body nuclear system. We
highlight the impact of the recently proposed “short-
range operator” — unfortunately with uncertain coupling
— that could affect significantly the rate of the decay.
In Sec. IV.C, we discuss progress on NME calculations
obtained with several many-body approaches, including
recent first-principles studies. In addition, we discuss
NME uncertainties, and place special importance on re-
cent advances in the understanding of “gA quenching”
(Sec. IV.D), one of the main sources of theoretical un-
certainty. In single-β decay the decades-old puzzle seems
mostly solved thanks to previously-neglected many-body
correlations and two-nucleon currents. However, an ex-
tension to higher momentum transfer is needed to es-
timate the impact on 0νββ decay. Finally, Sec. IV.E
presents related nuclear properties and reactions, the
tests they place on nuclear theory calculations, and the
insights they may provide on 0νββ decay.

Section V reviews the experimental aspects of 0νββ-
decay searches. This decay can be observed in a variety
of nuclei, each of them characterized by specific proper-
ties such as Q-value and natural abundance, as discussed
in Sec. V.A. Since each isotope enables different detec-
tion techniques, the field is very diverse. We review the
main detection principles in Sec. V.B. Current sensitivi-
ties can only be improved with an increase of the active
isotope mass and a concurrent background reduction to
unprecedented levels. Section V.C describes the back-
ground sources faced by the various experiments, and
lists possible new backgrounds arising in future highly
sensitive searches. The available techniques to discrimi-
nate a possible 0νββ decay from background are covered
in Sec. V.D. We discuss in Sec. V.E the statistical tech-
niques used to extract the sought-after signal and how
two effective parameters — the effective background and
effective exposure — can essentially describe the sensi-
tivity of an experiment.

Finally, in Sec. VI, we present a consistent comparison
of recent and future experiments, including projects at
the research and development phase. We describe each
experiment’s distinctive features, planned developments,
and strategies to reach the desired goal sensitivity.

Several questions are crucial for 0νββ-decay searches
in the upcoming decade. Are we ready for a discovery?

When can we expect it, and what will we be able to learn
from an observation? How will advances in other physics
areas influence the 0νββ-decay community? In Sec. VII,
we bring together our expectations for particle theory,
nuclear theory, and experiments in order to address these
questions, and to explore the possible path towards —
and beyond — a future discovery of 0νββ decay.

We hope for this review to become a useful reference
for both 0νββ-decay experts and nonexperts. With this
challenging goal in mind, we alternated introductory and
technical sections. We recommend the nonexpert reader
to focus on Secs. III.A, III.B, III.D and III.E for an
overview of the particle theory context, on Secs. IV.A,
IV.C.1 and IV.D for insights on nuclear theory aspects,
and on Secs. V and VI.A for an introduction to the ex-
perimental techniques and experiments. Experts might
also be interested in these sections, as we discuss most
topics from a modern point of view, which differs in many
aspects from past review works. We also recommend to
both experts and nonexperts Sec. II, which gives a his-
torical context for the present-day effort, and Sec. VII,
which aims to connect all the dots, bridging theory and
experiment, particle and nuclear physics, as well as cos-
mology and other scientific areas, pointing to a pathway
forward toward the discovery of 0νββ decay and beyond.

II. HISTORICAL LANDSCAPE

In this section, we summarize the role of 0νββ decay
in the historical development of particle physics, focus-
ing on its connection with the crucial milestones of neu-
trino physics, such as: the neutrino postulation (1930-
1933); Majorana’s hypothesis for the nature of the neu-
trino (1937); the role of 0νββ decay for the neutrino mass
(1957-1958); neutrinos in gauge theories (1961-present);
and empirical information on the neutrino mass (1967-
present). We also cover the connection between 0νββ
decay and long-standing questions regarding the basic
ingredients of matter and fundamental Standard Model
symmetries. More details on the history of 0νββ de-
cay are discussed in Barabash (2011), Tretyak (2011),
De Bianchi (2018), and Vissani (2021).

The terminology α, β and γ rays introduced by Ruther-
ford at the turn of the 20th century marked the recog-
nition of new phenomena beyond atomic physics. The
Bohr-Rutherford model of the atom (Bohr, 1913) was a
milestone for the field, but could not and did not claim to
explain these new phenomena. Soon afterwards, Harkins
and Wilson (1915a,b) inferred a model for the nuclei de-
scribing them as composed of 4He, 3H and 1H nuclei, and
Rutherford (1920a,b) discovered through (α, p) reactions
that the hydrogen nucleus was a fundamental component
of other nuclei, and named it the proton after Prout’s
protyle (Prout, 1816). According to these models, a nu-
cleus with atomic numer Z and mass number A would
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have been made of A protons and (A−Z) nuclear or inner
electrons, yielding a nuclear charge Ze. This paradigm
could explain the neutrality of atoms, the existence of
isotopes and also radioactivity, but was still fundamen-
tally non-relativistic, assuming that particles “are for-
ever”, i.e., cannot be created or destroyed. Moreover, it
could not predict the nuclear spin for some nuclei — for
instance 14N — and predicted a monochromatic β ra-
diation spectrum (Ellis and Wooster, 1927; Meitner and
Orthmann, 1930).

To overcome these problems, Pauli (1930) proposed
to add a new very light and neutral particle to the nu-
cleus, which was assumed to carry spin and energy. Thus
the neutrino was introduced, albeit in a non-relativistic
model, similar to the earlier ones. The discovery of the
neutron in 1932–33 (Chadwick, 1932, 1933) was an im-
portant step forward in the formulation of the modern
model of the nucleus (Heisenberg, 1932a,b, 1933; Majo-
rana, 1933). Concurrently, quantum mechanics reached
its full maturity, in particular thanks to the relativistic
quantum theory of the electron (Dirac, 1928).

All these phenomenological and theoretical aspects
were merged in Fermi’s theory of β decay (Fermi, 1934),
which introduced the possibility of creation and destruc-
tion of matter particles. The success of Fermi’s theory in
describing the observed β-decay rates and spectra con-
vinced the scientific community of the existence of the
neutrino and triggered its experimental search.

Shortly thereafter, Wick (1934) exploited Fermi’s the-
ory to explain β+ decay and electron capture, and Wang
(1942) proposed to measure the electron-capture nuclear
recoil to indirectly detect the neutrino. Between the
late thirties and the early fifties, several measurements
demonstrated that β decay and electron capture are sub-
ject not only to missing energy, but also to an apparent
momentum non-conservation, thus pointing to the exis-
tence of the neutrino (Allen, 1942; Crane and Halpern,
1938, 1939; Davis, 1952; Leipunski, 1936). The final
confirmation arrived in 1956, with the detection of neu-
trinos in “appearance mode” through inverse β+ decay
(ν̄+p→ n+e+) (Cowan et al., 1956; Reines and Cowan,
1953), another process predicted by Fermi’s theory.

Other milestones were achieved in those years. Lee
and Yang (1956) questioned the conservation of parity
in weak interactions and Wu et al. (1957) observed its
violation in β decays. Soon after, Landau (1957), Lee
and Yang (1957), and Salam (1957) independently came
to the conclusion that, if the neutrino produced by weak
interactions was massless, it would have a fixed and op-
posite helicity compared to the antineutrino, and parity
violation in weak interactions would be maximal. Exper-
imental evidence in favor of the neutrino’s fixed helicity
(Goldhaber et al., 1958) and the refinements of Fermi’s
theory in terms of a (V − A) interaction (Feynman and
Gell-Mann, 1958; Sudarshan and Marshak, 1958) repre-
sented breakthroughs in our understanding of weak inter-

actions. Unfortunately, it implied that the expected rates
of 0νββ decay were at best much lower than originally
predicted (Furry, 1939), and strengthened the idea that
neutrinos were massless up to the point that it became
regarded as an established fact. However, this paradigm
did not block the discussion entirely; in fact, the first
discussion of 0νββ decay based on the neutrino mass hy-
pothesis appears in 1960 (Greuling and Whitten, 1960).
The history is recounted in Vissani (2021).

In the same decades, the understanding of β decay and
weak interaction led to further considerations on the pos-
sibility of double-β decay and its relevance in connection
to the neutrino nature. In 1935 Goeppert-Mayer (1935)
highlighted the possibility for an isotope to “change into
a more stable one by simultaneous emission of two elec-
trons”, with a process that would “appear as the simul-
taneous occurrence of two transitions, each of which does
not fulfill the law of conservation of energy separately”.
She also used Fermi’s theory of β decay to predict that
such a transition, namely 2νββ decay, would have half-
life values exceeding 1017 yr.

Two fundamental milestones followed. Majorana
(1937) introduced an alternative to Dirac’s theory where
neutral particles can be their own antiparticles, and ex-
plicitly mentioned its possible application to neutrinos,
saying that “such theory can obviously be modified so
that the β emission, both positive and negative, is always
accompanied by the emission of a neutrino”. Shortly
thereafter, Racah (1937) showed that postulating a sym-
metry between particles and antiparticles in addition to
relativistic invariance leads to a new version of Fermi’s
theory of β decay, and demonstrated that the assump-
tion that neutrinos and antineutrino are the same parti-
cle leads directly to Majorana’s formalism. Racah also
pointed out that Majorana’s theory could not apply to
neutrons because of their non-zero magnetic moment and
because it would imply that a free neutron could undergo
both β+ and β− decay, contradicting experiment. Racah
also highlighted the possibility of neutrinos (antineutri-
nos) inducing inverse β+ (β−) decay if they were Majo-
rana particles.

Furry (1938) pointed out that establishing which for-
malism applied to the neutrino, Dirac’s or Majorana’s,
would be more difficult than proving the neutrino’s ex-
istence. He also combined Majorana’s theory with the
2νββ decay proposed by Goeppert-Mayer, and conceived
0νββ decay mediated by the emission and re-absorption
of virtual Majorana neutrinos (Furry, 1939). The pro-
cess does not require the presence of Majorana masses,
but simply Majorana neutrinos, which obey Fermi-Racah
interactions. Should the interaction be of scalar type, in
the theoretical context at the time it could have yielded
half-life values as short as 1015 years. Furry noted that
such a rapid rate would affect the abundance of long-lived
isotopes, opening the possibility of geochemical searches
for 0νββ decay in addition to direct searches.
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Furry’s hypothesis motivated the first experimental
searches for 0νββ decay with rates too rapid to be ac-
commodated by Goeppert-Mayer’s proposed mechanism.
The first limit T1/2 > 3 · 1015 yr was made with 124Sn
in Geiger counters (Fireman, 1948). Follow-on direct ex-
periments (Fireman, 1949; Fireman and Schwarzer, 1952;
Fremlin and Walters, 1952; Kalkstein and Libby, 1952;
Lawson, 1951; McCarthy, 1953, 1955; Pearce and Darby,
1952) incorporated proportional counters, scintillators,
Wilson chambers, and nuclear emulsions using several
isotopes, and included some positive claims (Fireman,
1949; Fremlin and Walters, 1952; McCarthy, 1953, 1955)
that were disproved in more sensitive experiments — a
theme that has repeated itself throughout the history
of double-beta decay experiments, see Tretyak (2011).
Meanwhile geochemical searches (Inghram and Reynolds,
1949, 1950; Levine et al., 1950), which are sensitive only
to the combination of 0νββ and 2νββ decay and not to
each of them separately, yielded very strong limits, as
well as the first observation of ββ decay of 130Te with
a half-life of 1.4 · 1021 yr (Inghram and Reynolds, 1950),
consistent with the rate of Goeppert-Mayer’s 2νββ decay.

In the same period, Goeppert-Mayer (1949) also estab-
lished the foundations of the nuclear shell model — an
independent particle model at that time — which was in-
dependently also proposed by Jensen and others (Haxel
et al., 1949). Together with the interplay between single-
particle and collective nuclear motion introduced by Bohr
and Mottelson (1953), these works set up the corner-
stones for the theoretical understanding of nuclear struc-
ture, which eventually — after three decades of theory
and computing power advances — led to the first mod-
ern calculations of 0νββ-decay nuclear matrix elements.

Following the lack of observation of rapid 0νββ decay,
a loss of interest in the process started when Davis (1955)
did not observe the reactions predicted by Racah’s the-
ory — e.g., 37Cl(ν̄, e−)37Ar — and the (V −A) theory of
weak interactions showed that the 0νββ-decay rate did
not depend on just the nature of the neutrino, but also on
its mass, as was elegantly elucidated by Case (1957). For
vanishing Majorana mass, the effect would disappear and
the transition would become undetectable, a point made
particularly clear by Touschek (1957). In addition, the
influential paper by Primakoff and Rosen (1959) argued
in favor of a Dirac neutrino. As a result, the enthusiasm
for 0νββ decay declined further, as testified by the reduc-
tion of citations over time shown in Fig. 1 of certain fun-
damental papers on 0νββ decay (Case, 1957; Furry, 1939;
Goeppert-Mayer, 1935; Majorana, 1937; Racah, 1937).

The neutrino mass hypothesis was revived by ideas on
flavor transformations of massive neutrinos (1957-1967)
(Maki et al., 1962; Pontecorvo, 1957a,b, 1967), supported
by the first observations of solar neutrinos (Cleveland
et al., 1998), and eventually experimentally proven by the
discovery of neutrino oscillation (Kajita, 2016; McDon-
ald, 2016). Additional interest arrived in the seventies,
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FIG. 1 Citation frequency of some seminal papers on 0νββ
decay over time, until 2020. The citation frequency is com-
puted as the number of citations per decade divided by the
total number of papers with ≥ 10 citations published in the
same decade. Data from Inspire. See also Vissani (2021).

the “age of gauge theories”, with the conception of the
“seesaw mechanism” (Gell-Mann et al., 1979; Minkowski,
1977; Mohapatra and Senjanovic, 1980; Yanagida, 1979),
in which a heavy Majorana neutrino generates a tiny
mass for the light neutrino emitted in β decay. Further-
more, Weinberg (1979), Wilczek and Zee (1979) showed
the usefulness of effective operator analysis to extend the
Standard Model of electroweak interactions. In this con-
text, the rates of new phenomena, e.g., 0νββ or proton
decay, are suppressed by a factor inversely proportional
to the scale of “Grand Unification”. If new physics exists
at an ultra-high scale, the leading mechanism for 0νββ
decay would be light neutrino exchange. The renewed
interest in 0νββ decay, boosted by the discovery of neu-
trino oscillations, was accompanied by an increase in the
citation rate of the seminal works, as shown in Fig. 1.

The community has nowadays a common view on 0νββ
decay, which is a sort of minimal or orthodox vision fo-
cused on the supposition that the Standard Model neu-
trino is a Majorana particle. There are, however, alter-
native ideas. For instance, Touschek (1948) showed that
the observation of 0νββ decay does not directly imply
the Majorana nature of the neutrino, unless the nature
of weak interactions is considered to be known. After
the introduction of (V − A) theory, Feinberg and Gold-
haber (1959) pointed out the possibility of contributions
to 0νββ decay unrelated to neutrino mass. The under-
standing of neutrino oscillation, yielding observable phe-
nomena even with very small neutrino masses, led Pon-
tecorvo (1968) to reiterate the point that 0νββ decay
could proceed through channels other than the Majorana
neutrino mass mechanism. Even today, the possibility of
new physics at accelerator or rare process scales, perhaps
involving lepton number violation, allows one to imagine
a 0νββ-decay rate significantly greater than that due to

https://inspirehep.net
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Majorana masses.

The late 1960’s to early 1980’s also saw a contempo-
raneous blossoming of experimental techniques in 0νββ
decay, thanks to inventions such as the Ge(Li) detector
(Freck and Wakefield, 1962) and the streamer chamber
(Chikovani et al., 1963; Dolgoshein et al., 1964). These
led to a leap in half-life sensitivities for direct 0νββ-decay
searches, with efforts by Fiorini and Wu yielding limits on
the order of 1019−21 yr (Bardin et al., 1967, 1970; Cleve-
land et al., 1975; Fiorini et al., 1967; Fiorini et al., 1973).
This level was also reached with scintillating crystals (der
Mateosian and Goldhaber, 1966). During this period, the
invention of the high-purity semiconductor Ge (HPGe)
detector (Baertsch and Hall, 1970) and time-projection
chambers (TPCs) (Nygren, 1974) led to new possibilities
for the experimental investigation of 0νββ decay.

By the mid-1980s the combination of theoretical mo-
tivation and experimental capabilities brought 0νββ-
decay physics into something of a “golden era”. Hax-
ton and Stephenson (1984), Doi, Kotani, and Takasugi
(Doi et al., 1985) worked out the full theoretical de-
tails of the decay, building on earlier work by Primakoff
and Rosen (1959, 1969), and subsequently refined by
Tomoda (1991). Nuclear matrix element calculations
also proceeded in earnest. Studies using the quasipar-
ticle random-phase approximation method showed that
they could reproduce extremely long 2νββ-decay half-
lives once proton-neutron pairing is properly taken into
account (Vogel and Zirnbauer, 1986). The same physics
was found to be relevant for 0νββ decay (Engel et al.,
1988). Then, in 1987, Moe’s group reported the first di-
rect observation of 2νββ decay in 82Se using a TPC (El-
liott et al., 1987). The process was soon after reported in
76Ge by the ITEP/YePi experiment using HPGe detec-
tors (Vasenko et al., 1990). Ejiri et al. (1991) observed
the decay in 100Mo using a tracking detector consisting of
a planar source sandwiched between drift chambers and
scintillator detectors. 2νββ decay was also observed in
116Cd in multiple tracking and scintillating crystal exper-
iments (Arnold et al., 1995; Danevich et al., 1995; Ejiri
et al., 1995). TPCs and tracking detectors made addi-
tional observations in numerous isotopes (Arnold et al.,
1996, 1998, 1999; Balysh et al., 1996; Dassie et al., 1995;
De Silva et al., 1997; Elliott et al., 1992, 1991), and an
assay of a sample of enriched Mo powder using HPGe
detectors made the first observation of 2νββ decay to
an excited state of the final nucleus, in 100Mo (Barabash
et al., 1995). The measurement of the half-life of 48Ca
(Balysh et al., 1996), the lightest 2νββ-decay emitter and
the one with least complex nuclear structure, was found
to be in good agreement with the nuclear shell model pre-
diction (Caurier et al., 1990; Poves et al., 1995), giving
confidence to nuclear matrix element calculations.

These experiments achieved exquisite sensitivity also
to the 0νββ-decay mode, culminating in half-life lim-
its at the level of 1025 years by the Heidelberg-Moscow

and IGEX experiments in 76Ge (Gonzalez et al., 2000;
Klapdor-Kleingrothaus et al., 2001b). A subset of
the Heidelberg-Moscow collaboration claimed an obser-
vation with half-life on the order of 1025 yr initially
with 3.1σ significance (Klapdor-Kleingrothaus et al.,
2001a), increasing to 4.2σ and then >6σ significance
in subsequent reanalyses (Klapdor-Kleingrothaus and
Krivosheina, 2006; Klapdor-Kleingrothaus et al., 2004).
This claim was strongly questioned by Feruglio et al.
(2002), Aalseth et al. (2002), Schwingenheuer (2013), and
ultimately ruled out by more sensitive experiments, with
the first definitive exclusion at >99% CL coming from
the GERDA experiment (Agostini et al., 2013).

GERDA (Agostini et al., 2020b) along with
KamLAND-Zen (Abe et al., 2022) and other ex-
periments from the modern era (Adams et al., 2022;
Anton et al., 2019; Arnquist et al., 2022) (see Sec. VI)
have now explored half-lives in the range 1025 yr to a
few times 1026 yr. At present, major investments are
being made in the USA (Aprahamian et al., 2015), Eu-
rope (Giuliani et al., 2019), and elsewhere (see Sec. VI)
to mount experiments capable of reaching 1028 yr and
beyond. A broad class of models predicts high discovery
potential for this next-generation of searches. If nature
so chooses, the most exciting chapter in the history of
neutrinoless double-beta decay could be about to unfold.

III. PARTICLE PHYSICS THEORY AND MOTIVATIONS

Neutrinoless double-beta decay is of fundamental im-
portance for particle physics, and over time became cen-
tral also to several other fields, including nuclear physics
and cosmology. In this section, we highlight the key as-
pects of this connection from a modern perspective.

We first discuss in Sec. III.A the role of global symme-
tries in particle physics and their associated conserved
quantities, and in particular lepton number L and the
difference between baryon and lepton number B − L,
which are both tested by 0νββ-decay experiments. In
Sec. III.B, we consider the role and meaning of the neu-
trino’s Majorana mass, and of other effective operators
which parameterise possible violations of the global sym-
metries. Sec. III.C focuses on specific theoretical models
that predict lepton number violation phenomena. Then,
in Sec. III.D, we discuss observational neutrino physics,
introducing the parameter describing the contribution of
known neutrinos to 0νββ decay: the effective Majorana
neutrino mass mββ . Finally, the link between the excess
of baryons in the observable universe and the violation
of the global symmetries of the Standard Model (SM) is
examined in Sec. III.E.

Secs. III.A, III.B, III.D and III.E are all introductory
and contain basic material needed to develop an overview
of the field. These parts are intended for nonexpert read-
ers. Section III.C covers a wide range of theoretical mod-
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els connected to 0νββ decay and, because of its technical
nature, it is intended for a more expert audience.

A. Global symmetries

In this section we first examine the role played by
global symmetries — those associated with the conser-
vation of baryon and lepton number — for the under-
standing of particle physics (Sec. III.A.1). Then, we re-
view their meaning in the Standard Model, emphasis-
ing the exact (non-anomalous) symmetries, and in par-
ticular the combination B − L (Sec. III.A.2). Finally,
we discuss 0νββ decay in relation to these symmetries
(Sec. III.A.3), arguing that it qualifies as a process in
which a net amount of matter particles is created.

1. Baryon and lepton number conservation

Nuclear theory was directly based on the idea that the
total number of nucleons remains the same in any trans-
formation. This was soon generalized into a “conserva-
tion law for the number of heavy particles” (baryon con-
servation) by Wigner (1949), who noted that the proton
could decay into p→ e+ + π0 unless some law forbids it.
For light matter particles, namely electrons and neutri-
nos (leptons), the situation was less clear, especially in
view of the elusive nature of neutrinos (Marx, 1953; Zel-
dovich et al., 1993). The four-fermion theory of the weak
interaction is formulated in a manner that allows the as-
signment of a conserved number to the sum of charged
and neutral leptons, where antimatter particles are as-
signed a negative sign. However, after Majorana pro-
posed his theory of massive neutrinos, it became clear
that it was not even possible to tell a priori whether a
neutrino and an antineutrino are two distinct particles, or
two states of the same particle differing only by helicity.
Tests of the hypothetical decay (A,Z)→ (A,Z+2)+2e,
carried out since the 1940’s, have not yet revealed any
hint that the number of leptons could vary. Early direct
searches for neutrino masses — such as those conducted
by Hanna and Pontecorvo (1949) — and studies of their
helicity suggested that neutrinos are practically mass-
less (Landau, 1957; Lee and Yang, 1957; Salam, 1957),
and contributed to a reduced interest in Majorana’s pro-
posal. Moreover, subsequent investigations showed that
the beam of muon neutrinos from π+ decay produces lep-
tons and not antileptons. In short, it was hypothesized
that also the number of leptons does not change in any
interaction. A beautiful summary of the situation can be
found in Feinberg and Goldhaber (1959).

The discussion deepened with the emergence of the
various families of particles. For instance, the question of
why µ→ e+ γ is forbidden became as important as that
of whether proton decay exists, and motivated the intro-

duction of separate muon and electron number conserva-
tion laws. At this point, however, an apparent difference
between baryons and leptons emerged: the conservation
of the hadronic families was violated by weak interactions
in transformations between neutrons and protons, while
that of leptonic families was not.

Nonetheless, the perception of a correspondence be-
tween hadrons and leptons remained. The strengths of
their weak interactions were found to be the same (Pon-
tecorvo, 1947; Puppi, 1948), and mixing among leptons
and among quarks was introduced in the early sixties
on theoretical bases (Cabibbo, 1963; Katayama et al.,
1962; Maki et al., 1962). Inspired by the work of Gell-
Mann and Pais (1955), Pontecorvo (1957b) introduced
the idea of neutrino transmutation, noting its connec-
tion to neutron-antineutron and hydrogen-antihydrogen
transmutations, i.e., violations of baryon number. Fi-
nally, the seminal work of Sakharov (1967) on baryoge-
nesis suggested a specific B − L conservation law, and
discussed explicitly the possibility of proton decay associ-
ated with the Planck mass scale MP =

√
~c/GN, defined

in terms of the speed of light and Planck and Newton’s
constants. The decay rate is thus strongly suppressed.

2. The Standard Model and B − L

Let us come to the age of the Standard Model of parti-
cle physics and its SU(3)c×SU(2)L×U(1)Y gauge group.
The renormalizable quantum field theory follows from the
conventional choice of 15 quarks (u, d) and leptons (e, ν)
per family,

ur,L ug,L ub,L νL ur,R ug,R ub,R

dr,L dg,L db,L eL dr,R dg,R db,R eR,

with an important feature: baryon number B, the three
lepton numbers Le, Lµ, Lτ , and the total lepton number
L = Le + Lµ + Lτ , are accidentally conserved, i.e., their
associated symmetries emerge accidentally without being
a priori required. This is in agreement with experiments.

Not all of these global symmetries are expected to be
exactly obeyed. They are all symmetries of the classical
Lagrangian density, but some of them are not symmetries
of the full quantum theory, and can hence be violated by
quantum fluctuations. In jargon, these are called anoma-
lous symmetries (Adler, 1969; Bardeen, 1969; Stein-
berger, 1949). Indeed, the divergence of the leptonic
and the baryonic currents are not zero (’t Hooft, 1976),

but rather ∂µJ
(B)
µ = ∂µJ

(L)
µ = 3g2/(32π2)Tr[Fµν F̃

µν ]
where g is the SU(2)L gauge coupling and Fµν the field
strengths, so these currents are not conserved. The exact
(non-anomalous) SM global symmetries are

B − L , Le − Lµ , Lµ − Lτ , (1)

along with their linear combinations, e.g., Le − Lτ . In
fact, the SM predicts the existence of non-perturbative
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transitions that violate other combinations, e.g., B+L, as
is well-known in “baryogenesis” and “leptogenesis” theo-
ries that attempt to explain the cosmic excess of baryons.
Suffice it here to remark the existence of an effective op-
erator formed by the left doublets qL = (uL, dL)t and
`L = (νL, eL)t, that respects all the anomaly-free sym-
metries and violates the other ones.

It should be noted that the observation of neutrinos
other than those initially produced in “neutrino appear-
ance” experiments, even before invoking an interpreta-
tion in terms of massive neutrino oscillation, demon-
strated the violation of the anomaly-free symmetries
Le−Lµ and Lµ−Lτ (Dell’Oro et al., 2018a,b). For exam-
ple, SNO observed the appearance of muon and tau neu-
trinos in the solar electron neutrino flux (Ahmad et al.,
2001), and various experiments have seen the appearance
of new neutrinos from muon neutrino beams: electron
neutrinos in T2K (Abe et al., 2014) and tau neutrinos in
the case of OPERA (Agafonova et al., 2018). A straight-
forward implication is that the only residual symmetry
of the Standard Model is B − L. If this symmetry is
respected, we can distinguish perfectly matter particles
from antimatter particles, as described in the Standard
Model. However, if B − L is violated, we should expect
transitions between matter and antimatter particles, for
example, the transformations between neutrinos and an-
tineutrinos discussed in Sec. III.B.1. Thus experimen-
tally investigating B−L is of paramount importance, and
the process (A,Z) → (A,Z + 2) + 2e provides a direct
test of it. Note, incidentally, that the observation of the
otherwise extremely interesting decay of the proton via
p→ e+ + π0 or any other mode induced by dimension-6
operators would not.

3. What is a proper name for (A,Z)→ (A,Z + 2) + 2e?

So far, in this section, we have avoided referring to the
process (A,Z)→ (A,Z+2)+2e, as “neutrinoless double-
beta decay”. We did it intentionally, with the aim of
examining first the meaning and the importance of the
process at hand. Not only is it possible to characterize
this decay quite directly as a “creation of two electrons”,
using a terminology accessible even to laypersons, it is
also possible to call it the “creation of leptons without
antileptons”, using jargonic parlance highlighting specif-
ically the violation of L. Most importantly, considering
the SM structure, this term should be associated with
the violation of B−L, the only residual global symmetry
allowing the distinction of matter from antimatter parti-
cles. This process can thus be described as the “creation
of matter without antimatter”, or more precisely the cre-
ation of particles of matter, in this case electrons. This
is different from usual weak decays, such as normal β de-
cays, which produce electrons (matter particles) accom-
panied by the same number of antineutrinos (antimatter

particles), and thus do not change L.

The traditional name for the process, “neutrinoless
double-beta decay”, is formally correct but rather ob-
scure as it defines the process in terms of particles that
are not produced — something akin to calling a hip-
popotamus a “trunkless elephant”. Moreover, it uses
“beta-rays” for electrons, a term that dates back to
Rutherford’s time when it was surmised that electrons
live in the atomic nucleus. The standard terminology was
introduced to contrast this process with the “ordinary”
ββ decay of Göppert-Mayer, and reminds us the theo-
retical belief that the transition is dominantly triggered
by the exchange of virtual Majorana neutrinos, which
are valuable points. However, we think that these are
not good reasons to understate the importance of this
process for the current understanding of matter and its
interactions (Dell’Oro et al., 2018a,b).

B. Majorana neutrinos and other sources of lepton number
violation

In this section we present the main mechanisms that
can lead to lepton number violating effects and 0νββ
decay. We first introduce the simplest case, in which
ordinary neutrinos are endowed with a Majorana mass
and the fermionic spectrum of the Standard Model is
not modified. As we argue in Sec. III.B.1, this assump-
tion means that neutrinos, unlike all other fermions,
are at the same time particles of matter and antimat-
ter. In Sec. III.B.2, we then take full advantage of the
structure of the Standard Model, and discuss the nu-
merous effective operators that parameterize all possible
lepton-number-violating effects. Finally, in Sec. III.B.3,
we examine the simplest renormalizable extension of the
Standard Model leading to Majorana neutrino masses,
namely, the inclusion of right-handed neutrinos.

1. Majorana neutrinos: a bridge between matter and antimatter

Majorana’s neutrinos are both particles and antiparti-
cles. This often-heard statement is far from being trivial.
To clarify its meaning, it is useful to remember that neu-
trinos are particles with spin 1/2, i.e. fermions. Fermions
constitute matter (and antimatter), whereas bosons con-
stitute forces. In the context of the Standard Model of
Glashow, Weinberg and Salam, neutrinos along with all
other particles are distinct from their antiparticles. Such
a difference is evident for charged fermions, but what
about for neutral ones?

In fact, Standard-Model neutrinos are neutral. They
have hypercharge but this is broken spontaneously, leav-
ing only two ways to distinguish neutrinos from antineu-
trinos. The first way concerns the helicity of the parti-
cle: it is negative for the neutrino and positive for the
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FIG. 2 Artistic illustration of the relation between the neu-
trino and antineutrino helicity, which is given by the projec-
tion of the spin (red arrow) onto the momentum (green ar-
row). The helicity distinguishes neutrinos from antineutrinos
in the ultra-relativistic limit (top panel). However, in the rest
frame the neutrino and antineutrino are two spin states of the
same particle (lower panel). Image courtesy of L. Manenti.

antineutrino. The second way is based on the charged
lepton that accompanies charged lepton interactions: for
example, in all observed β∓-decays, the (anti)neutrino is
co-produced with a particle of (negative) positive charge.

The neutrino’s helicity is a consequence of the chi-
ral structure of the weak interactions — formally cor-
responding to the presence of the PL projector in the
charged interactions — but only provided that the neu-
trino mass is exactly zero. If neutrinos are massive, he-
licity coincides with chirality only in the ultra-relativistic
limit. All experimental observations related to weak in-
teractions have been made, and can be made, only on
ultra-relativistic neutrinos. However, as a thought ex-
periment, we can consider observing a neutrino and an
antineutrino in their rest frame, whose existence is guar-
anteed by their tiny masses measured through oscilla-
tion experiments. In this frame, the momentum and
helicity of the neutrino and antineutrino are both zero
and, in the absence of additional quantum numbers, the
two particles can differ only by the orientation of their
spin. Therefore, symmetry under rotations implies that
the two states must be the same particle. In conclusion,
the structure of the Standard Model, together with the
hypothesis that neutrinos have mass, suggests that the
neutrino and the antineutrino are the very same particle
in the rest frame. The point is summarised graphically
in Fig. 2 and discussed also by Dell’Oro et al. (2016).

A different conclusion can be drawn assuming the ex-
istence of some property discriminating the two particles
even in the rest frame, for instance lepton number. In this

case, two additional neutral particle states must exist in
the rest frame, and they must be “sterile”, i.e., unable
to couple to the Standard Model gauge fields. This pos-
sibility is what people refer to when they speak about
Dirac neutrinos. It should be stressed that Dirac neutri-
nos require invoking an ad-hoc property, such as lepton
number, as opposed to inferring such a property from
the model structure. Invoking an ad-hoc property can
be perceived as unnatural, in which case one might favor
Majorana’s neutrinos.

Majorana neutrinos would be unique among fermions
and provide a bridge between matter and antimatter.
Majorana’s hypothesis evidently confronts us with a bla-
tant violation of the L symmetry. Since baryon number
is not affected by neutrinos, the B − L symmetry would
also be broken.

The previous considerations obviously do not consti-
tute a formal proof that neutrinos are Majorana particles.
There is currently no experimental evidence of B−L vi-
olation, except for the indirect cosmological observation
that there are more atoms than anti-atoms. However,
cosmological observations are unable to test potential
lepton asymmetries created by neutrinos, which could
compensate the baryon asymmetry. These considerations
highlight the crucial importance of experimentally test-
ing the conservation of B−L, in particular, through the
study of 0νββ decay.

2. Effective operators and energy scale

A general theorem from Helset and Kobach (2020)
states that the variations of lepton number ∆L and
baryon number ∆B obey

∆L−∆B

2
= d mod 2, (2)

where d is the canonical dimension of the operator caus-
ing the transition, Od. This operator is a polynomial of
SM fields and possibly also right handed neutrinos, i.e.,
sterile neutrinos under the SM interactions. As usual,
fermionic fields contribute +3/2 to d and bosonic fields
(or derivatives) contribute +1. In the case of 0νββ decay,
where baryon number is conserved and ∆L = ±2, the
canonical dimension must be odd, and the new physics
scale Λ that parameterizes the operators Od appears as
1/Λd−4. After spontaneous symmetry breaking (SSB),
the electroweak scale v = (

√
2GF)−1/2 = 246 GeV, which

is plausibly smaller than Λ, is brought into play in the
numerator of the operator, where GF is Fermi’s constant.

A useful introduction to the role of effective operators
can be found in the original works of Weinberg (1979,
1980), Wilczek and Zee (1979), Babu and Leung (2001),
and Choi et al. (2002). The full classification of all opera-
tors of dimension 7 and 9 has been recently completed by
Lehman (2014), Li et al. (2021b) and Liao and Ma (2020).
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Omitting right handed neutrinos, there is no renormaliz-
able operator that breaks L (or B); at dimension 5 there
is only one operator, the well known Weinberg operator
(Weinberg, 1979, 1980); at dimension 7 there are 13 oper-
ators that obey ∆L = 2; at dimension 9 there are several
hundreds of them; we still do not have a systematic study
of the number of operators at dimension 11.

The dimension-5 operator leads to a Majorana mass for
ordinary neutrinos and can be constructed starting from
the following gauge invariant combination of a leptonic
doublet ` and a Higgs doublet H:

`tLεH =
1√
2

(νL, eL)

(
0 1
−1 0

)(
0

v + h

)
(3)

=
1√
2
v νL + interactions, (4)

where H is given in the physical gauge, and ε = iσ2 is the
invariant matrix of SU(2)L . This term behaves just like
a spinor field under Lorentz transformations, so we can
use it to form the Minkowski-Weinberg operator, namely
the following Lorentz invariant term of the Lagrangian
density

δL = − 1

2M
(`tLaεH)C−1

ab (`tLbεH) + h.c. (5)

where C is the charge conjugation matrix and a, b =
1, 2, 3, 4 are four-spinorial indices. After SSB, this yields
a bilinear term in νL , i.e., a Majorana mass term. Thus
we identify

m =
v2

2M
≈ 50 meV× 6 · 1014 GeV

M
, (6)

a relation showing that the neutrino mass values m,
which have been discovered by means of neutrino oscilla-
tion, correspond to very large masses M . We note that
this mass scale strongly differs from v = 246 GeV, the
electroweak mass scale, and is smaller than the Planck
mass: a valuable indication of new physics.

The d = 7 operators that after SSB have a struc-
ture O = ēνūdv2/Λ3 need SM “dressing” to specify
the 0νββ-decay transition; this implies the exchange
of virtual neutrinos (the inclusion of a neutrino prop-
agator) but without the need for further lepton num-
ber violation. Moreover, there are dimension-7 opera-
tors (Lehman, 2014) involving the W boson that after
spontaneous symmetry breaking produce effective oper-
ators with structures gW ē2 ūd /Λ3 and (gW ē)2 v2/Λ3.
Together with the usual SM interactions between the W
and the quarks, these lead to contact operators of the
type (ēūd)2/(Λ3v2) (Cirigliano et al., 2017).

The dimension≥ 9 operators considered above are con-
tact terms and by construction produce O ∝ ee(ud̄)2 af-
ter SSB; they are multiplied by 1/Λ5 or v2/Λ7 when the
dimension is 9 or 11, respectively. Therefore it is quite

common to restrict attention to the cases with dimen-
sion ≤ 9, which are expected to provide larger contribu-
tions to 0νββ decay (see, e.g., Bonnet et al. (2013) for
dimension-9 operators).

The näıve scaling of transition amplitudes for opera-
tors of various dimensions are

dim 5: G2
F

v2

Λ

1

p2
, dim 7: GF

v

Λ3

1

p
, dim 9:

1

Λ5
, (7)

where p ∼ 200 MeV is the virtual momentum of the neu-
trino, estimated as the inverse of the typical distance
between nucleons in nuclei. This suggests a suppression
by powers of ε = p/vΛ2 < 10−4 if Λ ≥ 1 TeV. This would
indicate that the amplitude decreases with dimension.
These näıve expectations are supported by the cursory
bounds illustrated in Choi et al. (2002), assuming 0νββ-
decay half-life values longer than 1025 yr. On the other
hand, the above approach neglects the possible presence
of small coefficients — e.g. Yukawa couplings — that
could in principle suppress the lower dimension terms
more than the other ones. If for instance we consider
the reasonable value mν ∼ 10 meV suggested by exper-
iments for the Majorana neutrino mass, rather than es-
timating the theoretical mass as mν ∼ v2/Λ, we would
write the dimension-5 amplitude as G2

Fmν/p
2, which is

of the same order as the dimension-7 (dimension-9) term
if Λ ∼ 103 TeV (Λ ∼ 10 TeV). In any case, these estima-
tions are useful for a first orientation at best. Moreover,
considerations of hadronization and nuclear matrix ele-
ments can have an impact of orders of magnitude, see the
discussion after Eq. (20) in Sec. IV.

3. Majorana and right-handed neutrinos

We know that at least two of the three known neu-
trinos are not massless, and it is usually assumed that
no other light neutrinos mix with them (Dentler et al.,
2018). This simple remark poses a macroscopic theoret-
ical question: why are the masses of the three ordinary
neutrinos so different from — so much smaller than —
those of the other SM fermions? The answer could be
related to the Weinberg operator described in the pre-
vious section. This operator was originally introduced
by Minkowski (1977) in the context of specific models
including new ultra-heavy neutrinos that are neutral un-
der the SM interactions. In this case, the operator is
multiplied by a coefficient inversely proportional to the
heavy neutrino masses and directly proportional to the
square of Yukawa interactions Y between neutrinos. In
fact, Yukawa interactions guarantee the mixing of ordi-
nary (left-handed) and new (right-handed) neutrinos, as
recalled in Sec. III.C.2. The general expression of the
corresponding Majorana mass, in terms of mass matri-
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ces, is

Mν = −MD M−1
R M t

D with MD =
1√
2
Y v, (8)

where MD is the Dirac mass matrix, and MR is that
of the heavy neutrinos. This mechanism for the gener-
ation of ordinary neutrino masses is called the seesaw
mechanism: in analogy to the children’s game in which a
heavier child lifts a lighter one, the mass of the light neu-
trino is inversely proportional to the scale of the heavy
neutrino’s mass.

The model with ultra-heavy (right-handed) neutrinos
illustrates an important and rather general feature: the
smallness of the ordinary neutrino masses can be at-
tributed partly or mainly to the occurrence of small (adi-
mensional) coefficients, the Yukawa couplings. In other
words, by simply measuring small neutrino masses, it is
not possible to deduce that the scale of new physics is
large. This is evident for Dirac neutrino masses — where
MR = 0 and Eq. 8 does not apply, having Mν = MD —
but it also applies to Majorana neutrino masses. This
kind of difficulty was clear since the beginning. The very
first paper on the topic (Minkowski, 1977) has the elo-
quent title µ → eγ at a rate of one out of 109 muon
decays? and intentionally assumes 50 GeV for the heavy
neutrino mass, which shows the awareness of the impor-
tance of testing the seesaw hypothesis for ordinary neu-
trino masses.

If the right handed neutrino masses are not too large,
a few direct or indirect laboratory tests are possible —
see Alekhin et al. (2016) for a fully worked out example.
It is worth mentioning that a “hierarchy problem” occurs
with new right handed neutrinos heavier than ∼ 104 TeV
(Vissani, 1998a), which could serve as a motivation for
supersymmetric models (Barbieri and Giudice, 1988) dis-
cussed in Sec. III.C.3. Finally, as mentioned in Sec. III.E,
the scenario with ultra-heavy neutrinos can be somewhat
subject to valuable constraints requiring the validity of
specific models for baryogenesis.

To conclude, the only BSM phenomenon observed so
far is neutrino oscillation, which requires that the masses
of at least two ordinary neutrinos are not zero. This
situation resembles that of weak interactions long before
the SM, before Fermi’s theory. All we can say is that
we have theoretical reasons to suspect that the neutrino
masses are due to the dimension-5 operator. Despite the
simplicity of these statements, the essential objectives for
real progress are to demonstrate that the neutrino masses
have a Majorana character and that the total number of
leptons and B − L are violated.

C. Models for lepton number violation

In this section, we review some proposals on how to
extend the Standard Model, highlighting their connec-

tions to neutrino masses and 0νββ decay. We start from
unified models, based on the gauge principle, just like
the Standard Model (Sec. III.C.1). We then discuss the
reasons for extending the fermion spectrum and include
right-handed neutrinos (Sec. III.C.2). Finally, we con-
sider supersymmetric extensions in Sec. III.C.3 and close
with a wide range of models compatible with observable
signals in the laboratory in Sec. III.C.4.

1. Gauge theories and lepton violation at very high energy
scales

There are various gauge groups that extend the SM
and have been regarded with interest for some of their
features and new predicted phenomena. Among the fea-
tures are the possibility of gauge coupling unification
(Grand Unification); this can be complete or partial, in
the sense that it might require the existence of interme-
diate scales.

The new phenomenon predicted by these models and
which received the greatest emphasis in the 1970s is the
occurrence of proton decay, but later it was realized that
also the existence of non-zero neutrino masses was a
generic consequence of several models (Gell-Mann et al.,
1979; Mohapatra and Senjanovic, 1980). The experimen-
tal evidence for non-zero neutrino masses add motiva-
tion for SO(10) (Fritzsch and Minkowski, 1975), which
can break into SU(5) (Georgi and Glashow, 1974) or into
SU(4)c×SU(2)L×SU(2)R (Pati and Salam, 1974). These
models are characterized by dimensionless Yukawa cou-
plings y, and the scale Λ of the new, heavy particles,
e.g., heavy right-handed neutrino masses. In the sim-
plest case, called type I seesaw, Eq. 6 is recovered with
scale 1/M given by y2/Λ ∼ 1/M . Other cases besides
the type I seesaw are possible and are realised in actual
models such as those based on SO(10), as discussed be-
low. Notice that the same value of M can be obtained
with y of order one and Λ ∼ M , but also with corre-
spondingly smaller y and Λ.

It is worth mentioning here the fact that proton decay
has still not been found, and that its search continues to
be strongly motivated from the theory side. Proton de-
cay, together with neutrino masses, keep drawing atten-
tion to SO(10), a well-defined model for which it is impor-
tant to keep deriving quantitative predictions and related
uncertainties. Recall that this is a gauge group with only
one coupling constant, which includes a right-handed
neutrino in each fermion family together with the known
leptons and quarks of the Standard Model. Put differ-
ently, this is the unification group that overcomes the
asymmetry of particle content highlighted in Eq. III.A.2,
necessarily including — within its 16-dimensional spinors
— right-handed neutrinos.
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2. Right-handed neutrinos and the νSM

There are many good reasons to postulate the exis-
tence of three right-handed neutrinos. First, they are a
plausible mechanism to provide mass to light neutrinos
(Minkowski, 1977; Yanagida, 1979). In addition, as pre-
viously discussed, they imply a full symmetry between
left and right spinors of the SM (Mohapatra and Sen-
janovic, 1980). They also allow the promotion of the
B − L symmetry to a non-anomalous gauge symmetry;
indeed they are required in SO(10) and other unifica-
tion groups (Gell-Mann et al., 1979). Further, they could
explain baryogenesis via leptogenesis, as first argued in
(Fukugita and Yanagida, 1986), see Sec. III.E.

Right-handed neutrinos can be incorporated in the
SM as gauge singlet Weyl fermions Ni, with Lagrangian
terms connecting them to the leptonic weak doublets `α:

LνSM = Nii∂µγ
µNi − Yα,i`αHNi −

Mi

2
NiNi + h.c., (9)

where H is the Higgs weak doublet, the Yα,i are Yukawa
couplings, and Mi are Majorana masses for the Ni. This
comprises a minimal, renormalizeable Standard Model
extension that accounts for neutrino masses while re-
maining consistent with gauge invariance, and is referred
to as the “νSM” (Asaka et al., 2005; de Gouvea, 2005,
2007). The case Mi = 0 corresponds to Dirac neutrinos,
but when Mi 6= 0, the mass term has the L- and B − L-
violating structure of Eq. 5, and after SSB gives rise to
Majorana mass terms for the light neutrinos.

In most models the new neutrinos are heavy and do
not have direct implications at low energy scales except
for SM neutrino masses. In other models right handed
neutrinos are lighter, about 1-10 keV, and can explain
dark matter and possibly also the cosmic baryon excess
(Asaka et al., 2005); interestingly, these models make no
new contributions, other than the Majorana masses of
light neutrinos, to 0νββ decay (Bezrukov, 2005).

3. Supersymmetry at accelerator energies

Supersymmetry is a symmetry between fermions and
bosons. The SM extension to a supersymmetric theory is
possible but requires the introduction of several new par-
ticles, heavy enough to not have been observed yet. The
hypothesis that the masses of supersymmetric particles
are not too far from the electroweak scale has been re-
garded with interest because an approximate supersym-
metry can decouple the high mass scales from the elec-
troweak scale, but to date these particles have not been
found in direct searches.

If the gauge principle — i.e., all terms allowed by the
postulated symmetries are present in the Lagrangian den-
sity — is applied to the supersymmetric SM, lepton num-
ber and/or baryon number are not automatically con-
served. Usually, this situation is felt as a shortcoming

of generic supersymmetric models to be emended, as it
triggers the instability of neutral fermions, which would
otherwise make useful dark matter candidates. The usual
solution is to postulate a new discrete symmetry, called
R-parity, that amounts to the imposition of lepton and
baryon number conservation and allows one to recover
the dark matter candidate. In fact, in the usual parlance,
the “supersymmetric SM” implicitly assumes R-parity.
At accelerator energies, these types of models have no
significant implications for neutrino masses.

4. Other new physics near the Standard Model scale

To provide a more complete case study, we would like
to conclude this overview of models by highlighting some
of the theoretical scenarios that are compatible with new
contributions to 0νββ decay in addition to that due to
the masses of light neutrinos. Without any claim to com-
pleteness, and with the aim of illustrating some interest-
ing possibilities, we will focus on R-parity breaking super-
symmetry, on low-scale seesaw, and on left-right gauge
theories see e.g. (Agrawal et al., 2021; Alekhin et al.,
2016; Deppisch et al., 2015a; Golling et al., 2016) for a
wider discussion. A common feature of these models is
the appearance of very small couplings, which ensure con-
sistency with available observations and, in particular,
allow the smallness of neutrino masses to be explained,
replacing the role of the GUT energy scales in the stan-
dard theoretical reference frame (seesaw).

Supersymmetry with broken R-parity. Let us begin by re-
turning to consider certain supersymmetric extensions of
the Standard Model. As we have already argued, the su-
persymmetric extension of the Standard Model does not
rule out the existence of violations of lepton number L at
the mass scale of the supersymmetry itself. This consid-
eration is evident, noting that the “superfield” contain-
ing the Higgs doublet (H0, H−) has the same quantum
numbers as that containing the leptonic doublet (νe, e),
and each contains both fermions and bosons. L-violating
couplings between these superfields that are sufficiently
small can explain the neutrino mass and give rise to new
contributions to 0νββ decay. They also lead to addi-
tional interesting phenomenology for lepton number vio-
lation, see for instance (Bolton et al., 2022; Faessler et al.,
2008; Hall and Suzuki, 1984; Hirsch et al., 2000a,b; Nilles
and Polonsky, 1997; Ross and Valle, 1985). Further-
more, these models include leptoquarks and dileptons,
with masses in a region potentially accessible to direct
(accelerator) investigation, and can lead to several inter-
esting manifestations.
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TeV scale seesaw. The possibility of neutrinos with
masses MR around the TeV scale or even lower has been
widely discussed, see (Drewes, 2013) for a review. Elec-
troweak fits are affected and, in some cases, improved by
the inclusion of the new heavy neutrino states (Akhme-
dov et al., 2013). Moreover, these states can have a signif-
icant impact on 0νββ decay and can even constitute the
main contribution to the transition rate (Atre et al., 2009;
Bhupal Dev et al., 2013; Mitra et al., 2012). In this case,
it is a contact contribution whose dimensional fit scales
as G2

F M2
LR/M

3
R, where MLR denotes the Dirac mass.

However, the natural neutrino mass contribution from
the seesaw, M2

LR/MR, must be suppressed by means of a
particular matrix structure; this can be achieved without
excessive fine-tuning if the right-handed neutrino mass
respects an upper limit ∼ 10 GeV (Mitra et al., 2012).

Left-right models near the electroweak scale. In the last
decade, an elegant, minimal extension of the gauge prin-
ciple which underlies the “Standard Model” has been ex-
plored in order to realise a predictive theoretical scheme1

at a relatively low mass scale (Maiezza et al., 2010), in
which neutrinos are naturally endowed with mass (see in
particular (Nemevsek et al., 2013; Senjanovic and Tello,
2019)), a situation that could lead to a rich phenomenol-
ogy. In fact, the presence of new and relatively large
gauge couplings would be compatible with the actual pro-
duction of new particle states at accelerators (in contrast
with the previous class of models, where the production
is due to the Yukawa couplings, that are not expected to
be large). Furthermore, it has been observed that 0νββ
decay would be a natural manifestation of this type of
pattern (Tello et al., 2011). This research programme
has stimulated wide interest and subsequent discussions;
we refer to the literature for the progress and insights
that have followed (Awasthi et al., 2013; Chakrabortty
et al., 2012; Li et al., 2021a; Lindner et al., 2016).

5. Discussion

In the earliest theoretical proposals, the physics giving
rise to neutrino masses was assumed to be confined to
very large energies: this leads one to expect that the
(small) Majorana masses of ordinary neutrinos controls
the rate of 0νββ decay. Although we believe it is prudent
to consider this case the reference one, as illustrated in
the previous section, we cannot exclude the possibility of
significant additional contributions, which could justify
even more optimistic expectations.

1 However, neutrinos are treated very differently to other particles,
complicating further steps toward unifying gauge interactions.

Moreover, we note that the reference expectation con-
cerning the leading contribution to 0νββ decay is based
on a number of assumptions. In particular, it assumes
that the Standard Model is a good approximation of
physics at the scales accessible today, and that there are
no new light particles that play an important role in lep-
ton number violation. However, there are indications (al-
beit indirect and not yet of unambiguous interpretation)
of possible experimental anomalies, which depart from
the expectations of the Standard Model, and whose in-
terpretation might ultimately require new relatively light
particles: e.g., those related to the g−2 muon (Abi et al.,
2021), the mass of the W boson (Aaltonen et al., 2022)
(see also (Cacciapaglia and Sannino, 2022)) or flavour
physics, see e.g. (D’Alise et al., 2022).

In addition, there are rather general questions that the
Standard Model is unable to address, such as providing a
candidate for non-baryonic dark matter, or giving reasons
for the origin of the baryonic asymmetry. It cannot be
ruled out that also these issues point to the existence of
new light particles, which might also play some role for
0νββ decay.

D. Majorana masses and neutrino phenomenology

In this section we analyze the earliest proposed and
most straightforward mechanism driving a non-zero rate
for 0νββ decay, i.e., Majorana neutrino masses. First
we recall the experimental evidence for neutrino masses,
provided by neutrino oscillation experiments. Then, we
introduce the essential formalism and the relevant pa-
rameter mββ , often called the effective Majorana neu-
trino mass. Next, the general aspects of the connection
between mββ and 0νββ decay are introduced. Finally, we
discuss the experimental constraints on mββ , as well as
indications (empirical and theoretical) on its value. The
quantitative implications for future experiments will be
worked out in Sec. VII.

1. Neutrino oscillation

The definitive evidence of neutrino oscillation implies
that neutrinos are massive. However it does not provide
information on either the absolute mass scale (Gribov
and Pontecorvo, 1969) or the Majorana phases (Bilenky
et al., 1980). In addition, the observed oscillation phe-
nomena do not probe the Dirac or Majorana nature of
neutrino masses, as the neutrinos and antineutrinos are
observed (observable) only in the ultra-relativistic regime
(Bilenky et al., 1980). Nevertheless, considering our dis-
cussion in Sec. III.B on the importance of testing B − L
in addition to the theoretical arguments in favor of Ma-
jorana neutrino masses based on the SM structure, the
recognition that neutrinos have mass strongly motivates
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searches for 0νββ decay.

The parameters of massive neutrinos have been quanti-
fied by oscillation experiments assuming three-flavor os-
cillation (Zyla et al., 2020). The squared mass differences
are known with 1%–2% precision and the squared sines of
the mixing angles relevant for 0νββ decay are known at
the 3%–4% level. One less clear aspect for which progress
is expected in the coming years concerns the arrangement
of the neutrino masses, i.e., the neutrino mass ordering,
sometimes also referred to as the neutrino mass hierarchy.
The question concerns the discrimination between the
normal ordering (NO), when the three neutrinos have a
mass spectrum that resembles the charged fermion spec-
tra, and the inverted ordering (IO), when they do not.
At present, global fits indicate a preference for the NO at
the ∼3σ level (Capozzi et al., 2021; Esteban et al., 2020).
However, this preference should be taken with a heavy
grain of salt. Indeed, our current best probes for the
mass ordering — i.e., accelerator-based experiments that
are directly sensitive to it — favor the inverted ordering.
The overall preference for normal ordering is driven by
the comparison between the neutrino mass squared dif-
ference measured in νµ disappearance at accelerators and
νe disappearance at reactors, and is strengthened by the
multivariate analysis of Super-Kamiokande atmospheric
neutrino data not fully integrated in the global fits.

Finally, various experiments hint at the existence of a
new light neutrino with mass of O(1 eV) (Dentler et al.,
2018; Giunti and Lasserre, 2019). Such a neutrino must
be sterile, i.e., non-interacting, in view of the measure-
ments done at the Large Electron-Positron (LEP) col-
lider that limit the number of active light neutrinos to
three (Decamp et al., 1990; Giunti and Lasserre, 2019).
Updated limits on sterile neutrinos from 0νββ decay,
compared with those from other observational probes, are
discussed in Bolton et al. (2020). However, as repeatedly
argued in the literature, see, e.g., Dentler et al. (2018),
different experiments hint at sterile neutrinos with dif-
ferent parameters, and global fits show tensions among
datasets. Given the absence of strong theoretical argu-
ments favoring such sterile neutrinos, and the lack of
phenomenological support, we focus here on the scenario
with three massive neutrinos.

2. Formalism for the mββ parameter

Due to the absence of electric charge, neutrinos ad-
mit a more general type of mass than Dirac’s one. As
described generically in Sections III.B.2 and III.B.3, a
general bilinear term −Ψ̄MνΨC/2 + h.c. can be added
to the SM Lagrangian density, where the charge conju-
gate spinor is λC = Cλ̄t, and the vector Ψ, which includes
only left spinors, can be written as Ψt = (νLe, νLµ, νLτ ) in
the SM, or Ψt = (νLe, νLµ, νLτ , ν

C
Re, ν

C
Rµ, ν

C
Rτ ) when three

right handed neutrinos are assumed. This Lagrangian

density is called a Majorana mass term, and includes
Dirac’s term as a particular case. The mass matrix Mν

is complex and symmetric, and can be decomposed as

Mν = U diag(m1,m2, . . . ,mn) U t, (10)

where U†U = In×n and mi ≥ 0 are the masses
of the neutrinos. The minimal case includes just
the SM neutrinos, with n = 3 and U the Pon-
tecorvo–Maki–Nakagawa–Sakata (PMNS) mixing ma-
trix. It is common practice to define

mββ =

∣∣∣∣∣
3∑
i=1

|U2
ei| eiϕi mi

∣∣∣∣∣ , (11)

where the ϕi are called Majorana phases and cannot be
probed by oscillation experiments. mββ is the ee-element
of the mass matrix |(Mν)ee|, and thus is also referred to
as “the effective Majorana mass” of the electron neu-
trino. This Majorana mass term changes the electronic
lepton number by two units, and contributes linearly to
the 0νββ-decay amplitude.

The free Lagrangian density for a single neutrino is

L = i ν̄L ∂µγ
µ νL +

m

2
νtLC

†νL −
m

2
ν̄LCν̄

t
L, (12)

where ∂µ = ∂/∂xµ, γµ are the 4× 4 Dirac matrices and
m is a mass parameter that can be chosen to be real
and positive by changing the phase of ν. Adding the
total derivative term −i/2∂µ(ν̄Lγ

µνL) does not change
the action, and introducing the Majorana spinor χ =
νL + Cν̄tL, the Lagrangian density reads the same as the
usual free case, apart from the factor of 2 because the
field is self-conjugate2:

L =
i

2
χ̄ ∂µγ

µ χ− m

2
χ̄χ. (13)

Introducing the left chirality projector PL = (1 − γ5)/2,
and noting that νL = PLχ, we find the lepton number vi-
olating propagator that describes the exchange of virtual
Majorana neutrinos:

PL〈0|T [χ(x)χ̄(y)]|0〉PL =

= m×
∫

d4q
i PL e

−iq(x−y)

q2 −m2 + i0+

= −〈0|T [νL(x)νL(y)]|0〉C†, (14)

where |0〉 is the vacuum state and T indicates that the
product of the quantised neutrino fields is time-ordered.

Considering the SM electron neutrino, νe =
∑
i Ueiνi,

the only modifications required to describe the propaga-
tor that appears in 0νββ decay are i) including the factor

2 Cχ̄t = χ. In a sense, particle and antiparticle nature coexist.
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FIG. 3 Diagram of 0νββ decay with light neutrino exchange.
On the right, we show the corresponding scheme in terms of
neutrino mass eigenstates and the PMNS mixing matrix U .

U2
ei and ii) using also mi for each massive neutrino state.

Using this propagator to compute the decay rate, only
the absolute value of the parameter matters. Thus the
practical recipe is to replace m → |

∑
i U

2
ei mi| ≡ mββ .

Figure 3 shows the Feynman diagram for 0νββ decay
with light neutrino exchange.

Note finally that Majorana mass terms violate the SM
hypercharge symmetry. However, this violation can be
attributed to the Higgs field vacuum expectation value,
i.e., to SSB of the electroweak group.

3. Implications for 0νββ decay

As previously discussed, several operators can con-
tribute to 0νββ decay. Regardless of which are the re-
sponsible BSM mechanisms, the decay rate can be di-
vided into four pieces. The first is the phase-space factor
G that indicates the feasibility of the decay according to
its kinematics. Its value depends mainly on the energy
difference between the initial and final states, or Qββ .
The second piece is a hadronic matrix element g that en-
codes the coupling of the weak interaction to nucleons. In
Fermi and Gamow-Teller (GT) transitions this is given by
gV and gA, respectively, while for 0νββ decay a genuine
two-nucleon coupling gNN needs to be considered as well.
The third piece is a nuclear matrix element (NME) M
that represents the amplitude for the nuclear transition
from the initial to the final state nucleus. NMEs depend
on the nuclear structure of the initial and final nuclei,
and also on the nuclear transition operator, and are cov-
ered extensively in Sec. IV. Finally, the decay rate also
depends on the responsible BSM mechanism, introduc-
ing the scale Λ associated with lepton-number violation.
Considering all possible decay channels i, the schematic
expression for the 0νββ-decay rate Γ can be written in

terms of the half-life T1/2 as:

Γ0ν

ln 2
=

1

T 0ν
1/2

=
∑
i

Gi g
4
i |Mi|2 fi(Λ) + interferences,

(15)

where fi is a dimensionless function encompassing BSM
physics. In the case of light neutrino exchange, fi is
conventionally written as the square of mββ normalized
by the square of the electron mass.

The evidence of neutrino masses and the fact that
the Weinberg operator has the lowest dimension suggests
that the leading contribution to 0νββ decay is likely due
to Majorana neutrino masses. From this point of view,
the discussion of a full model might be considered pre-
mature, as was the W -boson hypothesis right after the
discovery of Fermi interactions. On the other hand, it is
not possible to exclude a priori the possibility that the
scale of lepton number violation is not far from the one
probed with accelerators or rare decays.

In this case a new question arises: how do we avoid an
exceedingly large value of neutrino masses and in partic-
ular of mββ? A more detailed discussion on this topic is
given in de Gouvea and Jenkins (2008) and Mitra et al.
(2012). Solving this type of situation is possible if the
light neutrino masses are connected to small Yukawa cou-
plings, see, e.g., Maiezza et al. (2010) for a model based
on left-right symmetry.

A very well known consideration is the so-called black
box or Schechter-Valle theorem — even though the term
theorem can be disputed and is not used by the authors.
The original work (Schechter and Valle, 1982) states that
the observation of 0νββ decay implies the existence of
a Majorana mass term for the neutrino for a “natural”
gauge theory, and further specifies that one postulates a
“strong-naturality” in which no global conservation laws
are assumed “a priori”. Thus obtaining a quantitative
statement on mββ = 0 is possible only within a model.
In a minimal setup, the value of mββ induced by the
black box diagram is so small that it lacks any practical
interest (Duerr et al., 2011). Moreover and most simply,
it seems possible to arrange for mββ= 0 without con-
tradicting the current knowledge of neutrino masses. In
fact, considering that mββ is the mee component of Mν ,
it is easy to imagine the elements of Mν falling into a
hierarchy resembling those of the other SM fermions, in
which case mee could be exceedingly small (de Gouvea,
2022).

Considering only the light neutrino exchange contribu-
tion to 0νββ decay, Eq. (15) simplifies to

1

T 0ν
1/2

=G01 g
4
A

(
M0ν

light

)2 m2
ββ

m2
e

, (16)

where G01 and M0ν
light = M0ν

long + M0ν
short are the phase

space and NME specific to light neutrino exchange, re-
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spectively. Eq. (16) already reflects a long- and short-
range contribution to the NME. For simplicity the domi-
nant coupling of the long-range part, gA, is factored out,
but the short-range part is proportional to another two-
nucleon coupling gNN. See Sec. IV.A for more details.

4. Predictions on mββ

The definition of mββ given in Eq. 11 shows how this
quantity depends on a total of seven parameters, as only
θ12 and θ13 enter Uei, and only two Majorana phases
are non degenerate. Neutrino oscillation experiments are
sensitive only to the two mixing angles, two neutrino
mass squared differences, and the mass ordering. Thus
experimental data can currently bound only four out of
seven degrees of freedom, leaving the other three fully
unconstrained. Two of these unconstrained degrees of
freedom are naturally associated to the Majorana phases.
The third one is related to the three neutrino masses mi,
which are constrained by the measurements of only two
mass squared differences. This freedom raises the ques-
tion of how to predict the value of mββ , an issue discussed
since Vissani (1999).

One option is to constrain the remaining parameters
using theoretical considerations of neutrino masses, but
despite the wide literature on the subject we cannot make
any definitive statement yet. Some models have been
considered more appealing, for instance those based on
the gauge principle, or those trying to connect neutrino
masses to the masses of other fermions, or perhaps, to
a lesser extent, those predicting a more easily explorable
parameter space. The challenge is not the shortage but
rather the overabundance of proposals, and the lack of
criteria to identify the correct one, if any. The history
of the theoretical investigation of neutrinos has produced
wrong predictions at almost every turn: parity was sup-
posed to be respected but is maximally violated in neu-
trino interactions; θ12 was supposed to be small, but it
is about 30◦; θ13 was thought to be very small until re-
cently, when it was found to be as large as the Cabibbo
angle; neutrinos were supposed to give a large (or sig-
nificant) contribution to the cosmological energy density,
but apparently they do not; etc. In short, history calls for
caution toward a purely theoretical approach to making
useful predictions on mββ .

In early investigations, predictions for mββ were often
obtained by assuming special values for its three uncon-
strained degrees of freedom. In particular, the Majorana
phases were frequently set to be zero, or such as to pro-
vide special values of eiϕi , e.g., real values. In recent
times, the focus has shifted on the maximally allowed
range of mββ values. This is derived by leaving the Ma-
jorana phases free to minimize and maximixe mββ for
any choice of the last degree of freedom associated to
neutrino masses. Analytic expressions defining the ex-

treme mββ values are compact (Vissani, 1999): mmax
ββ =∑3

i=1 |U2
ei|mi and mmin

ββ = max
{

2|U2
ei|mi −mmax

ββ , 0
}

.

The third degree of freedom is often parameterized us-
ing the lightest neutrino mass mlight (Vissani, 1999).
Other conventional options are the observables measured
by experiments studying β spectra end-points — i.e.,
the effective kinematic electron neutrino mass mβ =√∑

i |U2
ei|m2

i — or by cosmological surveys — i.e., the
sum of the neutrino masses Σ =

∑
imi (Fogli et al.,

2004). Figure 4 shows the maximally allowed range for
mββ as a function of these three parameterizations. The
ambiguity in the neutrino mass ordering (NO vs. IO)
results in two distinct regions, which overlap at high (de-
generate) neutrino mass scales, but separate at lower val-
ues. It is within these regions that experiments can test
0νββ decay via light neutrino exchange. In view of re-
cent analyses showing some preference for NO, one of
the two regions might be favored, but these are still mild
indications at the moment as discussed in Sec. III.D.1.

Next-generation 0νββ-decay experiments will fully
probe the parameter space allowed for inverted ordered
neutrinos, for which the smallest allowed mββ value is
18.4±1.3 meV (Agostini et al., 2021b). At the same time,
these experiments will also test a significant fraction of
the parameter space allowed for the normal ordering.
However, for the normal ordering there is no lower bound
on mββ , which could be extremely small or even null, far
out of the reach of conceivable future searches. If neutri-
nos are Majorana particles, data on mββ will indirectly
constrain also mβ and Σ, and vice versa, creating an ex-
citing interplay among future experiments.

The most stringent constraints on mβ come from the
KATRIN experiment, which is designed to kinematically
measure the mass of the electron antineutrino with sub-
eV precision, by reconstructing the energy distribution
of the electrons emitted in tritium β decays close to the
end-point. In the next few years, KATRIN will push
the exploration of mβ values from the current limit of
0.8 eV (Aker et al., 2022) down to 0.2 eV (Aker et al.,
2019). Any measurement of mβ in this range would be
incompatible with the existing limits on 0νββ-decay un-
less neutrinos are Dirac particles. In the Majorana neu-
trino scenario, it would hint towards non-standard neu-
trino models (and cosmological models), and/or alterna-
tive 0νββ-decay mechanisms.

Cosmological data are strongly sensitive to the neu-
trino radiation density and the neutrino masses, which
affect both Big Bang nucleosynthesis and the large scale
structure of the universe, inducing characteristic signa-
tures in the relative abundance of elements and the cos-
mic microwave background (CMB) / baryon acoustic os-
cillation (BAO) power spectra. These effects are covered
in several reviews, for instance Dolgov (2002), Patter-
son (2015), Archidiacono et al. (2017), and Lattanzi and
Gerbino (2018). Neutrino constraints coming from cos-
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FIG. 4 Maximally allowed parameter space for mββ as a function of mlight, mβ , and Σ, assuming the central value of the
neutrino oscillation parameters (Zyla et al., 2020). The orange and green areas show the parameter space allowed assuming
normal and inverted ordering, respectively. The shaded areas indicate the regions already excluded by 0νββ-decay experiments
(Gando et al., 2016) and cosmological observations (Aghanim et al., 2020); the vertical lines in the middle panel correspond to
the KATRIN limit (Aker et al., 2022) and sensitivity (Aker et al., 2019).

mology are relatively robust, even though they are not as
direct as those from laboratory experiments, and need to
rely on the Standard Model for cosmology, called ΛCDM.
The current bound on the sum of the neutrino masses is
Σ < 120 meV (Aghanim et al., 2020). It stems from the
combination of large-scale structure measurements due to
Planck with other measurements at small scales, includ-
ing lensing and BAO data. There exist other sensitive
data, such as measurements of the Lyman-alpha forest.
Their inclusion helps to break some degeneracies, typ-
ically yielding stronger constraints on Σ (Di Valentino
et al., 2021; Palanque-Delabrouille et al., 2020). The
analysis is also relatively robust against standard modi-
fications of ΛCDM.

The next surveys, for instance DESI and EUCLID,
aim at measuring Σ with an accuracy of 20 meV (Font-
Ribera et al., 2014; Kitching et al., 2015). Such a mea-
surement will have important implications for 0νββ de-
cay. First, the lowest value of Σ is bounded by the mea-
surement of the neutrino mass squared differences. This
minimum value is Σ > 59 meV for the normal order-
ing, and Σ > 100 meV for the inverted one, assuming
the central values of the neutrino oscillation parameters
(Zyla et al., 2020). This means that the next surveys
are guaranteed to resolve a value for Σ consistent with
these limits if the ΛCDM paradigm is valid and consis-
tent with Standard-Model physics. Further, measure-
ment of Σ below 100 meV would disfavor the inverted
ordering hypothesis, as pointed out in Dell’Oro et al.
(2015). Moreover, any measurement of Σ would natu-
rally set a lower bound on mββ , even in the case of the
normal ordering. This is already qualitatively visible in
Fig. 4, but a proper estimation needs to take into ac-
count all uncertainties on the oscillation parameters and
the anticipated 20 meV accuracy of the measurement on

Σ. Figure 5 shows the dependence of the lower bound on
mββ on the true unknown value of Σ, obtained by propa-
gating all uncertainties via random sampling. Should the
value of the neutrino mass sum be just below the current
limits, mββ would be bounded to be larger than 10 meV,
a value testable by the coming 0νββ-decay experiments
assuming favorable NME calculations.

We close this section with a remark concerning the
normal mass ordering parameter space. Although van-
ishing mββ values are possible from a mathematical and
empirical point of view, the question of whether this is
plausible or not is much more subtle. Figure 4 shows
the maximum allowed parameter space on bilogarithmic
scales. This choice under-emphasizes the value of the
observational progress and stresses somewhat artificially
the role of the lowest values of the masses. In the future,
a linear or even bilinear scale might be appropriate; in-
deed some experiments have begun to plot their results
in this way (Abe et al., 2022; Arnquist et al., 2022).

Recent Bayesian analyses have tried to build a prob-
ability distribution for mββ , at the price of making as-
sumptions on the (prior) probability distribution for the
Majorana phases and the additional free mass scale pa-
rameter, be it mlight, mβ or Σ. If one invokes “natural-
ness” arguments and parameterize the ignorance on the
Majorana phases with a flat prior, vanishing mββ values
get strongly disfavored as first pointed out by Benato
(2015), Agostini et al. (2017), and Caldwell et al. (2017).
One could also try to consider the less favorable value of
the Majorana phases and quantify the minimal discovery
probabilities (Agostini et al., 2021a). Finally, flavor sym-
metry can also be invoked to constrain at the same time
the phases and, e.g, mlight, bringing a large part of the
parameter space for normal ordering within the reach
of the forthcoming experiments (Agostini et al., 2016).
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FIG. 5 Posterior probability distribution of the lower bound
on mββ as a function of the true value of Σ, assuming normal
ordering. The distribution is constructed by random sampling
of the oscillation parameters within their Gaussian uncertain-
ties (Zyla et al., 2020) assuming that Σ will be measured with
20 meV accuracy. The solid black line shows the median lower
bound, while green, orange and yellow color bands show the
distribution 68%, 95% and 99% probability central intervals.
Note that the median limit does not go to zero, not even when
mββ can vanish, as the limit is averaged over an extended Σ
range accounting for the measurement uncertainty.

These analyses identified several scenarios in which the
discovery power for future experiments is significant, even
considering normal-ordered neutrino masses. The more
the priors disfavor vanishing values for the lightest neu-
trino mass and cancelling Majorana phases, the higher
the discovery power. The dependence on the prior on the
lightest neutrino mass will significantly weaken in the fu-
ture should the value of Σ be measured by cosmological
surveys (Ettengruber et al., 2022).

Although we have already warned the reader against
making predictions on mββ using purely theoretical argu-
ments, we want to draw the attention to the broad class
of models examined in a number of articles (Dell’Oro
et al., 2018a,b; Vissani, 1998b, 2001), which merely fo-
cus on the coarse structure of the neutrino mass matrix
without claiming an understanding of the coefficients of
order 1. This class of mass matrices correctly anticipated
the large mixing angle solution and the fact that θ13 is of
the order of the Cabibbo angle θC ∼ 0.2, and they also
predict the normal ordering scenario currently favored
by available data. They were proposed after the first
evidence appeared that the atmospheric neutrino mix-
ing is large, which showed that the neutrino mass matrix
deviates from the hierarchical and quasi-diagonal struc-
ture typical of the Yukawa couplings of charged fermions.
This consideration leads to the reasonable assumption
that the elements of the µ− τ block are larger than the
others (Vissani, 1998b). According to these models, one

would expect

mββ = O(1)×
√

∆m2
atm × θnC with n = 1 or 2 (17)

where ∆m2
atm is the parameter probed by atmospheric

neutrino oscillation, i.e., the mass squared difference
|m3

3 − m2
1| or |m3

3 − m2
2| depending on the mass order-

ing. This leads to mββ ≈ 10 meV or 2 meV. This cannot
be considered as a replacement for a complete theory.
But it is interesting and gratifying that the explorations
that have been conducted on motivated models, particu-
larly those based on SO(10) (Altarelli and Meloni, 2013;
Bajc et al., 2006; Bertolini et al., 2012; Buccella et al.,
2012; Dueck and Rodejohann, 2013; Joshipura and Patel,
2011; Matsuda et al., 2002; Ohlsson and Pernow, 2021),
are consistent with these generic expectations.

Another mass scale of interest for mββ is given by the
solar neutrino mass squared difference:

mββ ∼
√

∆m2
sol = 8.6± 0.1 meV, (18)

with ∆m2
sol = m2

2 −m2
1. This mass scale has been pre-

cisely measured by neutrino oscillation measurements,
and typical models with NO neutrino masses favor mββ

values around this magnitude. Its numerical value is sim-
ilar to what is obtained by Eq. 17 assuming n = 1, i.e.,
mββ≈10 meV.

Thus there is an accumulation of theoretical motiva-
tion for exploring mββ values around 8–10 meV. This
scale is interesting also from the experimental point of
view: it is almost in the middle of the parameter space
remaining after reaching the bottom of the inverted or-
dering, and can constitute a challenging, and yet con-
ceivable goal for the experimental community. Future
experiments able to explore this parameter space would
have exciting discovery opportunities as it does not seem
very plausible that mββ is exactly zero. However, it is
clear that we need more precise indications from the-
ory to guide the experimental program. In particular, it
seems more important than ever to bring to full matu-
rity the design of a predictive and motivated model of
neutrino and charged fermion masses based on reliable
theoretical principles, for example, SO(10).

E. The cosmic baryon excess and models of its origin

While particles and antiparticles are basically equiv-
alent at the level of fundamental physics, on a cosmic
scale, the universe contains only baryons. As discussed in
Sec. III.E.1, the Standard Model is unable to account for
this observational fact, and this suggests that there may
have been some unknown physics at work in the early
universe. A large and very interesting class of extensions
of the Standard Model succeeds in this task by using the
same ingredients that explain the masses of light neutri-
nos and/or give rise to leptonic number violation phe-
nomena: these are the leptogenesis models, described in
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Sec. III.E.2. We discuss the connection between these
models and 0νββ decay in Sec. III.E.3, attempting an
assessment on the most promising models.

1. Observations and theoretical challenges

Cosmology has collected evidence that the universe
contains only baryons. Their amount has been measured
in several ways: in the present universe, with direct as-
tronomical observations (de Graaff et al., 2019; Tanimura
et al., 2019); at recombination time, with the study of the
cosmic microwave background (Aghanim et al., 2018);
and at much earlier times, with big-bang nucleosynthe-
sis (Pisanti, 2020). These determinations, especially the
last two, are rather precise and compatible with each
other. The amount of anti-baryons is insignificant and
consistent with secondary production mechanisms. The
lepton asymmetry, stored in the neutrinos produced in
the big-bang, is only loosely bounded by observations of
primordial nucleosynthesis (Mangano et al., 2012). If it
is similar in size to the baryonic one, it is practically
impossible to measure.

The meaning of the observed baryon excess has been
widely discussed in the context of theoretical cosmology.
Following (Sakharov, 1967), it was discussed which mod-
els were able to provide sufficient violations of global sym-
metries and CP , to dynamically generate cosmic baryon
asymmetry. Recall, the SM predicts non-perturbative
processes that violate B + L (Harvey and Turner, 1990;
’t Hooft, 1976; Kuzmin et al., 1985). However, when
their effect is quantified in the context of cosmological
evolution, they prove insufficient to account for the ob-
served asymmetry (Bochkarev and Shaposhnikov, 1987;
Kajantie et al., 1996). Thus a dynamical explanation
of the origin of the baryon excess is possible only in a
suitable SM extension; such a theoretical program goes
under the name baryogenesis. A new source of violation
of global symmetries (B and L) from physics beyond the
SM is necessary for any successful explanation of the cos-
mic baryon excess. The hypothetical observation of lep-
ton number violation in the laboratory would give strong
support to this interpretation, even before reaching quan-
titative predictions.

2. Leptogenesis models

A specific class of SM extensions, called baryogene-
sis through leptogenesis or in short leptogenesis models,
explain the cosmic baryon density though lepton num-
ber violating effects. Most typically, these rely on the
same ingredients that also explain neutrino masses (see
Sec. III.C.2).

The first proposal of Fukugita and Yanagida (1986)
is based only on the existence of right-handed neutrinos

with very large (GUT scale) Majorana masses. Their
decays out of equilibrium lead to a leptonic asymme-
try ∆L, due to interference effects in the decay of the
heavy neutrinos beyond lowest perturbation order and
due to complex (CP -violating) Yukawa couplings. Sub-
sequently, the non-perturbative SM processes mentioned
above that violate B + L convert this leptonic asymme-
try into the cosmic baryon excess. The same process also
leaves a comparable asymmetry between neutrinos and
antineutrinos, a determination of which is beyond exper-
imental reach.

The issue of model dependence cannot be ignored. For
example, the Grand Unified SO(10) models discussed in
Sec. III.C.1 contain heavy right-handed neutrinos and
can thus be considered to be in the class of models re-
quired by the original leptogenesis proposal, but they also
contain other sources of lepton number violation, such as
SU(2) triplets, which makes it less easy to study the con-
sequences and draw unambiguous conclusions from the
theory. In fact, the number of variants of leptogenesis
models that are formally allowed is very large (Shaposh-
nikov, 2009), and some of them correspond to very dif-
ferent scenarios.

Interestingly, it is possible to build models that involve
relatively light new particles, potentially within the reach
of laboratory experiments. One such model is the mech-
anism of (Akhmedov et al., 1998), which is compatible
with the νSM (Asaka et al., 2005), but does not change
the rate of 0νββ (Bezrukov, 2005). Furthermore, there is
a broad class of low-scale leptogenesis models (mentioned
in Sec. III.C.4) that can be verified in the laboratory, es-
pecially through the search for 0νββ, as evidenced in
a number of papers (Drewes and Eijima, 2016; Drewes
et al., 2017, 2022a,b; Hernández et al., 2016).

3. Provisional assessments

The generic scenario described above for the origin of
cosmic baryons is not precise enough to be verifiable,
but it can be qualitatively corroborated by laboratory
measurements on, e.g., the Majorana character of neu-
trino masses and CP violation in neutrino oscillation. It
has at least been observed that baryogenesis at a high
energy scale is hardly compatible with any mechanism
causing 0νββ decay other than the exchange of Majo-
rana neutrinos (Deppisch et al., 2015b). It is also note-
worthy that the long baseline searches for CP violation
have recently received strong support (Gonokami, 2018;
Ritz et al., 2014). Thus although leptogenesis cannot be
tested directly by laboratory measurements, the experi-
mental community is at least poised to deeply probe its
key testable predictions.

The fact that to date we can only observe the cosmic
baryon excess, but we have very few other possibilities to
test our ideas about it, sometimes induces a certain dis-
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couragement. Perhaps, in view of the provisional char-
acter of present knowledge, baryogenesis should be re-
garded not as a theoretical need, but just as a point in
favor for SM extensions that can model it.

However, the original models, in which
baryon/leptogenesis occurs at very high energy scales,
seem much more promising in the perspective of a
unified theory. For example, in unified theories such as
SO(10), one can explain small neutrino masses by the
seesaw mechanism, one can incorporate a correspon-
dence between quarks and leptons (which has been a
good theoretical guide in the past), and there is no need
to invoke strong differences in their Yukawa couplings.
In this spirit, and for the purposes of experimental
investigations, it seems reasonable to us to consider this
hypothesis as the reference one.

IV. NUCLEAR PHYSICS THEORY AND IMPLICATIONS

Most atomic nuclei are unstable because of the weak
interaction. Nuclei decay by emitting or capturing elec-
trons — known as β decay or electron capture (EC), re-
spectively — resulting in a final nuclide more bound than
the initial one and with the same number of nucleons. In
β decay a neutron turns into a proton, while the oppo-
site occurs in EC, so that electric charge is conserved. In
addition, either neutrinos (in EC) or antineutrinos (in β
decay) are emitted to conserve energy, momentum and
lepton number. In a nucleus, β decay can also turn a
proton into a neutron, but this is disfavored with respect
to EC because a positron needs to be produced, reducing
the available energy: Qβ+ = QEC − 2me.

When dominant first-order weak processes occur,
second-order ββ decay or double EC (ECEC) are in prac-
tice impossible to observe, due to the small coupling as-
sociated with the weak interaction. For some selected
nuclei, however, 2νββ decay and ECEC dominate, for
instance when first-order decays are energetically forbid-
den while second-order channels are not. The attractive
nuclear pairing interaction brings additional binding to
nuclei with even numbers of protons and neutrons, so
that some even-even nuclei are more bound than their
odd-odd neighbors, but less bound than their even-even
second-neighbors. Figure 6 illustrates this by showing
the mass excess for isobars with A = 76 nucleons. Alter-
natively, β decays can be very suppressed because of a
large mismatch in total angular momentum between the
initial and final nuclei, so that β- and 2νββ-decay rates
are comparable (Alanssari et al., 2016). In these special
cases, ββ decay or ECEC can be measured. The nucleus
decays into a more bound system with two more protons
and two fewer neutrons, or the other way around, emit-
ting or capturing at the same time two electrons and the
corresponding (anti)neutrinos. Such measurements de-
mand experiments sensitive to half-life values as long as
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FIG. 6 Mass excess ∆ = (mA−A)·u for isobars with mass mA

and mass number A = 76, where u is the atomic mass unit.
Even-even (odd-odd) nuclei lie on the bottom (top) curve.

T 2νββ
1/2 > 1018 yr (Barabash, 2020).

The nuclear transition underlying 2νββ decay and
ECEC can be thought of as proceeding via virtual tran-
sitions to excited states of the intermediate odd-odd nu-
cleus, and many body methods can be used to compute
the corresponding nuclear matrix elements (NMEs), al-
beit with some uncertainty. The case of 0νββ decay is
fundamentally different in two essential ways. First, the
mediating mechanism results in significant momentum
transfer between the two nucleons involved in the decay.
While 2νββ decay and ECEC are restricted to a subset of
the intermediate nuclear states with angular momentum-
parity 1+, the high momentum transfer in 0νββ makes
all intermediate states accessible. Second, although it is
the case for light neutrino exchange, the mediating mech-
anism is not required to couple to the nucleons via weak
interaction vertices, and thus in general the process is
not always a second-order weak process. A more generic
framework is thus required to compute 0νββ decay rates.

In this section, we first summarize in Sec. IV.A the
0νββ-decay rate as given by an effective field theory
(EFT) that exploits the separation of scales between par-
ticle (BSM), hadron, and nuclear structure scales. Sec-
tion IV.B presents expressions for the NMEs for 0νββ
decay mediated by the exchange of “light” and “heavy”
particles with respect to the typical momentum trans-
fer p = |p| ∼ 200 MeV, including the recently recognized
short-range contribution to light-neutrino-exchange. Sec-
tion IV.C discusses current NME calculations, while
Sec. IV.D is devoted to the so-called “gA quenching”
puzzle that could affect NME predictions. Additional nu-
clear observables that test calculations and can provide
information about the values of the NMEs are outlined
in Sec. IV.E.

The content of Secs. IV.A, IV.C.1, IV.C.2 and IV.D is
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FIG. 7 Diagram representing long-range light-neutrino ex-
change contribution to 0νββ decay.

targeted to both nonexperts and experts, while Sec. IV.B,
the remaining of Sec. IV.C and the final Sec. IV.E cover
somewhat more technical aspects.

A. 0νββ-decay rate in effective field theory

0νββ decay is necessarily triggered by BSM physics.
As discussed in Sec. III, the experimentally best moti-
vated and most studied mechanism is the exchange of
the known light neutrinos — if they are Majorana par-
ticles — corresponding to the diagram in Fig. 7. This
scenario predicts a 0νββ-decay rate that only depends
on the mass of the lightest neutrino and the neutrino
mass ordering, in addition to a NME. Nonetheless, in
general any BSM extension that violates lepton num-
ber leads to 0νββ decay. Because BSM models are typ-
ically defined at higher energy-momentum scales than
the electroweak scale (∼ 250 GeV), or the relevant scales
for hadrons (∼ 1 GeV) and nuclei (∼ mπ ∼ 200 MeV),
an EFT approach is best suited to organize different
0νββ-decay contributions (Cirigliano et al., 2017, 2018c;
Prezeau et al., 2003). Including information from all
these energy scales provides an advantage for assigning
the importance of each decay channel, but valuable alter-
native EFTs usually neglecting chiral (mπ/GeV) aspects
have also been proposed (Deppisch et al., 2018, 2020a;
Graf et al., 2018; Horoi and Neacsu, 2016a; Pas et al.,
1999, 2001).

1. Decay amplitudes

Above the electroweak scale, lepton number vio-
lation and therefore 0νββ decay are usually consid-
ered to be generated by dimension-5 (light-neutrino ex-
change), dimension-7, or dimension-9 effective opera-
tors (Cirigliano et al., 2017, 2018c; Graesser, 2017), see
Sec. III.B.2. The operators are suppressed by the typi-
cal scale Λ at which the BSM physics enters: 1/Λ, 1/Λ3,
and 1/Λ5, for dimension-5, dimension-7, and dimension-
9, respectively. In the standard scenario the scale is set
by the light-neutrino masses where mββ ∝ 1/Λ.

Below the electroweak symmetry breaking SSB scale,

heavy fields such as the WL, Z, and Higgs bosons are in-
tegrated out. This leads to operators with different pow-
ers of the Higgs vacuum expectation value v, expressed
in terms of the Fermi constant as v = (

√
2GF )−1/2 ≈

246 GeV. In terms of Standard Model fields, dimension-3
(light-neutrino exchange), dimension-6, dimension-7, and
dimension-9 operators are generated. The dimension-3
operator is unique, whereas in general multiple opera-
tors of a given dimension violate lepton number. After
evolving to the hadronic and nuclear scales, the differ-
ent contributions to the 0νββ-decay amplitude can be
organized as follows (Cirigliano et al., 2018c)

T−1
1/2 =g4

A{G01(|Aν |2 + |AR|2)

+2G04|Ame
|2 + 4G02|AE |2 +G09|AM |2

−2(G01 −G04)Re[A∗νAR] + 2G04Re[A∗me
(Aν +AR)]

−G03Re[(Aν +AR)A∗E + 2Ame
A∗E ]

+G06Re[(Aν −AR)A∗M ]}, (19)

where theAi are transition amplitudes labeled by the lep-
ton structure to which they correspond: Aν corresponds
to light-neutrino exchange (besides other operators), AR
involves lepton right-handed currents, the Ame and AE
amplitudes are multiplied by the electron mass and en-
ergies, respectively, and AM by the nucleon mass. The
phase-space factors G0i depend on the electron wavefunc-
tions, and have been calculated accurately (Horoi and
Neacsu, 2018; Kotila and Iachello, 2012; Stefanik et al.,
2015).

In general, each amplitude Ai receives contributions
from operators of different dimension (here we refer to the
dimension of operators below the electroweak scale). The
amplitude that receives the most contributions is Aν . In
particular, this is the relevant amplitude for dimension-3,
dimension-7, and the majority of dimension-6 operators.
In turn, AM is dominant for one type of dimension-6
operator and four dimension-9 operators, and AR gets
the dominant contribution from four other dimension-9
operators. The amplitudes AE and Ame are kinemati-
cally suppressed by a factor me/mN . Because of this,
their importance is relatively minor: AE is only domi-
nant for one type of dimension-6 operator, and Ame

is
always subleading.

In principle, the angular and energy distributions of
the electrons emitted in 0νββ-decay can be used to dis-
criminate the leptonic structure responsible for the de-
cay (Ali et al., 2007; Arnold et al., 2010; Cirigliano et al.,
2017; Horoi and Neacsu, 2016a). However, most BSM op-
erators have leading contributions that enter into Aν , the
amplitude related to light-neutrino exchange. Therefore
in general it will not always be possible to disentangle the
BSM extension responsible for 0νββ decay by measuring
angular and energy distributions.
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2. The master formula

The transition amplitudes Ai include a combination of
hadronic and nuclear matrix elements. They also depend
on the Wilson coefficients that couple BSM and Standard
Model fields, which depend on the BSM scale Λ. In the
case of light neutrino exchange, Eq. (19) simplifies to
Eq. (16). The combination of light neutrino masses mββ

sets the scale for lepton number violation.
In a more general scenario, additional contributions

emerge, modifying Eq. (16) as

T−1
1/2 = G01 g

4
A

(
M0ν

light

)2 m2
ββ

m2
e

+
m2
N

m2
e

G̃ g̃4 M̃2

(
v

Λ̃

)6

+
m4
N

m2
e v

2
G̃′ g̃′

4
M̃ ′

2
(
v

Λ̃′

)10

+ · · · ,

(20)

where the second and third terms are typical contribu-
tions from dimension-7 and dimension-9 operators, re-
spectively. For any given BSM extension, several of these
contributions are expected. They can interfere with each
other, and also with the light-neutrino exchange channel,
as indicated by Eq. (19). However, interference terms
are not expected to dominate (Ahmed and Horoi, 2020;
Ahmed et al., 2017).

The factors in front of the dimension-7 and -9 terms are
given by EFT (Cirigliano et al., 2017, 2018c). They cap-
ture chiral enhancement factors of the nucleon over the
pion mass, mN/mπ, with respect to the naive analysis in
Eq. (7). These nuclear effects appear because, when me-
diated by the exchange of a heavy particle (Fig. 8, left),
the 0νββ-decay amplitude is dominated by the virtual
exchange of pions (Fig. 8, right). Each pion exchanged
enhances the amplitude by mN/mπ.

All phase-space factors in Eq. (20), G01, G̃, and G̃′,
are known, and have typical values G ∼ 10−14 yr−1. The
hadronic matrix elements gA, g̃, and g̃′ can be calculated
by lattice QCD or measured. The present knowledge on
g̃, g̃′ values is collected in Ref. (Cirigliano et al., 2018c),
and agrees with the EFT expectation that they all are
of the same of order. The NMEs M0ν

light, M̃ , and M̃ ′

can be calculated by nuclear theory, and they are some-
times suppressed or enhanced due to nuclear structure

effects, see Sec. IV.B.4. In addition to the terms explic-
itly included in Eq. (20), Yukawa couplings can suppress
some contributions. These small couplings are the rea-
son that in some models the 0νββ rate stemming from
dimension-9 operators can dominate over light-neutrino-
exchange and dimension-7 channels when Λ̃ ∼ Λ̃′.

Therefore a 0νββ-decay measurement will constrain,
in addition to mββ , the scales of any given BSM exten-

sion, Λ̃ and Λ̃′. These new-physics scales are determined
by the values of the BSM parameters, typically in terms
of small dimensionless Wilson coefficients C ∼ v/Λ, and
Yukawa couplings. For instance, in the left-right sym-
metric models discussed in Sec. III.C.4, the Wilson co-
efficients can be related to the heavy mass of the right-
handed WR boson, C ∼MWL

/MWR
, or to the small mix-

ing between the right- and left-handed sectors, C ∼ ξLR.
Most studies interpret the constraints of 0νββ-decay lim-
its on left-right symmetric models in terms of MR and
ξLR (Horoi and Neacsu, 2016a; Li et al., 2021a; Sarkar
et al., 2020; Stefanik et al., 2015).

3. Experimental constraints on new physics scales

Typical constraints by present 0νββ-decay experi-
ments, T−1

1/2 & 1026 yr, can be estimated from Eq. (20),

see also the comparison with the naive expectation in
Eq. (7). In the light-neutrino exchange mechanism,
phase-space factors and typical NMEs lead to mββ .
100 meV. Likewise, for dimension-7 and dimension-9 op-
erators, Λ̃ & 200 TeV and Λ̃′ & 5 TeV, respectively
(Cirigliano et al., 2017, 2018c). In contrast, a direct
substitution in Eq. (20) assuming the EFT expected val-
ues for hadronic and nuclear matrix elements anticipates
Λ̃ & 500 TeV and Λ̃′ & 8 TeV. The actual constraints
are not as tight because nuclear structure effects sup-
press M̃ and M̃ ′ NMEs, as discussed in Sec. IV.B.4. For
dimension-9 operators the impact of the NME cancella-
tion is smaller because Λ̃′ enters to a higher power.

Future improvements in 0νββ-decay half-life limits of
one order of magnitude will tighten the constraints on
mββ by about a factor of about 3. BSM scales for

dimension-7 operators Λ̃ would improve by an additional
50%, because of their 1/Λ̃3 dependence. Constraints for
dimension-9 operators would improve Λ̃′ by 25%, since
they enter as (1/Λ̃′)5.

B. Nuclear matrix elements

In general, each 0νββ-decay mechanism needs a partic-
ular NME. However, in practice only few different NMEs
are required in the dominant channels for each operator
leading to 0νββ decay. NMEs encode how the decay oc-
curs within a highly correlated many-body system. These
nuclear structure aspects can enhance or suppress the
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values of the NMEs.

1. Light and heavy neutrino exchange

The starting point of most derivations of the 0νββ-
decay NME for neutrino exchange is the leading weak
current for one nucleon (Park et al., 2003; Tomoda, 1991):

J 0 = τ
[
gV (p2)

]
,

J = τ

[
gA(p2)σ − gP (p2)

p (p · σ)

p2 +m2
π

+ igM
σ × p
2mN

]
,

(21)

in terms of the so-called vector (V), axial (A), pseu-
doscalar (P) and magnetic (M) terms, labeled after the
corresponding hadronic couplings gV , gA, gP and gM .
The vector and axial terms are responsible for Fermi and
Gamow-Teller β decays, respectively, while gP and gM
only contribute to processes with finite momentum trans-
fer (p) such as 0νββ decay. The currents also depend on
the nucleon isospin τ and spin σ.

The 0νββ-decay rate is then given by the product of
two one-body hadronic currents, following second-order
perturbation theory in the weak interaction:

√
Γ0νββ = mββ ·

g2
A

R
·
∫
dx

∫
dy Lµρ(x,y)

∫
dp eip(x−y)·

R

g2
A

∑
n,m,a

〈0+
f |

J µ†n (x) |JPa 〉〈JPa | J ρ†m (y)√
m2
ν + p2 [

√
m2
ν + p2 + Erel

a ]
|0+
i 〉, (22)

where Lµρ includes the electrons and γ matrices evalu-
ated at positions x and y. This term generates the phase
space factor, divided by the approximate nuclear radius
R = 1.2A1/3 fm introduced to make the NME dimension-
less. mν is the mass of the exchanged particle, and the
hadronic coupling g2

A is explicitly factored out to follow
the usual convention leading to Eq. (16). The remaining
terms in Eq. (22) correspond to the NME, which includes
a sum over nucleons n, m. The ground states of the ini-
tial (i) and final (f) nuclei have angular momentum and
parity JP = 0+, and the sum is over all states of the in-
termediate nucleus (a) with odd number of protons and
neutrons. Erel

a = Ea− (Ei +Ef )/2, where E denotes the
energy of the states.

The momentum transfer in 0νββ decay is p ∼ 100 −
200 MeV for the exchange of light neutrinos, and larger
for heavy-particle exchange. Therefore it is common to
regard Eq. (22) as practically independent of the inter-
mediate states, because Erel

a ∼ 10 MeV� p, and replace
Erel
a with an average 〈E〉. This is called the closure ap-

proximation. Explicit QRPA and shell model calcula-
tions estimate that the closure approximation is good to
10% (Muto, 1994; Sen’kov and Horoi, 2013, 2016). Eval-
uating Eq. (22) for mν � p and mν � p allows one to

define a long-range NME for light-neutrino exchange and
a heavy-neutrino exchange NME, respectively:

M0ν
long =

1.2A1/3 fm

g2
A

·

〈0+
f |
∑
n.m

τ−mτ
−
n

[
Hν
F (r)1+Hν

GT (r)σn·σm+Hν
T (r)Snm

]
|0+
i 〉,

(23)

and M0ν
heavy has the same form, but it is divided by m2

π

and depends on potentials HN instead of Hν . Here r =
|rn − rm| is the distance between nucleons. The three
spin structures are denoted as Fermi (F), Gamow-Teller
(GT) and tensor (T), with the latter operator defined as
Snm = 3(r̂ ·σn)(r̂ ·σm)−σn ·σn. Compared to Eq. (22),
M0ν

heavy is multiplied by a factor m2
ν/m

2
π, which allows

a better comparison because then M0ν
long ∼ M0ν

heavy ∼ 1
(Cirigliano et al., 2017, 2018c). This definition differs
by a factor m2

π/(mN me) from the standard one in the
literature.

Since in 0νββ decay the exchanged particles are not
emitted, they become part of the transition operator, and
thus the NME. The so-called neutrino potentialHν(r) for
the exchange of light particles is given by

Hν
spin(r) =

2

π

∫
jspin(pr)

hspin(p)

p(p+ 〈E〉)
p2dp, (24)

and the heavy-neutrino potential HN (r) is defined like-
wise without the denominator p(p+ 〈E〉). The subindex
distinguishes spin structures. The spherical Bessel func-
tion j0 applies to Fermi and GT potentials, while the
tensor goes with j2. The functions hspin(p) are given by

hF = hV VF ,

hGT = hAAGT + hAPGT + hPPGT + hMM
GT ,

hT = hAPT + hPPT + hMM
T , (25)

with

hV VF = g2
V f2(p/ΛV ), (26)

hAAGT = g2
A f

2(p/ΛA),

hAPGT = −hAPT = −g2
A

2

3

p2

p2 +m2
π

f2(p/ΛA),

hPPGT = −hPPT = g2
A

1

3

p4

(p2 +m2
π)2

f2(p/ΛA),

hMM
GT = 2hMM

T =
g2
M

6

p2

m2
N

f2(p/ΛV ),

where the superscripts correspond to the terms in the
one-body current in Eq. (21) leading to each neutrino
potential. The magnetic coupling, gM = 1 + κ1 = 4.71,
depends on the anomalous isovector nucleon magnetic
moment κ1. The standard phenomenological deriva-
tion includes a momentum-dependent dipole form factor
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f(x) = 1/(1 + x2)2 for all terms, with axial and vector
regulators ΛA,V ∼ 1 GeV.

Organizing by spin structure, the NME for light-
neutrino exchange can thus be written as

M0ν
long = MAA

GT +MV V
F +MAP

GT +MPP
GT +MMM

GT

+MAP
T +MPP

T +MMM
T , (27)

and for heavy-neutrino exchange M0ν
heavy is defined like-

wise, but with components MAA
GT,h,M

V V
F,h , · · · given by

HN
spin(r) instead of Hν

spin(r). The superscripts have the
same meaning as in Eq. (26). NMEs are also available
for mν ∼ p (Barea et al., 2015b; Blennow et al., 2010;
Faessler et al., 2014).

2. Short-range operator for light neutrino exchange

A more systematic derivation can be obtained within
the EFT for 0νββ decay (Cirigliano et al., 2018a,b,c).
The EFT replicates all terms given in Sec. IV.B.1, with
small differences only. In addition, the EFT provides
an expansion, or counting, of the different contributions
that determines which of them should be considered at
a given EFT order. For instance, in the EFT, includ-
ing the closure energy 〈E〉 in Eq. (24) is a higher-order
effect. Likewise, the momentum dependence of the ax-
ial and vector form factors in hspin(p), besides quadratic
terms, appear also at higher order in the EFT. However,
the numerical impact of the differences introduced by the
EFT with respect to the expressions used by most NME
calculations is about few percent (Menéndez et al., 2011;
Rodin et al., 2006). In addition, the EFT also predicts
additional contributions not considered in practical cal-
culations yet. Preliminary estimations suggest that the
additional terms are numerically small corrections to the
light-neutrino exchange M0ν (Cirigliano et al., 2018b),
with one exception.

A novel, potentially relevant term was introduced by
Cirigliano et al. (2018a), and described in detail in
Cirigliano et al. (2019). The main idea is that the ex-
change of high-energy light neutrinos, which is naively
expected to be a high-order correction, may be in fact
a leading-order contribution. The NME associated with
this new contact diagram can be defined as

M0ν
short =

1.2A1/3 fm

g2
A

〈0+
f |
∑
n.m

τ−mτ
−
n 1

[ 2

π

∫
j0(qr)hS q

2dq
]
|0+
i 〉, (28)

which follows the structure of Eqs. (23)–(24). The neu-
trino potential hS = 2gNN

ν fS(p/ΛS) depends on a two-
nucleon coupling expected to scale as gNN

ν ∼ 1/m2
π, with

regulator fS and scale ΛS . The momentum dependence

of fS can be more general than the momentum transfer p.
The new matrix element depends on the nuclear structure
of the initial and final nuclei, and on the contact coupling
gNN
ν , satisfying M0ν

short/(g
NN
ν m2

π) ∼ M0ν
heavy ∼ M0ν

long. In

fact, M0ν
short is related to the short-range NME for heavy-

neutrino exchange, sharing the same spin structure as
MV V
F,h . The short-range term cannot be derived by the

product of two one-nucleon weak currents as in Eq. (22),
which explains why gNN

ν appears linearly in hS , in con-
trast to gA which is always squared.

The contact coupling gNN
ν is not known experimentally.

Because both the value and sign of gNN
ν are unknown, the

new short-range term could either enhance or reduce ex-
pected 0νββ-decay rates, but it could also have a small
impact if gNN

ν � 1/m2
π. Lattice QCD calculations of

the neutrinoless two-nucleon decay can determine gNN
ν

and efforts in this direction are ongoing (Davoudi and
Kadam, 2021; Davoudi et al., 2021; Davoudi and Kadam,
2022). Alternatively, gNN

ν can be inferred from an ap-
proximated calculation of the same process using pertur-
bative QCD methods (Cirigliano et al., 2021a,b) that de-
scribe well the related charge-independence-breaking in
the electromagnetic sector. This avenue has been used to
obtain M0ν

short in 48Ca, suggesting a positive contribution
that enhances the long-range NME by about 40% (Wirth
et al., 2021). A similar enhancement around 30%− 50%
has been found for transitions in nuclei from 48Ca to
136Xe (Jokiniemi et al., 2021b), assuming gNN

ν values
taken from the charge-independence-breaking term of dif-
ferent nuclear Hamiltonians, an assumption supported by
(Cirigliano et al., 2021a) and (Richardson et al., 2021).
Given the potential impact of this contribution, a more
robust determination of gNN

ν should be pursued.
Including the short-range term, the light-neutrino ex-

change rate in Eq. (16) is modified as

T−1
1/2 = G01 g

4
A

(
M0ν

long +M0ν
short

)2 m2
ββ

m2
e

, (29)

leading to the light-neutrino exchange NME M0ν
light =

M0ν
long + M0ν

short. Likewise, a short-range contribution is
expected for the exchange of heavy neutrinos discussed
in Sec. IV.B.1 (Dekens et al., 2020). In this case the con-
tact coupling gNN

ν depends on the neutrino mass in a non
trivial way. Analyses of BSM scenarios with heavy sterile
neutrinos thus need to complement the NME dependence
on the neutrino mass with this additional dependence.

3. Two-body currents

Nucleons are composite particles. Nuclear structure
calculations, however, ignore that nucleons are formed
by quarks and gluons and thus exhibit possible nucleon
excitations. To compensate for the missing degrees of
freedom and other high-energy effects, the one-body cur-
rent in Eq. (21) needs to be complemented with two-body
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or meson-exchange currents (2BC). In the EFT, 2BC are
associated with hadronic couplings, denoted by ci, that
also appear in the nucleon-nucleon forces that describe
the same physics (Baroni et al., 2016; Krebs et al., 2017;
Park et al., 2003).

The importance of 2BC has been appreciated for
decades (Brown and Wildenthal, 1987; Towner, 1997).
However only EFT identifies the leading 2BC diagrams
and predicts the value of the couplings. While 2BC ap-
pear at higher EFT order than the terms introduced in
Sec. IV.B.1, long-range 2BC are enhanced because they
encode ∼ 300 MeV nucleon excitations to the ∆-isobar
(Bernard et al., 1997; van Kolck, 1994). In fact, an EFT
with explicit ∆’s places 2BC at next-to-next to leading
order, which is the same order as other contributions in
Eq. (27) (Epelbaum et al., 2008). EFT weak 2BC play a
limited (. 5%) but key role to reproduce experimental β-
decays half-lives (Gazit et al., 2009; Pastore et al., 2018a)
and neutrino scattering cross-sections(Butler et al., 2001;
Nakamura et al., 2001) in light A ≤ 14 nuclei. In heavier
20 . A ≤ 100 systems, 2BC reduce β decay matrix ele-
ments by ∼ 10% − 20% (Ekström et al., 2014; Gysbers
et al., 2019), as discussed in detail in Sec. IV.D.
ββ decay involves the product of two weak currents,

like in Eq. (22), so that 2BC generate three- and four-
body transition operators. Approximating 2BC as effec-
tive one-body currents via normal-ordering with respect
to a symmetric nuclear matter reference state gives the
estimate (Menéndez et al., 2011)

J 1b + J 2b
eff = τ

[
gAσ − σ

2k3
F gA

3π2F 2
π

(
− cD

4gAΛχ

+
2c4 − c3

3

[
1− 3m2

π

k2
F

+
3m3

π

k3
F

atan

(
kF
mπ

)])]
, (30)

which modifies the GT term in Eq. (21). The ci couplings
and Fermi momentum kF ∼ 200 MeV reduce the GT
operator by ∼ 20% (Gysbers et al., 2019), suggesting
that 2BC contribute to “gA quenching”, see Sec. IV.D.
An improved expression is given by Ney et al. (2022),
which shows that the impact is reduced on neutron-rich
nuclei. Similar expressions modify the pseudoscalar and
magnetic terms in Eq. (21) (Hoferichter et al., 2020).

The EFT 2BC in Eq. (30), when extended to finite mo-
mentum transfer, reduce 0νββ-decay NMEs by ∼ 30%
(Engel et al., 2014; Menéndez et al., 2011). This is less
than doubling the reduction in βdecay matrix elements,
because 2BC predict a milder reduction of the GT oper-
ator at p ∼ 200 MeV. An improved treatment including
three-body operators found only a∼ 10% NME reduction
for 76Ge (Wang et al., 2018), but a short-range term sim-
ilar in nature to the one discussed in Sec. IV.B.2 could
not be evaluated because of the unknown coupling. In
sum, 2BC could moderately modify 0νββ-decay NMEs,
perhaps similarly to or less than GT β decays. Calcula-
tions with exact 2BC will provide an answer.

4. Other exchange mechanisms

BSM physics is typically mediated by a heavy parti-
cle. Nevertheless, whenever permitted by symmetries of
the operator, the EFT predicts (Prezeau et al., 2003)
that the dominant contribution to the 0νββ-decay rate
will be through the pion-exchange diagrams shown in
Fig. 8, enhanced by a factor (mN/mπ)2 as discussed in
Sec. IV.A.2. On the other hand, for dimension-7 opera-
tors, contact and pion-exchange diagrams compete with
the short-range coupling to the nucleon magnetic mo-
ment, proportional to gM in Eq. (21). The latter is en-
hanced with respect to the naive estimate because of the
large coupling gM = 4.71.

In general, many nuclear matrix elements contribute to
0νββ decay mediated by BSM physics (Cirigliano et al.,
2018c). The relevant combinations additional to M0ν

long

and M0ν
short are

MPS =
1

2
MAP
GT +MPP

GT +
1

2
MAP
T +MPP

T ,

MM = MMM
GT +MMM

T ,

MPS
heavy =

1

2
MAP
GT,h +MPP

GT,h +
1

2
MAP
T,h +MPP

T,h ,

MAP
heavy = MAP

GT,h +MAP
T,h , (31)

where the superscripts on the left-hand side NMEs
indicate pseudoscalar (PS), magnetic (M) and axial-
pseudoscalar (AP) in reference to the one-nucleon terms
in Eq. (21). Tensor contributions are usually much
smaller than GT ones, according to NME calculations in
ββ emitters (Barea et al., 2015a; Hyvarinen and Suho-
nen, 2015; Menéndez et al., 2009b). All six NMEs are
combinations of the contributions to the light- and heavy-
neutrino exchange matrix elements introduced in and be-
low Eq. (27).

The NMEs MPS and MMM are dominant for
dimension-7 operators, while MPS

heavy, MAP
heavy, and M0ν

short

are the most relevant for dimension-9 operators. The
naive EFT counting that neglects nuclear structure ef-
fects predicts MPS ∼ MPS

heavy ∼ MAP
heavy ∼ M0ν

long. How-
ever, calculations (Barea et al., 2015a; Hyvarinen and
Suhonen, 2015; Menéndez et al., 2009b) show that the
two terms in MPS have opposite sign and mostly cancel,
in both GT and tensor parts, so that MPS ∼ MPS

heavy ∼
M0ν

long/10. This nuclear-structure-based suppression is re-
sponsible for the reduced sensitivity of 0νββ-decay ex-
periments to the physics scale of typical dimension-7 and
dimension-9 operators compared to naive EFT expecta-
tions, discussed in Sec. IV.A.3. On the other hand, EFT
indicates that MM ∼ (m2

π/m
2
N )M0ν

long. In contrast, the
magnetic term is enhanced by the large hadronic cou-
pling gM , leading to MM ∼ M0ν

long/10, so that it com-

petes with MPS as the dominant NME for dimension-7
operators. For a discussion on how these cancellations
impact the BSM physics sensitivities of 0νββ-decay ex-
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periments compared to LHC searches, see Graesser et al.
(2022).

Different NMEs for BSM 0νββ-decay mechanisms have
also been proposed and calculated in Doi et al. (1985);
Kotila et al. (2021); Tomoda (1991); and Vergados et al.
(2012).

C. Many-body methods

In the absence of a 0νββ-decay observation, and as
long as the light-neutrino masses, their ordering, or the
BSM parameters responsible for the decay are not known,
NMEs need to be obtained from theoretical nuclear struc-
ture calculations. Here we present updated NME results
and describe briefly the nuclear many-body methods used
to obtain them. A more thorough discussion of NMEs
and nuclear many-body methods can be found in Engel
and Menéndez (2017).

1. Current status for long-range nuclear matrix elements

Comparisons of NMEs obtained with different many-
body approaches are common in the 0νββ-decay liter-
ature (Bahcall et al., 2004; Engel and Menéndez, 2017;
Feruglio et al., 2002; Gomez-Cadenas et al., 2012; Vo-
gel, 2012). Figure 9 shows updated results for 0νββ-
decay NMEs of eight ββ emitters, covering calculations
from the nuclear shell model (NSM), the quasiparticle
random-phase approximation (QRPA) method, the in-
teracting boson model (IBM) and energy-density func-
tional (EDF) theory. Also included are recent ab ini-
tio 48Ca NMEs obtained with the in-medium generator
coordinate method (IM-GCM), a multi-reference version
of the similarity renormalization group (IMSRG), and
coupled-cluster (CC) theory, and 48Ca 76Ge and 82Se
NMEs from the valence-space (VS) IMSRG method. Ta-
ble I collects the NMEs for the five nuclei most relevant
for next-generation experiments, and indicates the range
of NMEs for each nuclear structure method, obtained by
combining the results of different calculations for each
approach.

The variation in M0ν in Fig. 9, about a factor three,
highlights the uncertainties introduced by the approxi-
mate solutions of the nuclear many-body problem. With
few exceptions among the ββ emitters considered, the
NMEs follow a similar trend: shell model NMEs tend
to be smallest, and EDF theory ones largest, with the
IBM and QRPA somewhere in between. Recent QRPA
calculations by Fang et al. (2018) including deformation
(violet bars), however, modify this picture as they find
smaller NMEs than spherical QRPA calculations, close
to the shell model NMEs. These results follow a ten-
dency of smaller QRPA NMEs hinted by the sophisti-
cated QRPA of Mustonen and Engel (2013) — magenta
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FIG. 9 Nuclear matrix elements M0ν
long for light-neutrino

exchange from different many-body methods. NSM: black
(Menéndez, 2018), grey (Horoi and Neacsu, 2016b), light-grey
(Iwata et al., 2016) bars, grey stars (Coraggio et al., 2020,
2022); QRPA: deformed in violet bars (Fang et al., 2018)), and
spherical in magenta (Mustonen and Engel, 2013) and purple
(Terasaki, 2015, 2020; Terasaki and Iwata, 2019) crosses, red
circles (Šimkovic et al., 2018b), orange multiplication signs
(Hyvarinen and Suhonen, 2015); IBM: brown bars (Barea
et al., 2015a; Deppisch et al., 2020a); EDF theory: nonrel-
ativistic in blue diamonds (Rodriguez and Martinez-Pinedo,
2010), blue up-triangles (López Vaquero et al., 2013)), and
relativistic in light-blue down-triangles (Song et al., 2017);
IMSRG: IM-GCM in the light green 48Ca bar (Yao et al.,
2020), and valence space in green bars (Belley et al., 2021);
and CC theory: dark green 48Ca bar (Novario et al., 2021).

crosses. Nevertheless, the deformed QRPA likely under-
estimates NMEs because the current calculation misses
the effect of configuration mixing that enhances their
value (Rodriguez and Martinez-Pinedo, 2010). Finally,
the 48Ca NMEs from the IM-GCM (Yao et al., 2020),
VS-IMSRG (Belley et al., 2021), and CC (Novario et al.,
2021) theory are consistent with each other and smaller
than the shell model ones. The VS-IMSRG 76Ge and
82Se NMEs are also smaller than in other calculations,
but currently the ab initio description of these nuclei is
of lower quality than for 48Ca, see Sec. IV.E.

Overall, the smaller ab initio NMEs suggest that phe-
nomenological NMEs might be overestimated. This is
consistent with the fact that, as discussed in the follow-
ing sections, the many-body methods predicting larger
NMEs, energy-density functional theory and the IBM,
do not include explicitly proton-neutron pairing correla-
tions which are known to reduce the value of the NMEs.
Further, especially for 48Ca and 76Ge ab initio results are
not far from shell-model and some of the QRPA ones, the
only two-body methods which so far have predicted 2νββ
or 2νECEC half-lives before their measurement (see Sec.
IV.D.3). Nonetheless, especially compared to concerns
related to a dramatic reduction of NMEs due to “gA
quenching” (see Sec. IV.D), the overestimation of the
more phenomenological NMEs appears relatively moder-
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TABLE I NMEs M0ν for light neutrino exchange calculated with the shell model, QRPA, EDF theory and IBM methods, for
the 0νββ decay of nuclei considered for next-generation experiments. The combined NME range for each many-body method
is also shown. All NMEs were obtained with the bare value of gA and do not include the short-range term proportional to gNN

ν .

76Ge 82Se 100Mo 130Te 136Xe

Shell model

Menéndez (2018) 2.89, 3.07 2.73, 2.90 − 2.76, 2.96 2.28, 2.45
Horoi and Neacsu (2016b) 3.37, 3.57 3.19, 3.39 − 1.79, 1.93 1.63, 1.76
Coraggio et al. (2020, 2022) 2.66 2.72 2.24 3.16 2.39
min–max 2.66− 3.57 2.72− 3.39 2.24 1.79− 3.16 1.63− 2.45

QRPA

Mustonen and Engel (2013) 5.09 − − 1.37 1.55
Hyvarinen and Suhonen (2015) 5.26 3.73 3.90 4.00 2.91
Šimkovic et al. (2018b) 4.85 4.61 5.87 4.67 2.72
Fang et al. (2018) 3.12, 3.40 2.86, 3.13 − 2.90, 3.22 1.11, 1.18
Terasaki (2020) − − − 4.05 3.38
min–max 3.12− 5.26 2.86− 4.61 3.90− 5.87 1.37− 4.67 1.11− 3.38

EDF theory

Rodriguez and Martinez-Pinedo (2010) 4.60 4.22 5.08 5.13 4.20
López Vaquero et al. (2013) 5.55 4.67 6.59 6.41 4.77
Song et al. (2017) 6.04 5.30 6.48 4.89 4.24
min–max 4.60− 6.04 4.22− 5.30 5.08− 6.59 4.89− 6.41 4.20− 4.77

IBM
Barea et al. (2015a) a 5.14 4.19 3.84 3.96 3.25
Deppisch et al. (2020a) 6.34 5.21 5.08 4.15 3.40
min–max 5.14− 6.34 4.19− 5.21 3.84− 5.08 3.96− 4.15 3.25− 3.40

a With the sign change in the tensor part indicated in Deppisch et al. (2020a).

ate, taking into account that the ab initio methods used
for 48Ca reproduce well β-decay matrix elements without
any adjustments.

2. Uncertainties and other nuclear matrix elements

Beyond these main features, Fig. 9 highlights that
more calculations are available for some 0νββ decays
than others. On the one hand, 48Ca has been studied by
all many-body methods, including three ab-initio ones.
This is because 48Ca is doubly-magic, and therefore can
be described with relatively simple nuclear correlations.
Indeed, most of the latest calculations roughly converge
to rather small NME values. On the other hand, neither
ab initio nor shell model NMEs are available for 116Cd, or
150Nd, and the only 100Mo shell-model NMEs are very re-
cent (Coraggio et al., 2022). The difficulty is that these
nuclei have a very complex nuclear structure with sev-
eral neutrons and protons away from closed shells. In
fact, for 150Nd EDF results, which typically agree with
each other, disagree by a factor of three, indicating the
challenge of the calculations. The remaining decays lie
in between, even though for instance the A = 76 nuclear
structure might include subtleties due to deformation,
see Sec. IV.E.

Unfortunately, the phenomenological character of most
NME calculations prevents a reliable estimation of the-
oretical uncertainties. For instance, the impact of en-
larging the configuration space in the shell model, or the
effect of including explicit proton-neutron pairing corre-
lations in EDF theory, are hard to quantify. Part of the

theoretical uncertainties, however, are easier to evaluate.
For instance, the difference in the shell model results
in Fig. 9 (black and grey bars and stars), or the EDF
theory calculations (diamonds and up and down trian-
gles) give an estimate of the uncertainty of each approach
when the parameters of the model, typically the nuclear
Hamiltonian, are varied. Likewise, the difference between
spherical QRPA NMEs (red circles, magenta and purple
crosses, orange multiplication symbols) and the IBM un-
certainty (brown error bar) estimate this kind of theoreti-
cal uncertainty. On the other hand, smaller uncertainties
shown as error bars in Fig. 9 explore a very small part
of this uncertainty, because only a very limited subset of
the parameters of the model — typically those associated
with short-range correlations (SRC), see below — is var-
ied. Symbols without error bars in Fig. 9 indicate that
no parameter variation was explored. These kind of un-
certainties have been recently evaluated more systemati-
cally in the shell model for energy levels (Yoshida et al.,
2018a) and electroweak matrix elements in light nuclei
(Fox and Johnson, 2019), and in heavier systems with
EDF theory (Neufcourt et al., 2019). First efforts based
on systematic calculations to assign these kind of theo-
retical uncertainties to 0νββ-decay NMEs are available
for 48Ca in the shell model (Horoi et al., 2022) and for
all 0νββ-decay candidates in the shell model and QRPA
(Jokiniemi et al., 2022). The latter give uncertainties
for these methods comparable to the min-max ones in
Table I.

Ab initio calculations in principle allow for a quantifi-
cation of the theoretical uncertainties (Cirigliano et al.,
2022). The error bars in the ab initio results in Fig. 9 are
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dominated by the uncertainty from the nuclear Hamilto-
nians used, except for CC theory, where the dominant
error stems from the many-body method, which had to
be extended to deal with 0νββ decay, see Sec. IV.C.7.
Nonetheless, even the ab initio NME uncertainties in
Fig. 9 are underestimated, because a relevant ingredi-
ent, two-body currents at finite momentum transfers, is
not yet included in the calculations.

An additional uncertainty not immediately apparent
in Fig. 9 concerns the possible reduction of the NMEs,

usually known as “gA quenching”. This effect was pro-
posed to compensate the finding that calculated GT β
matrix elements tend to overpredict measured values
by a roughly uniform factor. This introduces a poten-
tially large uncertainty, because a naive direct quench-
ing of the axial coupling constant geff

A = 0.7gA, as has
been suggested often in the literature, would reduce the
0νββ-decay NMEs by (0.7)2 ∼ 1/2, and decay rates by
(0.7)4 ∼ 1/4. The “gA quenching” highlights deficien-
cies in the nuclear theory calculations, but it is not clear
how to scale them from β to 0νββ decays. For this rea-
son, Fig. 9 assumes the unquenched gA = 1.27. Recent
ab initio calculations that reproduce β decays without
any “gA quenching” pave the way to solve this puzzle
(Gysbers et al., 2019). We address this issue in detail in
Sec. IV.D.

In addition to the nuclear structure of the initial and
final nuclei, the range of the 0νββ-decay operator has a
strong impact on the NMEs. Figures 10 and 11 com-
pare M0ν

short/(g
NN
ν m2

π) and M0ν
heavy, corresponding to the

short-range light-neutrino exchange term (without cou-
pling) and the exchange of heavy neutrinos, discussed
in Secs. IV.B.2 and IV.B.1, respectively. Except for the
QRPA, short-range and heavy-neutrino NMEs are close.
This suggests that differences in M0ν

long are due to how
longer-range nuclear correlations are treated differently
in the various many-body methods (Menéndez, 2018).

As for the contact term, combining the short-
range NMEs in Fig. 10 with gNN

ν values from charge-
independent-breaking Hamiltonians leads to sizable con-
tributions with respect to M0ν

long (Jokiniemi et al., 2021b),
both for the shell model (light grey bars, ∼ 30% impact)
and for the QRPA (red bars, ∼ 50% effect). These NMEs
are consistent with other shell model and QRPA estima-
tions in Fig. 10; the main difference is that the latter
use a dipole fS instead of a gaussian. The value of gNN

ν

is found to be positive in 48Ca and other lighter nuclei
in (Wirth et al., 2021). Therefore, Fig. 10 suggests that
the difference between NMEs in Fig. 9 will persist, with
QRPA continuing to prefer larger M0ν

light values.
The large error bars in Figs. 10 and 11 are due to

SRCs, typically ignored because doing so simplifies com-
putations and does not affect much most nuclear struc-
ture properties. However, for 0νββ-decay NME SRCs are
extracted from calculations which include SRCs explic-
itly (Cruz-Torres et al., 2018; Kortelainen et al., 2007;
Šimkovic et al., 2009) typically via prescriptions used in
other many-body calculations. The error bars in Fig. 9,
10, and 11 indicate a higher sensitivity to SRCs in M0ν

heavy

and M0ν
short than in M0ν

long, where the impact is rela-
tively small as also indicated by Engel and Hagen (2009).
Nonetheless, very recently, the SRCs captured by an ab
initio method have been combined with the shell model
using an effective theory for SRCs validated in compar-
isons to SRC measurements (Cruz-Torres et al., 2021).
The results suggest a larger ∼ 30% reduction in M0ν

long
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due to SRCs (Weiss et al., 2021), which is similar to the
effect found by Benhar et al. (2014).

Finally, MPS
heavy and MAP

heavy matrix elements defined in
Sec. IV.B.4 calculated with the shell model (Horoi and
Neacsu, 2016b; Menéndez, 2018) and the QRPA (Hy-
varinen and Suhonen, 2015) show agreement similar to
that in Fig. 11. Likewise, shell model and QRPA MM

and MPS matrix elements compare similarly to M0ν
long in

Fig. 9. Therefore, the nuclear matrix elements needed for
light neutrino exchange and any other mechanism appear
to have similar uncertainties.

3. The nuclear shell model

The nuclear shell model is the primary method used to
describe nuclear structure (Brown, 2001; Caurier et al.,
2005; Otsuka et al., 2020; Poves, 2017). Modern shell-
model calculations are based on mixing nuclear configu-
rations within a given space. Usually the configuration
space comprises one major harmonic oscillator shell for
protons and neutrons, but due to advances in computing
power two-shell calculations are increasingly more com-
mon. Within the configuration space, the shell model
includes the most general nuclear correlations. This is
sufficient to describe well the spectroscopy of nuclei from
oxygen to lead.

Most calculations of 0νββ-decay NMEs are cur-
rently limited to one shell (Coraggio et al., 2020, 2022;
Menéndez, 2018; Menéndez et al., 2009b; Neacsu and
Horoi, 2015; Sen’kov and Horoi, 2013, 2016; Sen’kov
et al., 2014). So far the only two-shell calculation is for
48Ca (Iwata et al., 2016), which results in a moderate
∼ 20% NME enhancement over the one-shell NME —
light-grey bars in Fig. 9. It also reveals a subtle compe-
tition: pairing-like excitations enhance NMEs (Caurier
et al., 2008), while particle-hole-like ones reduce NME
values (Horoi and Brown, 2013). The overall effect of
larger configuration spaces is thus expected to be lim-
ited. Two-shell calculations in heavy nuclei demand ap-
proximate solutions, for instance using the GCM with
collective degrees of freedom — deformation, isoscalar
and isovector pairing — as coordinates (Hinohara and
Engel, 2014; Jiao and Johnson, 2019; Jiao et al., 2018;
López Vaquero et al., 2013; Menéndez et al., 2016). For
76Ge a GCM two-shell calculation (Jiao et al., 2017) finds
a slight NME reduction. Likewise, studies that explore
the impact of larger configuration spaces with pertur-
bation theory — grey stars in Fig. 9 — also suggest a
20% − 30% change on NMEs at most (Coraggio et al.,
2020; Holt and Engel, 2013). The only exception is 48Ca,
which as a doubly-magic nucleus probably needs addi-
tional refinement in this framework.

The Monte Carlo shell model is a novel approach that
aims to capture the most relevant correlations when han-
dling multi-shell configuration spaces (Otsuka and Tsun-

oda, 2016; Shimizu et al., 2017). A relatively small
number of angular-momentum-projected deformed basis
states is sufficient to explore the most relevant configu-
rations, tackling spaces with � 1020 Slater determinants
(Ichikawa et al., 2019; Marsh et al., 2018) — the standard
shell model is limited to ∼ 1011 explicit configurations.
A related strategy based on the superposition of quasi-
particle states is more suited to 0νββ-decay NMEs, and
may enable calculations for e.g. 150Nd (Shimizu et al.,
2021).

The success of the shell model is based on effec-
tive nuclear Hamiltonians adapted to each configura-
tion space (Caurier et al., 2005). High quality Hamil-
tonians are important for 0νββ-decay studies, because
schematic interactions can lead to NMEs outside the
shell-model range discussed in Sec. IV.C.1 (Higashiyama
et al., 2020; Yoshinaga et al., 2018). Nonetheless, even
effective Hamiltonians derived from nucleon-nucleon po-
tentials demand phenomenological adjustments, mainly
in the part that describes single-particle degrees of free-
dom, i.e. the monopole component. Due to this, shell
model NMEs have a phenomenological component. This
limitation is lifted by effective Hamiltonians built by ab
initio methods. They are derived without phenomeno-
logical adjustments from chiral EFT nucleon-nucleon and
three-nucleon interactions (Bogner et al., 2014; Dikmen
et al., 2015; Jansen et al., 2014; Stroberg et al., 2017)
connected to the underlying theory of the nuclear force,
QCD. Ab initio methods are described in Sec. IV.C.7.

4. The QRPA and its variants

The QRPA was the first many-body method to reliably
address ββ decay (Engel et al., 1988; Vogel and Zirn-
bauer, 1986). Contrary to the nuclear shell model, the
QRPA uses large configuration spaces encompassing sev-
eral harmonic oscillator shells. On the other hand, the
nuclear correlations included in the QRPA are more lim-
ited than the ones the shell model captures. The QRPA
relies on small amplitude nuclear correlations, and has
been reviewed for instance in Suhonen and Civitarese
(1998), Avignone et al. (2008), and Engel and Menéndez
(2017).

One aspect particularly relevant for QRPA 0νββ-decay
studies is the strength of the proton-neutron pairing in-
teraction. Several prescriptions have been proposed to
fix its value, for instance, using β decay data involving
the intermediate, initial or final ββ-decay nuclei (Engel
et al., 1988), or using 2νββ decay (Rodin et al., 2003) —
the latter strategy is used in the orange multiplication
signs in Fig. 9. These approaches share the disadvantage
that the proton-neutron pairing interaction is difficult
to disentangle from a possible “gA quenching” needed
by the QRPA, see Sec. IV.D. Recently, two alternatives
have been proposed. The first imposes SU(4) symme-
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try and therefore a vanishing double GT matrix element
(Šimkovic et al., 2018b) — red circles in Fig. 9. The
second demands the equivalence, in the closure approxi-
mation explained above Eq. (23), of the NMEs through
intermediate (N−1, Z+1) and (N−2, Z) nuclei, with re-
spect to the (N,Z) initial one (Terasaki, 2015) — purple
crosses in Fig. 9. These choices lead to mildly different
NMEs. On the other hand, the QRPA fixes the isovec-
tor part of the proton-neutron interaction by demand-
ing that 2νββ-decay Fermi matrix elements vanish (Hy-
varinen and Suhonen, 2015; Šimkovic et al., 2013). This
condition effectively restores isospin symmetry, which is
a robust symmetry in nuclei.

Most QRPA calculations assume spherical initial and
final nuclei. This simplification may not be justified in
some cases, leading to overestimated 0νββ-decay NMEs,
as suggested by EDF theory, shell model and IMSRG
studies (Menéndez et al., 2009a, 2011; Rodriguez and
Martinez-Pinedo, 2010; Yao et al., 2020). Recently, Fang
et al. (2018) calculated QRPA NMEs including defor-
mation — violet bars in Fig. 9. The deformed QRPA
NMEs are much smaller than in most spherical QRPA
calculations, in fact they are comparable to shell model
NMEs. The main reason is the suppression due to the
small overlap between the initial and final nuclei, which is
reduced for states with different deformation. This over-
lap, usually neglected in QRPA calculations, has been
shown to lead to very small NMEs (Mustonen and Engel,
2013) — magenta crosses in Fig. 9. However, Fang et al.
(2018) and Mustonen and Engel (2013) probably under-
estimate NMEs because they assume only one deforma-
tion for each nuclear state. A more realistic description
should consider the mixing between different configura-
tions, for instance via the GCM (Hinohara and Engel,
2014; Rodriguez and Martinez-Pinedo, 2010), which en-
hances NME values.

5. Energy-density functional theory

The largest NMEs in Figs. 9 and 11 derive from EDF
theory. This approach is used extensively, and describes
very well the ground state properties and spectroscopy
of medium-mass and heavy nuclei (Bender et al., 2003).
Based on a mean-field description, EDF theory calcu-
lations incorporate additional correlations beyond the
mean field via restoration of symmetries — notably parti-
cle number and angular momentum — and configuration
mixing in terms of the GCM (Egido, 2016; Robledo et al.,
2019). The variational solution of the Schrödinger equa-
tion is obtained self-consistently in configuration spaces
of about a dozen harmonic oscillator shells. Unlike other
many-body methods, EDF theory can calculate any nu-
cleus with a common nuclear functional (or interaction).

EDF 0νββ-decay NMEs are computed in the closure
approximation. The same level of sophistication in odd-

odd nuclei can only be achieved at a much larger com-
putational cost, and is only feasible in lighter nuclei
(Bally et al., 2014). This also prevents tests of β and
2νββ-decay EDF matrix elements. Two EDF versions
have been applied to 0νββ decay: using nonrelativistic
(López Vaquero et al., 2013; Rodriguez and Martinez-
Pinedo, 2010) and relativistic (Song et al., 2017; Yao
et al., 2015) functionals, both including the GCM (Yao
et al., 2022b). The two sets of NMEs are quite similar ex-
cept in 150Nd, see Fig. 9. The significantly larger NMEs
of EDF with respect to the shell model can be traced back
to nuclear correlations: a comparison of NMEs for cal-
cium isotopes calculated with uncorrelated nuclear states
found NME agreement as good as ∼ 30% (Menéndez
et al., 2014) instead of the factor of ∼ 3 difference in
Fig. 9. Actual ββ emitters are strongly correlated nuclei.

Possible explanations for the large EDF theory NMEs
are high-seniority components of the nuclear states be-
yond the reach of EDF theory, and proton-neutron pair-
ing correlations (Menéndez et al., 2016) not explicitly
taken into account. Shell model and GCM studies sug-
gest that both effects reduce NME values (Hinohara and
Engel, 2014). The precise impact, however, needs to be
checked in actual EDF theory calculations. An extension
to handle nuclear Hamiltonians instead of functionals, so
that proton-neutron pairing can be accommodated ex-
plicitly, has been proposed recently (Bally et al., 2021).

6. The interacting boson model

The IBM (Arima and Iachello, 1976, 1978) exploits
symmetry arguments to model nuclei as a collection of
bosons, called s-, p-, d-bosons... according to their angu-
lar momentum. Bosonic operators are then mapped to
nucleon degrees of freedom (Otsuka et al., 1978), typi-
cally using the shell model as a reference.

IBM calculations of 0νββ decay use the closure approx-
imation. Typical IBM configuration spaces encompass
one harmonic oscillator shell for neutrons and protons
— like the shell model. On the other hand, like EDF
theory, calculated IBM NMEs for ββ emitters (Barea
and Iachello, 2009; Barea et al., 2015a) do not explic-
itly include proton-neutron pairing correlations, which
could lead to an overestimation of the NMEs, as dis-
cussed in Sec. IV.C.5. Recently, p-bosons that capture
explicitly proton-neutron pairing correlations have been
introduced in NME calculations for isotopes around 48Ca
(Van Isacker et al., 2017). For light-neutrino exchange,
IBM NMEs take intermediate values with respect to
other NME results, see Fig. 9, while IBM NMEs are sim-
ilar to most other NMEs for 0νββ decay mediated by the
exchange of a heavy particle, see Figs. 10 and 11.
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7. Ab initio methods

Ab initio or first principles nuclear structure calcula-
tions solve the many-body problem by treating explicitly
all nucleons in the nucleus, interacting though realistic
nuclear forces. Ab initio methods handle nucleon-nucleon
and three-nucleon forces and, likewise, they can accom-
modate one-body operators as well as 2BC. They yield in
general excellent agreement for the nuclear properties of
light and medium-mass nuclei (Barrett et al., 2013; Carl-
son et al., 2015; Freer et al., 2018; Hagen et al., 2014;
Hebeler et al., 2015; Hergert et al., 2016; Navrátil et al.,
2016). Here we briefly review the most common ab initio
approaches applied to β and ββ decays.

Quantum Monte Carlo (QMC) techniques are one of
the most accurate ab initio methods in very light A . 12
nuclei (Carlson et al., 2015), with promising extensions
proposed for medium-mass systems (Lonardoni et al.,
2018). The QMC approach is based on the time evolution
of a trial nuclear state, according to the nuclear Hamil-
tonian, towards the lowest-energy configuration. With
sufficiently long evolution, the exact properties of the
ground state can be obtained. QMC β decay calculations
are discussed in Sec. IV.D.1. More interestingly, Pastore
et al. (2018b) and Weiss et al. (2021) have studied 0νββ-
decay NMEs in A ≤ 12 nuclei. While these isotopes are
not of experimental interest, QMC NMEs provide bench-
marks for other approaches that can also cover heavier
nuclei. Compared to shell model NMEs for 10,12Be, QMC
ones are ∼ 20% smaller (Wang et al., 2019), but the ra-
tio between QMC M0ν

short and M0ν
long NMEs is consistent

with Figs. 9 and 10 (Cirigliano et al., 2019). QMC nu-
clear states include reliable SRCs, which can be combined
with the shell model via the generalized contact formal-
ism (Weiss et al., 2021). This results in NMEs for heavy
ββ emitters reduced by about 30% with respect to the
shell model ones in Fig. 9.

The no-core shell model (NCSM) is the ab initio exten-
sion of the nuclear shell model to very large configuration
spaces (Barrett et al., 2013; Navrátil et al., 2016). Unlike
the nuclear shell model, the lowest-energy nucleons are
treated explicitly, which implies the absence of a core.
On the other hand, high-energy orbitals are added to the
configuration space until reaching convergence. Because
of the combinatorial scaling of the shell model frame-
work, the NCSM is limited to very light nuclei A . 22,
and reaching these nuclei actually requires strategies to
select the most relevant configurations (Abe et al., 2012b;
Roth, 2009). Section IV.D.1 presents NCSM β decay re-
sults in light systems, and Basili et al. (2019) and Yao
et al. (2021) gives benchmark NCSM 0νββ-decay NMEs
from 6He to 22O that include full nuclear correlations.

The IMSRG introduced in Sec. IV.C.1 is based on uni-
tary transformations that simplify the solution of the
many-body problem (Hergert et al., 2016). Transition
operators, including ββ-decay ones, are transformed con-

sistently. The IMSRG relies on adding correlations on
top of a reference state, which needs to be a reasonable
approximation, sufficiently close to the exact solution.
The advantage of the IMSRG over NCSM or QMC is
the polynomial, rather than exponential, scaling with the
number of nucleons, making extensions to ββ decay feasi-
ble. Two versions of the IMSRG have been applied to ββ
decay: the IM-GCM described here and the VS-IMSRG
discussed in the last paragraph of this section. Since the
initial and final ββ nuclei typically involve substantial
nuclear correlations, the IM-GCM uses a combination of
various reference states (Yao et al., 2018) and then ex-
ploits the GCM to explore additional nuclear correlations
such as deformation and proton-neutron pairing. The
IM-GCM NMEs agree well with NCSM benchmarks in
light systems (Basili et al., 2019; Yao et al., 2021). Yao
et al. (2020) have obtained a 48Ca M0ν

long smaller than
other calculations — see Fig. 9 — complemented by a
M0ν

short NME which enhances M0ν
light by about 40% (Wirth

et al., 2021). Strategies to study heavier ββ emitters are
in progress (Romero et al., 2021).

The CC method is also based on adding nuclear corre-
lations to a reference state (Hagen et al., 2014). Such cor-
relations can be singles, doubles, triples, etc., according
to the number of creation-annihilation operators allowed.
Similar to the IMSRG, CC calculations scale polynomi-
ally. At present, however, CC studies are mostly limited
to spherical nuclei in the vicinity of magic or semimagic
isotopes — those nuclei for which nuclear correlations are
especially small (Hagen et al., 2016; Morris et al., 2018).
CC β decays in heavy nuclei are discussed in Sec. IV.D.1.
Very recently, Novario et al. (2021) have calculated the
48Ca 0νββ-decay NME, see Fig. 9. An extension of the
CC framework breaking rotational invariance was neces-
sary to take into account the deformation of 48Ti (No-
vario et al., 2021). The NME is consistent with the IM-
GCM one, but with larger uncertainty. More recent CC
nuclear structure calculations restore rotational symme-
try through angular momentum projection (Hagen et al.,
2022).

The NCSM (Dikmen et al., 2015), CC (Jansen et al.,
2014) and IMSRG (Bogner et al., 2014; Stroberg et al.,
2017) can be formulated to yield an effective Hamilto-
nian in a shell model space. At the same time, they
solve the energy of the shell model core. Therefore the
ab initio calculation can be separated in two steps: first,
the energy of the shell model core and an effective shell
model interaction are obtained. Second, the shell model
techniques described in Sec. IV.C.3 are used to calculate
observables such as nuclear energies or NMEs. In par-
ticular, the valence-space version of the IMSRG method
(VS-IMSRG) has been used extensively, with good agree-
ment on nuclear properties up to tin (Stroberg et al.,
2019; Taniuchi et al., 2019). The VS-IMSRG 48Ca 0νββ-
decay NME is in good agreement with the IM-GCM and
CC ones (Belley et al., 2021), see Fig. 9. Furthermore,
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first VS-IMSRG NMEs have been obtained for the heav-
ier 76Ge and 82Se see Sec. IV.E.

D. “gA quenching”

The so-called “gA quenching” is a potential source of
uncertainty in 0νββ-decay NMEs. Most calculations of
GT β decay matrix elements overpredict experiment, in-
dicating the need of a correction, sometimes attempted
by quenching the value of the axial coupling gA. Very re-
cently β decay has been studied with the ab initio meth-
ods introduced in Sec. IV.C.7. These calculations suggest
that the overprediction of matrix elements is more likely
related to the GT β decay operator than to gA. Ab initio
0νββ-decay studies including 2BC are needed to assess
whether the NMEs discussed in Sec. IV.C require a com-
pensation similar to GT β decay ones, less compensation,
or none at all.

1. β decay half-life values

Theoretical nuclear structure typically does not re-
produce well β-decay half-life values in GT transitions
of nuclei with masses similar to those of ββ emitters.
Calculated GT decay half-lives tend to underestimate
data, which means that theoretical matrix elements are
overestimated. As a pragmatic fix to this deficiency,
a quenching factor is usually introduced to reduce the
strength of the GT operator, and consequently the cal-
culated GT matrix elements. Remarkably, in the nuclear
shell model a common quenching factor στ → qστ with
q ∼ 0.7− 0.8 is sufficient to bring agreement with exper-
iments for GT matrix elements across and entire mass
range (Chou et al., 1993; Mart́ınez-Pinedo et al., 1996;
Wildenthal et al., 1983). Nevertheless, to the extent that
the need of quenching reflects the deficiency of a given
nuclear many-body method to describe GT transitions,
each nuclear structure model can be expected to need its
own quenching factor (Ejiri et al., 2019). In general, more
sophisticated approaches require less severe quenching.

An alternative view expresses the phenomenological
modification required in GT transitions as a “quench-
ing” of the axial coupling constant, gA (Suhonen, 2017).
The corresponding label “gA quenching” is used widely
in the literature. However, similar phenomenological ad-
justments have been advocated in nuclear electromag-
netic transitions — in particular, magnetic dipole transi-
tions — which do not depend on gA (von Neumann-Cosel
et al., 1998). Therefore it may be more appropriate to
associate the quenching factor to the transition operator
instead of the hadronic coupling gA.

The origin of the quenching has been debated exten-
sively, with two primary explanations. One possibility
is missing nuclear correlations, because calculations are

performed in limited configuration spaces (Arima et al.,
1987; Bertsch and Hamamoto, 1982). Another possibil-
ity is corrections to the transition operator, such as 2BC
— meson-exchange currents — presented in Sec. IV.B.3.
They reflect neglected degrees of freedom, such as nu-
cleon excitations to the ∆ isobar (Menéndez et al., 2011).
Even though both effects were investigated for decades
(Brown and Wildenthal, 1987; Towner, 1997), the out-
come was not conclusive.

Nuclear theory is finally in a position to address β de-
cays in not only light but also medium-mass and even
heavy nuclei with ab initio methods that correct for both
of the aforementioned deficiencies. For A . 12 sys-
tems that undergo β decay the experimental rate can be
confronted with ab initio QMC and NCSM calculations.
The theoretical predictions of GT matrix elements are
in excellent agreement — within a few percent — with
experiment, without the need of any adjustment (Gys-
bers et al., 2019; Pastore et al., 2018a). Gysbers et al.
(2019) also studied GT transitions of nuclei with mass
number A ∼ 30 and A ∼ 50 with the VS-IMSRG. In
contrast to standard shell model calculations that need
sizable quenching, the VS-IMSRG reproduces measured
GT transitions to better than 10%. Gysbers et al. (2019)
also presented a detailed ab initio CC study of the GT
decay of the doubly-magic 100Sn — the largest GT transi-
tion observed in the nuclear chart. The CC result agrees
very well with the measured GT matrix element, without
any adjustment. The VS-IMSRG and CC analyses both
conclude that nuclear correlations not included in previ-
ous calculations and 2BC contribute in a similar amount
to the GT matrix element. Further, the relative impor-
tance of 2BC and correlations depends on the nuclear
interaction used: two body effects are larger for interac-
tions with a less pronounced short-range character. That
is, these two effects are intertwined. For instance, in
QMC GT matrix elements obtained with “hard” poten-
tials with marked short-range repulsion, the effect of 2BC
is very small. In contrast, in “softer” potentials with less
rich short-range correlations, the impact of 2BC is more
relevant. In general, there may not be a dominant contri-
bution to quenching, but two entangled ones with relative
impact dependent on the nuclear interaction used.

The same considerations apply when comparing calcu-
lations to GT transitions extracted from charge-exchange
reactions (Frekers and Alanssari, 2018; Fujita et al.,
2011; Ichimura et al., 2006). The shell model reproduces
data well once the same quenching as in β decay is in-
cluded (Caurier et al., 2012; Iwata et al., 2015), perhaps
because the normalization of GT transitions extracted
from experimental cross-sections involves β-decay half-
lives. Using perturbation theory to obtain a GT operator
that captures correlations beyond the configuration space
also leads to good agreement with experiment (Coraggio
et al., 2019).

The findings of Gysbers et al. (2019) bring immediate



34

implications. Since 2BC are partially responsible for GT
quenching, the expectation that 2BC are less important
in 0νββ than in GT decay, as discussed in Sec. IV.B.3,
suggests that assuming a quenching q2 in 0νββ decay rel-
ative to q for β decay is not justified. The first ab initio
calculations have also explored the impact of missing nu-
clear correlations in 0νββ decay. In 48Ca they suggest
that the value of the 0νββ-decay NME is only moder-
ately reduced (Belley et al., 2021; Novario et al., 2021;
Yao et al., 2020). Perturbation theory studies also find
a milder impact of additional correlations in 0νββ decay
than in GT transitions (Coraggio et al., 2020).

2. β decay spectra

The energy spectrum of the emitted electron is fixed
by kinematics because a single nuclear matrix element
dominates GT transitions. By contrast, several matrix
elements contribute to non-unique forbidden β decays,
and the electron spectrum is related to their relative im-
pact (Behrens and Bühring, 1971).

This idea has been exploited to show that the shape
of the β spectrum of for example 113Cd depends on the
relative value of nuclear matrix elements divided in two
groups: those proportional to the vector and axial cou-
plings gV and gA (Haaranen et al., 2017, 2016) — the
groups stem from the leading terms in Eq. (21). Assum-
ing that all axial and all vector matrix elements need to
be corrected by the same quenching, a fit to the β spec-
trum leads to a preferred value of the ratio gA/gV . Higher
sensitivities appear if competing contributions from dif-
ferent matrix elements partially cancel, a feature iden-
tified in other non-unique β decays as well (Kostensalo
et al., 2017; Kostensalo and Suhonen, 2017; Kumar et al.,
2020).

A comparison to measurements of the 113Cd β spec-
trum suggests a ratio of about gA/gV ∼ 0.9, valid for the
shell model and other many-body methods (Bodenstein-
Dresler et al., 2020). The ratio gA/gV ∼ 0.9 is roughly
consistent with the “gA quenching” observed in β decay
but does not reproduce the 113Cd half-life. This inconsis-
tency, also found in other β decays (Kumar et al., 2021),
could be explained if each axial or vector matrix element
is affected by a different deficiency, and therefore needs
its own quenching factor. Even though at least some
of the matrix elements may require a similar quenching
(Al Kharusi et al., 2020), a different behavior has been
indeed observed in shell model studies of non-unique β
decays (Warburton et al., 1988; Yoshida et al., 2018b;
Zhi et al., 2013). In summary, β-decay spectra of non-
unique forbidden decays provide complementary tests of
the quality of nuclear theory calculations, and are will
help to determine whether “gA quenching” can be re-
solved by simple scaling of the axial coupling.

3. 2νββ decay and 2νECEC

ββ decay and ECEC with the emission of two
(anti)neutrinos have been measured in a dozen nuclei
(Aprile et al., 2019; Barabash, 2020). Since the initial
and final nuclei are common to two-neutrino and neutri-
noless decays, a good description of ββ and ECEC decay
is a key test of 0νββ-decay predictions. The calculation
of the corresponding nuclear matrix elements is, however,
more challenging than for the neutrinoless mode. This is
because the emission of neutrinos reduces the momentum
transfer below typical nuclear energy differences, and the
closure approximation leading to Eq. (23) is not always
justified (closure is, nonetheless, typically used by the
IBM (Barea et al., 2015a)). Thus the intermediate nu-
cleus with an odd number of neutrons and protons needs
to be calculated explicitly.

The remarkable nuclear shell model prediction of the
48Ca decay rate (Caurier et al., 1990; Poves et al., 1995)
before its measurement (Balysh et al., 1996) highlighted
the power of the use of this many-body method to predict
ββ decay rates. These works assumed that the same de-
ficiency present in GT matrix elements in the vicinity of
48Ca was also present in ββ decay, so that the quenching
needed for β decay was used in ββ decay. Following the
same strategy, the 124Xe two-neutrino ECEC was pre-
dicted (Coello Pérez et al., 2019) in very good agreement
with the subsequent, recent observation (Aprile et al.,
2019). Likewise, shell model ββ-decay matrix elements
in other nuclei reproduce measured decay rates when
corrected by quenching factors which are in reasonable
agreement with those needed for GT transitions (Caurier
et al., 2012; Kostensalo and Suhonen, 2020; Neacsu and
Horoi, 2015; Sen’kov and Horoi, 2016). Only in 136Xe the
quenching needed in ββ decay may be more pronounced
(Caurier et al., 2012). Matrix elements obtained with
perturbation theory on top of the shell model also repro-
duce the measured half-life well (Coraggio et al., 2019,
2022).

Other many-body methods can also access ββ decays.
The QRPA often uses 2νββ decay to fix the strength
of the proton-neutron pairing interaction (Rodin et al.,
2003), but when alternative schemes are adopted pre-
dicted ββ-decay rates are qualitatively good, both when
the QRPA is used with phenomenological Hamiltonians
(Šimkovic et al., 2018b) and with energy-density func-
tionals (Hinohara and Engel, 2022; Mustonen and Engel,
2013). In fact, the QRPA half-life for 124Xe (Pirinen and
Suhonen, 2015; Suhonen, 2013) well-predicted its sub-
sequent measurement, albeit with a larger uncertainty
than the shell model. The larger error arises from the
difficulty of disentangling quenching from the strength of
the proton-neutron pairing in the QRPA, see Sec. IV.C.4.
An effective theory for ββ and ECEC decay, based on β
and EC data (Coello Pérez et al., 2018), also predicted
well the 124Xe 2νββ-decay half-life, including a quanti-
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fied theoretical uncertainty (Coello Pérez et al., 2019).
The same method very recently has given predictions for
0νββ NMEs (Brase et al., 2021) with quantified uncer-
tainties, favoring smaller values than all methods in Ta-
ble I. Very recently, IBM 2νββ-decay calculations have
been performed beyond the closure approximation (No-
mura, 2022).

Ab initio methods can calculate ββ-decay matrix el-
ements as well, but this is more challenging because of
the relevance of the intermediate states. For 48Ca, CC
theory mildly overestimates the experimental matrix ele-
ment even when including the effect of 2BC, as it does in
β decay (Novario et al., 2021). In turn, the VS-IMSRG
48Ca matrix element is too small even without 2BC (Bel-
ley et al., 2021).

Similarly to β decay, measured ββ-decay spectra fur-
ther test nuclear theory. Even if only one nuclear matrix
element dominates the decay rate, precisely measured
spectra can be sensitive to small deviations caused by
subleading matrix elements (Šimkovic et al., 2018a). A
precision analysis of the 136Xe summed electron energy
spectrum provides limits which confront shell model and
QRPA predictions (Gando et al., 2019). The results con-
strain both the quenching needed to reproduce the half-
life — different for each calculation — and the ratio of
the leading and subleading matrix elements. The analy-
sis is consistent with most of the theoretical predictions,
but excludes part of the QRPA results.

In addition, a precise ββ-decay spectrum measurement
can inform the distribution of the leading ββ-decay ma-
trix element as a function of the virtual states in the
intermediate odd-odd nucleus through which the decay
proceeds (Šimkovic et al., 2001), see Eq. (22). Recent
analyses in 100Mo (Armengaud et al., 2020a; Arnold
et al., 2019) and 82Se (Azzolini et al., 2019b) suggest that
only the lowest JP = 1+ state contributes, the so-called
single-state dominance. Charge-exchange reactions also
hint at single-state dominance in the 2νββ decay of 96Zr
(Thies et al., 2012). This behavior should be reproduced
by all theoretical calculations.

E. Connections to nuclear structure measurements

Besides β and ββ decays, a good description of the
main properties of the nuclear states is a necessary
requirement for trustworthy 0νββ-decay NME calcula-
tions. On the other hand, processes with similar momen-
tum transfer — muon capture and neutrino-nucleus scat-
tering — can give additional insights. Double Gamow-
Teller (DGT) and second-order electromagnetic transi-
tions may offer a unique opportunity due to their relation
to 0νββ-decay NMEs.

1. Spectroscopy and charge exchange

Nuclei involved in ββ decay have even numbers of pro-
tons and neutrons. Due to the attractive nuclear pairing
interaction, they have JP = 0+ ground states, with van-
ishing quadrupole and magnetic moments. Theoretical
calculations, therefore, need to be confronted with other
ground state properties. A valuable source of informa-
tion comes from orbital occupation probabilities deduced
from analyses of low-energy nucleon adding and remov-
ing reactions (Entwisle et al., 2016; Freeman and Schiffer,
2012; Freeman et al., 2017; Szwec et al., 2016). In fact,
various studies have used the experimental results to im-
prove the description of the initial and final ββ-decay
nuclei (Deppisch et al., 2020a; Kotila and Barea, 2016;
Menéndez et al., 2009; Suhonen and Civitarese, 2008,
2010). The impact on the NMEs is illustrated by the
IBM error bar in Fig. 9. This moderate effect proved
beneficial to bring QRPA and shell model NME predic-
tions in better agreement to each other.

In addition, the quality of nuclear structure calcu-
lations is assessed by comparing excitation energies of
low-lying states (ENSDF, 2021) and their electromag-
netic transitions (XUNDL, 2021). In particular, the shell
model and EDF theory agree with data very well (Cor-
aggio et al., 2019; Hoferichter et al., 2019; Horoi and
Neacsu, 2016b; Neacsu and Horoi, 2015; Rodriguez and
Martinez-Pinedo, 2010; Song et al., 2014; Vietze et al.,
2015), even though more subtle aspects such as pairing
correlations (Roberts et al., 2013; Sharp et al., 2019) or
the triaxial character of A = 76 (Ayangeakaa et al., 2019;
Henderson et al., 2019; Toh et al., 2013) and A = 130
(Hicks et al., 2022; Morrison et al., 2020) nuclei have
also been explored experimentally and challenge all the-
oretical studies. Further, the shape of GT strength dis-
tributions as a function of energy is also sensitive to the
nuclear structure of the nuclei involved, and has been
used to test and improve nuclear interactions (Alanssari
et al., 2016). Thus, the comparison to the experimental
GT strength at low energies is another stringent test for
calculations (Caurier et al., 2012; Coraggio et al., 2019;
Iwata et al., 2015) and for instance shows that 100Mo is
currently more difficult to describe than other ββ nuclei
(Coraggio et al., 2022). While nuclear structure data
for otherwise-stable ββ nuclei has been collected over
decades, modern experiments keep illuminating new as-
pects that test theoretical predictions, for instance recent
work on heavy A = 136 (Nzobadila Ondze et al., 2021;
Rebeiro et al., 2021) and A = 150 (Basak et al., 2021) nu-
clei. It is very important to pursue further studies of this
kind, as they may indicate physics missing in the calcu-
lations but relevant for 0νββ decay. For instance, recent
measurements on magnetic dipole transitions in A ∼ 150
nuclei have been used to fix IBM parameters, giving sig-
nificant changes in NMEs to excited states (Beller et al.,
2013; Kleemann et al., 2021).
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Similar benchmarks are demanded for ab initio calcu-
lations. In fact, the CC theory framework had to be
extended by breaking rotational invariance to describe
48Ca decay (Novario et al., 2021) due to the deformation
of 48Ti. The IM-GCM and VS-IMSRG calculations of
Yao et al. (2020) and Belley et al. (2021) describe 48Ca
and 48Ti in good agreement with experiment. In con-
trast, the VS-IMSRG excitation spectra for the heavier
nuclei 76Ge, 76Se, 82Se, and 82Kr are too stretched in
energy (Belley et al., 2021).

Unfortunately, two methods that describe well the nu-
clear structure properties of ββ-decay nuclei can differ
significantly in their 0νββ-decay NME predictions. For
example, both relativistic (Song et al., 2014) and non-
relativistic EDF theory (Rodriguez and Martinez-Pinedo,
2010) describe the nuclear structure of 150Nd and 150Sm
well, but predict NMEs a factor three apart. In fact,
a recent statistical shell-model analysis in the decay of
48Ca to 48Ti finds that the nuclear structure properties
of these nuclei are in general modestly correlated with
the 0νββ-decay NME (Horoi et al., 2022). Nonetheless,
nuclear structure is relevant: the energy of the lowest
2+ state in 48Ti, which is a measure of the deforma-
tion of that nucleus, is a property with a higher corre-
lation. In the same fashion, a demand for the IM-GCM
ab initio calculation was to describe well the low-lying
electric quadrupole transition in 48Ti (Yao et al., 2018).
The consistent 48Ca NMEs obtained with three ab initio
approaches brings hope for more confident 0νββ-decay
NME results in the future.

2. Muon capture and neutrino scattering

Nuclear structure or β decay measurements do not
probe, however, momentum transfers p ∼ 100 MeV sim-
ilar to 0νββ decay. Two other processes offer the op-
portunity to do so. The first is muon capture, mostly
explored with the QRPA (Jokiniemi and Suhonen, 2019;
Jokiniemi et al., 2019; Zinner et al., 2006). An ideal
comparison would involve capture branching ratios to
low-energy excited states, which can also be computed
with the shell model and VS-IMSRG (Jokiniemi et al.,
2021a). The second process is inelastic neutrino-nucleus
scattering. In the very few nuclei, such as 12C, for which
data are available (Formaggio and Zeller, 2012), different
shell model studies disagree on whether matrix elements
at finite momentum transfer are overpredicted, like in
β decay, or not (Hayes et al., 2003; Hayes and Towner,
2000; Suzuki et al., 2006; Volpe et al., 2000). Given the
relevance of large momentum transfer observables to test
calculations of 0νββ-decay NMEs, it would be important
to get more data on both muon capture and neutrino-
nucleus scattering.

3. Two-nucleon processes: ββ decay, pair transfers, double
Gamow-Teller, and γγ transitions

0νββ decay is also special from the nuclear structure
point of view. None of the observables discussed in Sec.
IV.E.1 or IV.E.2 have been found to be well correlated
to 0νββ decay. Nuclear processes involving two nucleons
are more promising.

Until very recently, no clear correlation had been ob-
served between 2νββ- and 0νββ-decay NMEs, other than
an analytical relation between the corresponding transi-
tion densities (Simkovic et al., 2011). However, Horoi
et al. (2022) find that the 48Ca 2νββ-decay NME is the
quantity best correlated with this nucleus’ 0νββ-decay
NMEs from a set of 24 nuclear structure properties of
48Ca and 48Ti. This result is supported by subsequent
work by Jokiniemi et al. (2022), which finds a good lin-
ear correlation between the two ββ-decay NMEs across
the nuclear chart for shell model and QRPA calculations.
Using the correlation, 0νββ-decay data can be used to
predict 0νββ-decay NMEs.

Two-nucleon transfer amplitudes have also been re-
lated to 0νββ decay (Brown et al., 2014). A recent ex-
periment involving a two-neutron transfer from 138Ba to
136Ba found a larger contribution of pairs of neutrons
coupled to angular momentum J = 0 than predicted
by the shell model (Rebeiro et al., 2020). The size of
the missing contributions is about 50%. This result sug-
gests that the J = 0 contribution to 0νββ-decay NMEs
could also be underestimated. This experimental finding
is consistent with theoretical work finding a ∼ 25% en-
hancement when increasing the shell model configuration
space (Iwata et al., 2016), but which also predicts more
contributions from J > 0 neutron pairs which suppress
the NME. The latter cancellation is still to be confirmed
by experiments.

Double charge-exchange reactions can also provide in-
sights on NMEs, in a similar connection to the one be-
tween β decay and (single) charge-exchange reactions.
This is in spite of the fact that charge-exchange experi-
ments probe the strong instead of the weak interaction.
An experimental program pursues this approach (Cap-
puzzello et al., 2018), which demands developments in
reaction theory (Bellone et al., 2019; Lenske et al., 2019).

Connections between DGT transitions and ββ decay
have been indicated for decades (Auerbach et al., 1989;
Vogel et al., 1988). DGT transitions can be explored with
double charge-exchange reactions (Takahisa et al., 2017;
Takaki et al., 2015; Uesaka et al., 2015). Most works,
however, focus on sum rules or the DGT giant resonance
(Auerbach and Minh Loc, 2018; Roca-Maza et al., 2019;
Sagawa and Uesaka, 2016). Shimizu et al. (2018) studied
DGT transitions to the ground-state of the final nucleus,
i.e., between the initial and final ββ-decay nuclei. Re-
markably, a comparison of shell model DGT and 0νββ-
decay NMEs shows a very good linear correlation, valid
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from calcium to xenon (Brase et al., 2021). The same
correlation is fulfilled for EDF theory (Rodriguez and
Martinez-Pinedo, 2013), even though for any ββ emitter
EDF NMEs are much larger than shell model ones, see
Fig. 9. Further, the IBM also finds a linear correlation
(Barea et al., 2015a; Santopinto et al., 2018). The QRPA
in general does not observe a correlation (Šimkovic et al.,
2018b), but it does so when exploring different values of
the proton-neutron pairing (Jokiniemi et al., 2022). The
origin of the linear correlation could be explained by the
relatively short-range character of both DGT and 0νββ-
decay NMEs (Anderson et al., 2010; Bogner and Roscher,
2012) in the shell model — neutrons more than ∼ 3 fm
apart almost do not contribute to these processes — in
contrast to the QRPA where DGT transitions receive
contributions from nucleons separated by long distances.
Further work is needed to establish the robustness of the
correlation between DGT and 0νββ decay, and to con-
nect experimental cross-sections with DGT matrix ele-
ments. A very recent ab initio study also finds a linear
correlation between DGT and 0νββ-decay NMEs, albeit
somewhat weaker than in the shell model (Yao et al.,
2022a). The likely reason are the additional nuclear cor-
relations included in the ab initio calculations.

Second order electromagnetic transitions have been
measured recently in competition with the much faster
single γ decays (Söderström et al., 2020; Walz et al.,
2015). Electromagnetic decays connect states in the same
nucleus, so that a relation with 0νββ decay can only be
expected in the final ββ-decay system, when the initial
state is the double isobaric analogue — the state with the
same nuclear structure but rotated in isospin space — of
the initial ββ-decay state. A recent study finds a linear
correlation between γγ magnetic dipole and 0νββ-decay
NMEs in the shell model framework (Romeo et al., 2021),
opening the door to exploring 0νββ decay with nuclear
spectroscopy.

V. EXPERIMENTAL ASPECTS AND METHODS

Neutrinoless double-beta decay can be observed in a
variety of isotopes, each of them characterized by specific
features, such as the Q-value, the natural abundance, or
material properties. Because of this, each isotope enables
different detection techniques, with their own strengths
and technical challenges. This makes the experimental
field extremely diverse and always in evolution.

This section presents the modern experimental meth-
ods used to search for 0νββ decay. We summarize the
0νββ-decaying candidate isotopes in Sec. V.A and their
related detection concepts and event reconstruction tech-
niques in Sec. V.B. Section V.C describes the background
interfering processes which can mimic 0νββ-decay events
in recent and future experiments, while the techniques
to discriminate them are reviewed in Sec. V.D. Finally,

the statistical techniques used to extract the sought-after
signal are covered in Sec. V.E, where we find that the
sensitivity of these experiments is driven not only by
the amount of deployed isotope, but critically also by
the background rate, with a distinct advantage for those
experiments that are at or near the “background-free”
regime.

While all of these sections are written to be acces-
sible for both expert and nonexpert readers, Sec. V.A,
Sec. V.B, and Sec. V.D are more general in nature, while
Sec. V.C and Sec. V.E are more technical. The detailed
aspects of specific experiments that might be of higher
interest for experts in the field are the subject of Sec. VI,
which makes extensive use of Sec. V.E to present each
project on an equal footing.

A. Isotopes

0νββ decay is observable in isotopes for which the sin-
gle β decay is energetically forbidden and the only al-
lowed decay channel is ββ decay. Nature provides 35
such isotopes that can undergo β−β−, and 34 that can
undergo β+β+, εβ+, or εε (Tretyak and Zdesenko, 2002)
— for a review of β+β+, εβ+, and εε processes, see
(Maalampi and Suhonen, 2013). The candidate isotopes
for experimental searches are those readily available at
the level of thousands of moles (i.e., hundreds of kg) or
more, with a high Q-value and thus a large decay rate,
and compatible with existing detection technologies. A
number of the key isotopes meeting these criteria is listed
in Tab. II.

Acquiring isotope is feasible if the market can supply
it in large amounts at an affordable cost on the timescale
of years or less. Isotopic enrichment drives the total cost
for the material but allows a minimization of the ββ-
inactive material, which is mandatory for most detector
technologies. Isotopes with a high natural abundance
and with low-abundant neighboring isotopes are easier,
and thus cheaper, to enrich. The cost also depends on the
viable enrichment technologies (gas ultracentrifuge is a
cost-effective, high-throughput technique used for nearly
all ββ isotopes), on the chemical processes involved, on
the level of enrichment, and on the required purity of the
final material. Finally, isotopes of elements used in com-
mercial applications are typically cheaper due to their
mature supply chains. On the other hand, when an ex-
periment requires a quantity of material that is of the
order of the yearly global supply, competing commercial
demands lead to higher costs, and if significant quantities
of depleted material enter the commercial supply chains,
independent supply chains must anyway be pursued.

The 0νββ-decay rate scales as Q5
ββ for light neutrino

exchange, and Q7
ββ for other exchange mechanisms (Hax-

ton and Stephenson, 1984). Higher Q-values thus lead to
a more rapid decay, yielding higher sensitivity. Moreover,
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TABLE II Target isotopes currently being pursued by leading 0νββ-decay experiments. The reported 2νββ-decay half-life
values are the most precise available in literature. The 0νββ-decay half-life values are the most stringent 90% C.L. limits.

Isotope Daughter Qββ
a fnat

b fenr
c T 2νββ

1/2
d T 0νββ

1/2
e

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

(
6.4+0.7
−0.6(stat)+1.2

−0.9(syst)
)
· 1019 > 5.8 · 1022

76Ge 76Se 2 039.061(7) 7.75(12) 92 (1.926± 94) · 1021 > 1.8 · 1026

82Se 82Kr 2 997.9(3) 8.82(15) 96.3
(
8.60± 0.03(stat)+0.19

−0.13(syst)
)
· 1019 > 3.5 · 1024

96Zr 96Mo 3 356.097(86) 2.80(2) 86 (2.35± 0.14(stat)± 0.16(syst)) · 1019 > 9.2 · 1021

100Mo 100Ru 3 034.40(17) 9.744(65) 99.5
(
7.12+0.18

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

116Cd 116Sn 2 813.50(13) 7.512(54) 82
(
2.63+0.11

−0.12

)
· 1019 > 2.2 · 1023

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

−0.06(stat)+0.12
0.15 (syst)

)
· 1020 > 2.2 · 1025

136Xe 136Ba 2 457.83(37) 8.857(72) 90 (2.165± 0.016(stat)± 0.059(syst)) · 1021 > 1.1 · 1026

150Nd 150Sm 3 371.38(20) 5.638(28) 91
(
9.34± 0.22(stat)+0.62

−0.60(syst)
)
· 1018 > 2.0 · 1022

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

b Values from (Meija et al., 2016).
c Values from (Abgrall et al., 2021; Artusa et al., 2017; Barabash et al., 2014, 2011; Dafinei et al., 2017; Gando et al., 2012; JSC Isotope,

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

d Values from (Agostini et al., 2015; Albert et al., 2014; Alduino et al., 2017b; Argyriades et al., 2010; Armengaud et al., 2020a; Arnold
et al., 2016a,b; Azzolini et al., 2019b; Barabash et al., 2018).

e 90% C.L. limits from (Adams et al., 2021b, 2022; Agostini et al., 2020b; Argyriades et al., 2010; Armengaud et al., 2021; Arnold et al.,
2016a; Azzolini et al., 2019c; Barabash et al., 2018; Gando et al., 2016; Umehara et al., 2008).

higher Q-values (greater than ∼2 MeV) are advantageous
because fewer processes can mimic the 0νββ-decay sig-
nal.

The candidate isotope must be suitable for use with a
detection technology capable of identifying a single 0νββ-
decay signal in thousands of moles of material. Thus
the detector must be able to distinguish the signal from
mimicking processes. Consolidated detector technologies
have been available for decades for some isotopes, or have
lately become available for others. Recent promising de-
velopments might allow exploiting further isotopes in the
future. Finally, some isotopes lend themselves to advan-
tageous detection techniques. For example, some sources
can be made directly into detectors, such as 76Ge and
136Xe, minimizing the amount of inactive, background-
generating material near or within the detector.

B. Signal detection

0νββ decay is a nuclear decay, and thus is a random
process obeying Poisson statistics. Given that 0νββ-
decay half-life values are much longer than the age of the
universe, the expected signal rate is homogeneous in time
for the entire duration of an experiment. 0νββ decay is a
three body process with the final state composed of the
nuclear recoil plus the two emitted electrons. Since the
electron mass is orders of magnitudes smaller than that
of the daughter nucleus, the nuclear recoil energy is neg-

ligible (<0.1 keV), and the sum of the electron energies
is practically equivalent to the available energy, i.e., to
Qββ . The daughter nucleus can be produced either in
its ground state or in some excited state, and then relax
down to its ground state emitting γ rays.

In principle, the measurable quantities in 0νββ decay
are the kinetic energies and momenta of the emitted elec-
trons, as well as the position and time of the decay. Ad-
ditionally, any γ ray emitted in 0νββ decay to excited
states can be measured, and the daughter nucleus can be
tagged via atomic or molecular means as well.

For all isotopes, 0νββ decay competes with its 2νββ-
decay mode, a five body decay with two electrons and
two anti-neutrinos emitted. The anti-neutrinos escape
undetected, hence the sum energy of the two electrons is
≤Qββ . The electron momenta in both modes vary statis-
tically, and the daughter nucleus and any γ ray emitted
by the daughter de-excitation are common between the
0νββ- and 2νββ-decay modes. Thus measurement of the
sum electron energy is a necessary condition for discov-
ery: the 0νββ decay will feature a peak atQββ , the 2νββ-
decay mode a continuum from zero to Qββ (Fig. 12). In
a high-resolution experiment free of other background
sources, an energy measurement is also a sufficient con-
dition for discovery.

The measurement of energy is optimal if the candidate
isotope is part of the detector itself. This condition si-
multaneously maximizes the detection efficiency (by op-
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FIG. 12 Theoretical spectra of 2νββ and 0νββ decays with
1.5% energy resolution (FWHM) and arbitrary normalization.

timizing containment) while minimizing any energy loss,
providing a clear signature for the signal as a 0νββ-decay
peak over the background, with shape governed by the
energy resolution function of the detector. The resolu-
tion function is characterized by its full width at half-
maximum (FWHM), which is given by 2

√
2 ln 2σ for a

Gaussian resolution function of width σ, but can also
be used to characterize and compare less ideal detector
responses. A 0νββ-decay event reconstructs at Qββ for
those nuclei within the active volume of the detector with
a fully calibrated non-zero energy response, and for those
events whose ejecta are fully contained within the active
volume.

In many detectors, the measurement of energy is ac-
companied by identification of the time and sometimes
also the position of the energy deposition within the
detector. These observables further improve the 0νββ-
decay signal identification by discriminating correlated
or time-varying backgrounds as well as background con-
tributions with spatial distributions distinct from that of
the parent isotope. For large monlithic detectors with
strong self-shielding, the discrimination of external back-
grounds can be captured with a fiducial volume cut that
removes high-background regions near the detector edges
that do not contribute to the sensitivity.

Particle tracking allows to independently measure the
single electron momenta and directions and consequently
their angular correlation. Precise tracking of electrons
with MeV-scale energies, including the measurement of
the decay location, is only achievable in low-pressure
gaseous detectors or highly pixelated solid detectors at
present — here we refer to pressures ∼ 1 bar as low,
and ∼ 10 − 20 bar as high. For the former, the quest
to maximize the isotope mass motivates the use of com-
posite detectors with solid sources sandwiched between
gaseous tracking detectors. Pixelated detectors on the
other hand require small surface to volume ratios. In
either case, the passage of the decay electrons through
passive material near the detection medium induces an
unavoidable energy loss and distorts the expected Qββ
peak in the sum energy spectrum. In monolithic solid
or liquid detectors the electrons emitted in 0νββ decay
scatter multiple times within a few mm3 before being

absorbed, making precise tracking of the decay electrons
and identification of the decay vertex impractical. In
high-pressure gas detectors a 0νββ-decay event will fea-
ture two electron tracks of several cm length originating
from the same unknown location. The single electron
momenta and angular correlation cannot be measured
unambiguously, but the single electron energies can be
estimated.

The presence of the final state nucleus at the event
vertex is a nearly unique feature of ββ decays. The
first experimental discovery of 2νββ decay was made
using geochemical methods in which trace levels of ββ
decay daughters were detected in materials containing
the parent isotope (Inghram and Reynolds, 1950). The
tagging of de-excitation gammas in the final state can
provide such identification in real-time but requires the
phase-space-suppressed decay to an excited state of the
daughter nucleus. Nevertheless, such excited state de-
cays have been observed in a number of ββ nuclei (Belli
et al., 2020), and for some nuclei, 2νββ decay has been
probed unambiguously only via excited state decays, e.g.,
110Pd and 102Pd (Lehnert et al., 2016). Modern efforts
to perform real-time tagging of the daughter nucleus in
its ground state are based on its atomic features, as first
proposed by Moe (1991), and are advantageous if the
background reduction outweighs the 0νββ-decay signal
loss due to the tagging inefficiency. If methods can be
developed to perform such tagging with high efficiency,
with sufficient resolution such a search would be effec-
tively background-free.

1. Detector concepts

Fig. 13 shows the three detector concepts used to
search for 0νββ-decay: solid state detectors with an em-
bedded source, monolithic liquid or gas detectors with an
embedded or dissolved source, and composite detectors
with external sources.

Solid state detectors consist of crystals grown from ma-
terial containing the ββ isotope. The crystal mass typi-
cally ranges from a few hundred grams to few kilograms,
depending on the material. The crystal volumes are up
to hundreds of cubic centimetres: they can fully contain
electrons of a few MeV emitted at their center, but can
miss a fraction of the energy for those emitted near the
borders. Typical containment efficiencies for solid de-
tectors are in the 70–95% range, depending on the ma-
terial and detector dimensions. The energy released by
the two electrons cannot be distinguished, thus crystal-
based experiments mainly perform calorimetric measure-
ments. The primary readout channels are ionization and
phonons, yielding energy resolutions up to the per-mill
level. Scintillating detectors are also pursued. A main
feature of these experiments is granularity, allowing a
staged approach where the total detector mass can be
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FIG. 13 Artistic rendition of the concepts used to search
for 0νββ decay: internal-source experiments using solid state
(top left) or monolithic liquid or gas detectors (top right), and
composite experiments for which the source is external to the
detection apparatus (bottom). Image courtesy of L. Manenti.

increased in steps using the same infrastructure. On the
other hand, the production and operation of a large num-
ber of detectors can be challenging.

Monolithic liquid and gas based experiments are single
detector systems where the ββ isotope either coincides
with or is dissolved in the active material. Typical linear
dimensions range from 1 to 10 meters. Liquid detectors
of this size are larger than both the range of electrons
and the attenuation length of γ rays with few MeV of
energy. This guarantees a containment efficiency close
to 100%, and yields an increasing sensitivity to a 0νββ-
decay signal towards the detector core, where the pres-
ence of background events is suppressed (see Sec. V.C).
Gas detectors can have linear dimensions up to a few me-
ters, yielding a & 75% containment efficiency. The possi-
ble readout channels are scintillation light and ionization
(see Sec. V.B.2), so the active material is surrounded
(fully or partly) by light or charge detectors. Liquid and
gas detectors are primarily used for calorimetry, but with
sufficient spacial resolution they can provide some event
topology and electron tracking reconstruction capability,
particularly in gas detectors. Given that the ββ isotope
is homogeneously distributed in the active material, in
these detectors it is not possible to unambiguously iden-
tify the starting point of the electron tracks. Thus mea-
surements of single electron energies and emission angle
distributions can be estimated only with significant un-
certainties. Due to self-shielding, in monolithic exper-

iments the background from external γ rays decreases
exponentially as the linear dimension increases. Mean-
while, backgrounds from the readout scales with the in-
strument area, and isotope mass scales with the volume.
These qualities make them among the most easily scal-
able technology in terms of signal-to-background ratio.
If the ββ-decaying isotope is dissolved in the active ma-
terial, a staged approach is possible by increasing the
isotope concentration in phases. On the other hand, if
the source coincides with the active material, an increase
in mass will require the deployment, and thus the con-
struction, of a new, larger infrastructure.

In composite experiments, the ββ-decaying isotope is
embedded in a sub-millimetre thin foil to allow the elec-
trons to escape with minimal energy losses. The source
is surrounded by low-pressure gas detectors that mea-
sure the single electron momenta. The full reconstruction
of the decay kinematics allows efficient discrimination of
0νββ-decay events from other processes. Composite ex-
periments also present several challenges. The energy re-
construction is biased by the energy losses, and the com-
posite detector system yields a low detection efficiency.
Both the isotope mass and number of readout detectors
are proportional to the foil area, thus mass scaling is less
advantageous than for other technologies. On the other
hand, composite systems are not bound to the measure-
ment of a single isotope, and offer uniquely precise mea-
surement of the decay vertex and angular correlation,
providing the possibility to distinguish between different
0νββ-decay mechanisms through the measurement of the
electron angular correlation.

2. Event reconstruction

The event reconstruction in 0νββ-decay experiments
can exploit four primary detection channels: ionization,
phonons, scintillation light, and Cherenkov light. These
channels are summarized in Fig. 14 and discussed in this
section. We also address briefly methods being pursued
for real-time daughter nucleus tagging.

Energetic charged particles traversing a material lose
energy due to ionization processes in which charge carri-
ers (e.g., ions, electrons, holes) are produced. The charge
carriers can be collected via an electric field, and read out
as an electrical signal. The number of produced charge
carriers is inversely proportional to the ionization en-
ergy for gas and liquids, or to the mean energy neces-
sary for the creation of an electron-hole pair in semicon-
ductor crystals. The best achievable energy resolution
is determined by the variance in the number of charge
carriers, which exhibit sub-Poisson fluctuations charac-
terized by the Fano factor (F ) (Fano, 1947). The opti-
mal resolution for measuring energy deposition E is thus
FWHM = 2.355

√
F wE, where w is the mean energy re-

quired to produce a charge carrier, and we have used the
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FIG. 14 Artistic rendition of the channels exploited by exper-
iments to detect the electrons emitted in 0νββ decay. Image
courtesy of L. Manenti.

Gaussian approximation with 2
√

2 ln 2 ≈ 2.355. Typical
Fano factors for ionization detectors are ∼0.1-0.2. The
value of w ranges from a few eV in semiconductor de-
tectors to tens of eV in noble elements. In practice, the
energy resolution is further limited by the charge collec-
tion efficiency, which strongly depends on the detector
technology. For instance, energy resolution in a xenon
time projection chamber (TPC) can be optimal in the
gas phase, but is degraded in the liquid phase due to
charge recombination (Bolotnikov and Ramsey, 1997).
An important aspect of the ionization channel is that
the charge collection is typically slower than the elec-
tronic readout. Hence, the charge arrival time allows
reconstruction of the spatial distribution of the ioniza-
tion, and thus provides a handle in the identification of
different event topologies.

Energy released in a crystal results also in the pro-
duction of phonons, collective excitations of the crys-
tal lattice. Phonons can be detected by sensors capa-
ble of collecting and transforming them into an electri-
cal signal proportional to the deposited energy. Since
phonons do not leave the crystal, they eventually ther-
malize, and can thus be detected from the difference
in temperature they induce in crystals cooled to cryo-
genic temperatures (∼10 mK), for example using neu-
tron transmutation doped germanium (NTD) sensors
(Haller et al., 1984; Palaio et al., 1983), superconduct-
ing transition-edge sensors (TES) (Irwin, 1995; Irwin and
Hilton, 2005), Metallic Magnetic Calorimeters (MMC)
(Fleischmann et al., 2005), or Kinetic Inductance Detec-
tors (KID) (Day et al., 2003; Moore et al., 2012; Swen-
son et al., 2010). NTDs have a volume of O(10) mm3

and resistances in the 1-100 MΩ range, provide signals of
few seconds length and feature a large dynamic range,
which makes them suitable for measuring energies up to
∼ 10 MeV. TESs, MMCs and KIDs have lower noise and
thresholds than NTDs but a narrower dynamic range,
thus they are typically employed for detecting smaller
signals where a low threshold is crucial. To a rough ap-
proximation, the energy resolution for phonon detection
from the deposition of energy E in a crystal at tempera-
ture T is: FWHM = 2.355

√
εa[F E + C(T ) · T ] + σ2

n ,
where εa = kBT is the average phonon activation energy,
the second term involving the heat capacity C(T ) ∝ T 3

accounts for fluctuations from phonon exchange with the
thermal bath, and σn is the contribution from noise. The
massive devices required for 0νββ-decay searches typi-
cally have long thermalization time scales that make the
readout sensitive to noise in the vibrational frequency
range, so in practice the contribution from σn has dom-
inated. In general, crystals employed in 0νββ-decay
searches feature an energy resolution which can be as
good as 5 keV. As the name suggests, cryogenic calorime-
ters excel at measuring energy. Nevertheless, for some
crystals different particles induce slightly different signal
shapes, thus allowing — to some extent — particle iden-
tification techniques.

Following the incidence of ionizing radiation, cer-
tain organic materials, inorganic crystals, and noble el-
ements de-excite by scintillation light emission. The
light yield depends on the material, and exhibits non-
linearities due to effects such as scintillation quenching
(ionization density dependence), which must be charac-
terized and calibrated in-situ. Typical light yield val-
ues for organic materials and noble elements are ∼10
photons per keV of deposited energy, but can be as
high as ∼70 photons/keV. The emission spectrum is con-
tinuous, material-dependent, and goes from the ultra-
violet to the visible range. The light is detected via
the photo-electric effect using optical sensors, such as
photo-multiplier tubes (PMT), silicon photo-multipliers
(SiPM), or avalanche photo-diodes (APD). Each light
sensor is characterized by a quantum efficiency, defined
as the detection probability for an incoming photon. The
quantum efficiency is also a function of photon frequency,
and typically has a maximum of 30–40% for PMTs, but
approaches ∼100% for the other technologies. If the scin-
tillation spectrum does not match well with the quan-
tum efficiency profile, a wavelength shifter is placed be-
tween the main scintillator and the detector. Wavelength
shifters are scintillator materials that absorb higher fre-
quency (e.g., ultraviolet) photons and emit lower fre-
quency ones. In the end, the detected number of photons
thus depends on the scintillation spectrum, the quan-
tum efficiency profile, the wavelength shifter transmission
spectrum (if present), and the probability for a photon to
travel from the scintillator to the detector, during which
a photon can be reflected, refracted, scattered, or ab-
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sorbed. In many liquid organic scintillators the emission
and absorption spectra overlap, and so a photon can also
be re-emitted multiple times before being detected. The
light yield can be tuned by adding as a solute a second
scintillator that shifts the photons to higher wavelength,
where the primary scintillator is transparent. The energy
resolution is given by FWHM = 2.355

√
E Y 〈Pt〉 fΩεq,

where Y is the light yield, 〈Pt〉 is the average transmission
probability, fΩ is the fractional solid angle instrumented
with photosensitive surfaces, and εq is the quantum ef-
ficiency of the light detector. The product of these four
factors yields the number of photoelectrons collected per
unit energy deposition, and has typical values on the or-
der of one photon per keV or less. The relatively small
number of detected quanta, combined with a Fano fac-
tor of ∼1 due to the small fraction of E that ends up
as detected scintillation light, results in a FWHM that
is an order of magnitude larger than the one obtained in
the ionization channel. A crucial aspect of scintillators is
the time profile of their light emission. The de-excitation
typically follows a double-exponential profile with decay
times differing by over an order of magnitude. The fast
component provides a precise measurement of the event
time. In large scintillator experiments, the measurement
of the fast component for the same event at opposite
sides of the detector also provides the location of the en-
ergy deposit, via time-of-flight measurement. Moreover,
in many scintillators the ratio between the amount of
light in the fast and the slow component depends on the
interacting particle, thus allowing particle identification.

Cherenkov radiation is emitted when a charged parti-
cle travels in a medium at a speed higher than the phase
velocity of light in the same medium. The Cherenkov
spectrum is a continuum that is more intense at short
wavelengths (ultraviolet) but ranges up into the red. A
1 MeV electron produces hundreds of photons, depend-
ing on the refractive index of the medium (Aberle et al.,
2014). Thus Cherenkov radiation effectively cannot be
used for calorimetry in 0νββ-decay experiments, but can
provide some information on the identity and the initial
directions of the emitted electrons. Its mere presence
identifies the particles as electrons as opposed to alphas
or nuclear recoils. Cherenkov light is also emitted on a
cone pointed along the particle direction. The electrons
do not follow a straight trajectory in a solid or liquid,
but a large fraction of the Cherenkov photons are pro-
duced at the beginning of the track, when the electron
direction is still aligned with its emission direction. The
Cherenkov cone is hence smeared by the electron scatter-
ing, but can be used to some extent for event topology
reconstruction.

Multiple channel readouts are beneficial to improve
the reconstruction of event topology or to discriminate
electrons from other ionizing particles. For example, the
ionization or phonon channels can be used for calorime-
try, while scintillation can be exploited for distinguish-

ing between β/γ and α particles, and to provide a more
accurate event timing, improving the spatial reconstruc-
tion performed with the ionization signal. In liquid noble
TPCs, the collection of scintillation light along with ion-
ization can also improve the energy reconstruction (An-
ton et al., 2020), as fluctuations in charge recombina-
tion that quench ionization also result in increased scin-
tillation. The simultaneous readout of scintillation and
Cherenkov light is possible even if more complicated, as
their emission spectra and time profiles partly overlap.
Cherenkov and scintillation light can be distinguished
by timing (Caravaca et al., 2017, 2020; Gruszko et al.,
2019; Land et al., 2021) provided that the light detec-
tor has a sub-ns response time. The scintillation light
emission can be slowed down and/or wavelength-shifted
(Graham et al., 2019), or suppressed with optical fil-
ters (Kaptanoglu et al., 2019), albeit at the cost of re-
duced light yield, leading to sub-optimal energy resolu-
tion. This technique was recently demonstrated in neu-
trino detectors (Agostini et al., 2022a) and is proposed
for use in future0νββ experiments (Askins et al., 2020).

Finally, we briefly mention attempts to reconstruct the
identity of the final-state nucleus after the decay. Real-
time tagging of the daughter nucleus is being pursued in
liquid and gas Xe TPC experiments, in which the final
state nucleus is the alkaline earth metal Ba. Tagging of
single atoms of Ba can be achieved using, e.g., fluores-
cence imaging (Chambers et al., 2019; McDonald et al.,
2018; Rivilla et al., 2020). The Ba ion following a decay
can either be probed in-situ or transported to an imag-
ing stage via drifting in static or dynamic electric fields,
or by the physical motion of a collection probe (Brunner
et al., 2015; Twelker et al., 2014). Efforts are underway
to realize these techniques.

C. Mimicking processes

0νββ-decay events can be mimicked by a plethora of
other physics processes, which can be induced by cos-
mic rays, elements in the actinide decay chains, anthro-
pogenic radioactive isotopes, neutrinos, and 2νββ decay.
While few of these create a peak at or near Qββ , contin-
uum backgrounds also pose a problem since more signal
counts are then required to observe a peak exceeding the
level of fluctuations. Hence these background sources
must also be either eliminated or mitigated and mini-
mized.

1. Cosmic-ray induced processes

0νββ-decay experiments are conducted in deep under-
ground laboratories where they are shielded from the
otherwise overwhelming background due to cosmic rays
generated in the Earth’s atmosphere. While most of the
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generated particles are absorbed by a small amount of
material, muons can penetrate kilometers of rock and cre-
ate background either directly, by interacting within the
detector, or indirectly, by producing protons and neu-
trons or showers of particles in the material surround-
ing the experimental setup. The muon flux decreases by
roughly an order-of magnitude for every ∼1.5 km of wa-
ter or ∼0.5 km or rock. The muon flux attenuation for
a selection of deep underground laboratories around the
world is shown in Fig. 15. The corresponding labora-
tory location is shown in Fig. 16. We refer the reader to
Ianni (2020) for a recent review of operating and planned
undeground laboratories.

The muons reaching a deep underground laboratory
have energies up to several TeV and an angular distri-
bution that depends on depth, density and profile of
the rock surrounding the laboratory (Ambrosio et al.,
1995). While large monolithic experiments can directly
reconstruct muons crossing the detector active volume,
TPCs and granular experiments are typically immersed
in water tanks equipped with PMTs to detect the muon-
induced Cherenkov light, or surrounded by plastic scin-
tillator panels. Without these precautions, cosmic rays
would be a major background for most of the experiments

(Freund et al., 2016).
Cosmic rays can also induce spallation as they traverse

material. The nucleons emitted by spallation3 have en-
ergies up to the GeV scale and can cause a variety of
secondary nuclear processes, including further spallation
and fission. The relevance of these processes is three-
fold. First, they can activate unstable “cosmogenic” nu-
clei in the experiment materials prior to their deploy-
ment underground (Avignone et al., 1986; Brodzinski
et al., 1990). Cosmogenic nuclei are worrisome when
their decay can mimic 0νββ-decay events, e.g., if they
undergo β decay with a high end-point and have a half-
life comparable to run-time of the experiment. Thus it
is common practice to minimize the above-ground ex-
posure of all materials that constitute or are near the
detector, and store them underground before the con-
struction of the experiment to reduce the contamina-
tion due to short-lived isotopes (Abgrall et al., 2015).
In some cases, selected materials are directly fabricated
underground (Aalseth, 2005; Bandac et al., 2017; Hoppe
et al., 2014). Secondly, spallation from residual under-
ground muons can induce the same activation in-situ.
Its occurrence is obviously much more rare than on the
surface, but it can be relevant for liquid scintillator ex-
periments, where the amount of active material is much
larger than that of the isotope only. If the isotopes acti-
vated in situ have a half-life of up to some minutes, the
corresponding events can be identified through a delayed
time-coincidence with the original muon event. Isotopes
with a longer half-life can be more problematic. Finally,
muon spallation in the nearby rock can generate a pene-
trating, energetic neutron background that must be mit-
igated (see Sec. V.C.4).

2. Elements in the actinide decay chains

0νββ-decay mimicking events can be induced by nat-
urally occurring radiation from the decays of primordial
elements in the actinide decay chains. Such elements are
found ubiquitously in all materials. In particular, 238U
and 232Th are the progenitors of long decay chains made
of 10 and 14 isotopes, respectively. The actinides pro-
duce α, β, and γ radiation across a wide energy range: α
particles between 4 and 9 MeV; β radiation mostly con-
centrated below 2 MeV, with the exception of 214Bi that
β decays with an end-point of 3.3 MeV; and γ rays of
various energies up to the 208Tl line at 2.6 MeV (rare
branches yield some higher energy γ rays). An experi-
ment is essentially vulnerable to mimicking events com-
ing from any α, β, and γ particles or their coincidences
with energies above the Q value of the ββ isotope used

3 With loose terminology, by spallation we mean spallation, evapo-
ration, as well as any associated/subsequent hadronic showering.

https://www.snolab.ca/
https://www.soudan.umn.edu/
https://sanfordlab.org/
https://wipp.energy.gov/science-at-wipp.asp
https://andeslab.org
https://www.supl.org.au/
https://calliolab.com/
https://www.boulby.stfc.ac.uk/
http://www.lsm.in2p3.fr/
https://lsc-canfranc.es/
https://www.lngs.infn.it/en
https://www.inr.ru/eng/ebno.html
https://www.ino.tifr.res.in/ino/
https://cjpl.tsinghua.edu.cn/column/home
https://www-sk.icrr.u-tokyo.ac.jp/en/about/
https://cupweb.ibs.re.kr/en/facilities-and-equipment/underground-labs/yemilab/
https://cupweb.ibs.re.kr/en/facilities-and-equipment/underground-labs/y2l/
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FIG. 17 238U and 232Th decay chains. For each isotope we
report α’s with intensity I > 1%, γ’s with I > 5% or en-
ergy close to the Q-value of a ββ isotope, and β’s with a
Q-value above 2 MeV. The boxes highlight chain parts typi-
cally found in equilibrium: in black are isotopes due to the
primordial material radioactivity; in dashed blue are isotopes
in equilibrium with its predecessor Ra isotopes, and 210Po;
in dash-dotted orange are isotopes in equilibrium with 210Pb,
caused by 222Rn emanation and the subsequent 210Pb accu-
mulation.

(Tab. II). The α particles can also undergo (α,n) reac-
tions and thus produce a neutron background, discussed
in Sec. V.C.4. Figure 17 summarizes the 238U and 232Th
decay chains, listing all α particles with intensity > 1%
and all γ with intensity > 5% or energy close to the Q-
value of some ββ isotope. We also report all β particles
with an end-point > 2 MeV, otherwise we just report the
highest possible end-point.

Most experiments have the capability of identifying

and suppressing background from actinides via the study
of event topology or particle identification techniques,
which are covered in detail in Sec. V.D. However the
base levels of actinide backgrounds are set by the pu-
rity of the employed materials, especially those closest
to the detector. The purity in turn depends on the
material origin and fabrication history. The 238U and
232Th chains feature isotopes with very different decay
times and chemical properties. In particular, Ra has a
very different chemical behavior than U and Th, hence
it is common to find different concentrations of Ra and
U/Th. As a result, decay chains are often not in sec-
ular equilibrium, but are split in correspondence to the
Ra isotopes, as highlighted by the dashed blue boxes in
Fig. 17. Additionally, both chains include isotopes of Rn,
an inert gas with high mobility and permeability that is
emanated by natural radioactivity in the surrounding en-
vironment. When Rn decays near a component during
handling and fabrication, its decay progeny can become
embedded in and contaminate the component surfaces.
Rn can also diffuse in from the experiment infrastruc-
ture and contaminate the detector in situ, as is the case,
e.g., for Rn emanated from the surface of large vessels
containing liquid scintillators or cryogenic liquids (Wo-
jcik et al., 2017). 222Rn from the 238U chain is par-
ticularly relevant because it leads to the accumulation
of the long-lived 210Pb (T1/2 = 22.3 y). Thus the last
part of the 238U chain is often out-of equilibrium (orange
dash-dotted box in Fig. 17). Moreover, while the Pb and
Bi species can be cleaned off the surfaces relatively eas-
ily, 210Po (T1/2 = 138 d) is difficult to remove without
aggressive, surface-specific techniques (Guiseppe et al.,
2018), and is thus often found to generate background
on its own, unsupported by 210Pb.

In order to reduce the backgrounds from natural ra-
dioactivity, special care must be put into the selection,
fabrication or purification of pure materials for use in or
near the detector. Material selection and actinide mate-
rial purity demonstration is performed using several pri-
mary assay methods: mass spectrometry, γ spectroscopy,
neutron activation analysis, and α spectroscopy.

Mass spectrometry (MS) involves atomizing and ion-
izing the sample material followed by electromagnetic
separation of chemical species by their mass-to-charge
ratio. Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) is a common technique that can reach sensi-
tivities of ≤ 10−14 g/g for 238U and 232Th using less than
a gram of material (LaFerriere et al., 2015; Nisi et al.,
2017). Atomization is performed by nebulizing liquid or
dissolved samples, or by laser ablation from surfaces of
solid samples, followed by ionization by the ICP. ICP-MS
is advantageous for its short measurement time (hours)
and the small amount of material required, but is limited
by isomeric interference and is usually only sensitive to
long-lived decay chain progenitors, which are present in
the sample in much larger quantities than their short-
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lived descendants. Thus ICP-MS cannot detect whether
a chain is out of equilibrium. Other MS techniques in-
clude glow discharge mass spectrometry, thermal ioniza-
tion mass spectrometry, and accelerator mass spectrom-
etry.

γ spectroscopy is performed with low-background
high-purity germanium (HPGe) detectors operated un-
derground (Baudis et al., 2011; Theodórsson, 2004). It
is a non-destructive technique applicable to a variety of
isotopes and can reach sensitivities down to the µBq/kg
level (Laubenstein, 2017). The sensitivity, though, de-
pends on the sample mass and measurement time: typ-
ical measurements last for a few weeks with samples of
0.1–1 kg. The advantages of γ spectroscopy include the
possibility to identify any γ-emitting isotope, indepen-
dently of its mass, and the capability — to some extent —
to independently measure the activity of separate parts
of a decay chain out of the secular equilibrium.

Neutron activation analysis (NAA) is a technique that
combines the activation of an isotope via the exposure to
a high intensity neutron flux and the subsequent mea-
surement of the activated nuclei with γ spectroscopy
(Fernandes, 2011). Of particular relevance for actinide
analysis are the production of 239Np (T1/2 = 2.4 d) from
238U, and 233Pa (T1/2 = 27 d) from 232Th. Knowing the
neutron flux and cross section for the neutron activation
cross section — or measuring their product with a refer-
ence sample — it is possible to reconstruct the original
concentration of the target from the decay rates of the
activated nuclei. NAA sensitivity can be superior to that
of γ spectroscopy (Clemenza, 2018) but like MS is only
sensitive to long-lived decay chain progenitors. More-
over, it can require a non-trivial sample preparation and
is subject to possible backgrounds from the neutron ac-
tivation of stable nuclei present in the sample itself. The
latter consideration makes NAA inappropriate for assay
of most metals.

Finally, α spectroscopy is useful exclusively for measur-
ing superficial concentrations at depths shallower than
the α range in the measured material, i.e., O(10)µm.
It can be performed with surface barrier detectors or
large ionization chambers, whose main limitations are
the sensitive surface size and energy resolution, respec-
tively. The best sensitivity achieved by an α counter
is at the level of 30 nBq/cm2 (Warburton et al., 2004),
which is an order of magnitude worse than the values
required by, e.g., calorimetric 0νββ-decay experiments
(Armstrong et al., 2019).

Strict procedures are also followed to avoid contami-
nating the materials through exposure to Rn. Sensitive
parts are typically stored or even assembled in radon-free
environments. Small volumes such as storage vessels or
glove boxes are flushed with boil-off nitrogen from large
liquid nitrogen dewars (Wojcik et al., 2017), while larger
environments such as clean rooms can be flushed with
Rn-free air obtained from dedicated radon abatement

systems (Benato et al., 2018). Rn emanation from mate-
rial within the detector is especially problematic for Xe-
based experiments, due to a γ line from 214Bi at 2448 keV,
very close to the 136Xe Qββ . Continuous Xe purification
has been demonstrated via adsorption on activated char-
coals (Abe et al., 2012a) or cryogenic distillation (Aprile
et al., 2017). Similarly, Rn suppression by ≥ 3 orders
of magnitude was also demonstrated via distillation on
n-dodecane, a common admixture in liquid scintillator
(Keefer et al., 2015).

In addition to the maximization of the detector radio-
purity, the actinide purity of the surrounding compo-
nents and laboratory environment must be kept under
control as well. In this case, high-energy γ rays are the
most worrisome component due to their long attenua-
tion lengths. ββ-decay detectors must therefore be com-
pletely enveloped by a material capable of efficiently ab-
sorbing γ radiation without inducing further background.
This can be achieved in several ways, including: a set of
concentric passive (non-instrumented) layers of shielding
material with increasing radio-purity, typically Pb and
Cu (Abgrall et al., 2014; Alduino et al., 2017c); a high-
purity cryogenic liquid such as Ar possibly instrumented
to detect the scintillation light produced by incoming ra-
diation (Agostini et al., 2018b); for liquid scintillator ex-
periments, the division of the detector medium into an
inner region loaded with the ββ isotope and an outer
region with no isotope working as an active shield (An-
dringa et al., 2016; Gando et al., 2012). These shielding
layers are designed to be thick enough to eliminate ex-
ternal radiation as a concern.

3. Anthropogenic radioactivity

Background can be induced by anthropogenic radioac-
tivity, in particular as a result of nuclear accidents or
nuclear weapon tests. The great majority of these iso-
topes are β emitters, and in some case are the progen-
itor of a decay chain. In order to represent a potential
background source for 0νββ-decay experiments, the de-
cay chains must include an isotope with a Q-value greater
than Qββ , and a dominant half-life on the same order as
an experiment’s lifetime. Table III lists some examples
of potentially worrisome isotopes with Qβ > 2 MeV re-
ported by IAEA (2015). Of these, only 108mAg has been
detected so far (Gando et al., 2012). The actual rele-
vance of these isotopes as potential backgrounds must be
assessed for each experiment separately. While a pure β
emitter such as 144Pr could be worrisome for most exper-
iments, an isotope that also emits γ rays (e.g., 108mAg)
could be tagged with event topology reconstruction ca-
pabilities.
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TABLE III Anthropogenic isotopes. Isotopes belonging to
the same chain are grouped between horizontal lines.

Isotope Half-life Qβ [keV] Detected Notes
88Y 107 d 3008 No Several γ lines
90Sr 28.8 y 546 No
90Y 64 h 2279 No Pure β emitter

110mAg 250 d 3008 Yes Several γ lines
134Cs 2 y 2059 No Several γ lines
144Ce 285 d 319 No
144Pr 17.3 m 2997 No Pure β emitter

4. Neutrons

In the previous sections we have mentioned several pro-
cesses producing neutrons. The actual background in-
duced in a 0νββ-decay experiment depends on the neu-
tron flux and energy spectrum, on the location of neutron
emission, and on the employed materials. In the present
context, neutrons can be divided in two groups: above
surface neutrons originating from cosmic rays in the at-
mosphere, and underground neutrons produced by muon
spallation, (α, n) reactions on light nuclei, and sponta-
neous fission reactions, mainly from 238U. Above ground
neutrons represent the dominant cause of cosmogenic ac-
tivation in detector materials prior to their installation
underground, previously discussed in Sec. V.C.1. Under-
ground neutrons can be further divided between external
neutrons generated in the rock or in the concrete walls,
and internal neutrons generated inside or next to the de-
tector. Neutrons from (α, n) and fission reactions have
energies . 10 MeV (Wulandari et al., 2004), while those
from spallation can reach several GeV (Mei and Hime,
2006). The activity of underground neutrons from (α, n)
and fission reactions is only of order ∼1 n/yr/g, but the
high mass of rock within a scattering length of the neu-
trons yields a flux 2–3 orders of magnitude higher than
that of neutrons from spallation (Wulandari et al., 2004).

The flux of neutrons from (α, n) and fission reactions
is efficiently suppressed by neutron shielding of moderate
thickness, located outside the γ shielding. One possible
strategy is to enclose the experiment in a thick layer (a
few tens of cm) of neutron moderator such as polyethy-
lene, with the innermost layer (a few cm) comprised of a
material with high neutron absorption cross section (e.g.,
boric acid or borated polyethylene (Abgrall et al., 2014;
Alduino et al., 2018)). The outer layer slows down the
neutrons to thermal energies, while the inner one cap-
tures them. Alternatively, a ≥1 m layer of water can be
used both for moderation and absorption: in this way, a
water tank can simultaneously act as a neutron shield and
a muon veto detector (Ackermann et al., 2013). In the
case of liquid scintillator detectors, the outermost scintil-
lator region serves as a very effective neutron moderator,

providing active tagging in addition to high neutron cap-
ture capability.

While external neutrons with energies . 10 MeV are
efficiently suppressed with a neutron shield, high energy
neutrons can still reach the detector. Additional neu-
trons can also be produced within the neutron shield
by muons or, again, (α, n) and fission reactions taking
place in the γ shield, the active material, or in calibra-
tion sources (Baudis et al., 2015). These neutrons can
undergo elastic and inelastic scattering, or be captured
to produce stable or unstable nuclei and possibly yield
prompt γ de-excitations. The interactions induce a va-
riety of signatures that strongly depend on the detector
technology and employed materials. The most worrisome
for 0νββ-decay experiments are the in-situ activation of
long-lived isotopes in or next to the detector, and inelas-
tic scatterings yielding penetrating γ rays with energies
comparable to Qββ .

Finally, one possible technique to minimize the neu-
tron induced background consists in embedding in the
γ shielding or in the detector medium a material with
high-cross section for neutron capture, and possibly that
produces events with a signature that does not mimic a
0νββ-decay event. An example could be 6Li, which un-
dergoes the 6Li + n→ α+3 H reaction with a Q-value of
4.8 MeV(Poda and Giuliani, 2017).

5. Neutrinos

Neutrinos represent a potential source of irreducible
background for 0νββ-decay experiments. Sources with
appreciable neutrino fluxes include solar neutrinos, at-
mospheric neutrinos, geoneutrinos, reactor neutrinos and
the diffuse supernova neutrino background (DSNB). Due
to their higher flux at energies below 20 MeV, solar neu-
trinos are the most worrisome background source. Their
spectrum is composed of several contributions corre-
sponding to the primary nuclear reactions in the sun
(Fig. 18). Solar neutrinos can undergo two types of in-
teractions in a 0νββ-decay experiment, elastic scattering
(ES) and charged current (CC) interactions (Elliott and
Engel, 2004):

ES: ν + e− → ν + e− (32)

CC: ZA + ν → Z+1A + e− [+γ(s)] +Qν (33)
Z+1A → Z+2A + β− + ν [+γ(s)] +Qβ (34)

In ES, a neutrino scatters off an electron in the de-
tector. The electron is scattered non-isotropically, and
its energy spectrum is a continuum up to the end-point
of the solar neutrino spectrum, ∼ 19 MeV. Only neutri-
nos with energy Eν >Qββ contribute, and given the low
flux of hep neutrinos, in practice only 8B neutrinos are
relevant (Fig. 18). The expected background per unit
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FIG. 18 Solar neutrino spectra. Data from (Agostini et al.,
2018a; Bahcall, 1994; Bahcall et al., 1996; Bahcall and Ulrich,
1988; Bergstrom et al., 2016). The curves labeled hep, pep,
and pp correspond to neutrinos emitted in helium-proton,
proton–electron–proton, and proton-proton fusion, respec-
tively.

sensitive mass is ∼ 2 · 10−7 counts/keV/kg/yr (de Bar-
ros and Zuber, 2011; Elliott and Engel, 2004). For cur-
rent and next-generation experiments this is negligible
for experiments in which the active material is mostly
made of the ββ isotope, but becomes significant for liquid
scintillator experiments with dissolved sources (Andringa
et al., 2016; de Barros and Zuber, 2011; Elliott and En-
gel, 2004). A partial suppression of the ES background
might be achievable exploiting the signal directionality
(Askins et al., 2020), at a non-negligible cost in terms of
signal efficiency.

In CC interactions, the ββ isotope (A,Z) undergoes
inverse β decay to the ground state or an excited state
of the (A,Z+1) isotope (Eq. 33), the intermediate iso-
tope of the ββ decay to (A,Z+2). Since (A,Z+1) is
heavier than (A,Z), the reaction has a threshold of Et =
mA,Z+1−mA,Z , so neutrinos with energy Eν ' Et+Qββ
pose a possible background in this prompt event. In
some cases the intermediate nucleus can then capture
an electron and decay back to the original ββ parent
isotope, but it more often undergoes β− decay to the
same final state of the ββ decay, (A,Z + 2) (Eq. 34),
releasing an energy Qβ > Qββ that can pose a delayed
background. The actual relevance of CC interactions as
a background depends on the ββ isotope and the cor-
responding value of Et, the emission of de-excitation γ
rays in the two involved reactions that could modify the
event topology, and the half-life of the intermediate state,
which could allow a time correlation analysis. With-
out applying any of these event identifications, the in-
termediate nucleus β decay yields a background of 10−3–
10−1 events/keV/toniso/yr (Ejiri and Elliott, 2014, 2017).

Other neutrino sources do not represent a significant
background source primarily due to their low flux. How-
ever the presence of antineutrinos in these sources re-
quires consideration of additional inverse β interactions
that could give a background, particularly at sites with
appreciable reactor neutrino fluxes. In the case of atmo-

spheric and DSNB neutrinos, the CC interaction energies
are also so high that the nucleus is often left in a highly
excited state, leading to background signatures similar to
in-situ cosmogenic activation but with much lower pro-
duction rate.

6. 2νββ decay

The only intrinsic and irreducible background for 0νββ
decay is the concurrent 2νββ-decay channel. The two
processes induce a similar event topology, with the ex-
ception of the energy signature: a peak at Qββ for 0νββ
decay, and a continuum from zero to Qββ for 2νββ de-
cay (Fig. 12). The detector resolution results in some
of the highest energy 2νββ-decay events reconstructing
with energies at Qββ . Although the event topologies dif-
fer in detail — in the energy distributions and angular
correlations between the emitted electrons (Kotila and
Iachello, 2012) — those differences can only be lever-
aged at high statistics with tracking detectors capable
of making those measurements. Thus the relevance of
the 2νββ-decay background depends primarily on the en-
ergy resolution and the 2νββ-decay half-life. In practice,
2νββ-decay contributes significantly to the background
only for experiments with a resolution of some percent.
Additionally, if the 2νββ-decay rate is high compared
to the desired 0νββ-decay sensitivity, 2νββ-decay events
can pile-up and contribute to the background at Qββ . In
practice, this is relevant only for cryogenic calorimeters
using 100Mo as candidate isotope (Armatol et al., 2020).

D. Signal and background discrimination techniques

In the previous sections we highlighted some of the
features that distinguish each possible background com-
ponent from the 0νββ-decay signal. In this section we
collect and summarize the experimental techniques avail-
able to discriminate the two. Although many of these
techniqes have been mentioned in the previous sections,
our aim is to achieve a concise listing. We organize the
discussion according to the key features of the signal.
The primary signature is a peak at Qββ in the sum en-
ergy spectrum. 0νββ-decay events must also be homo-
geneously distributed in time and space, with a rate pro-
portional to the fraction of target isotope in the active
material. The electrons are subject to a localized energy
deposition, whose dimension depends on the electron at-
tenuation length: O(1 − 10) mm for solids and liquids,
and O(10) cm for high-pressure gases. The events are
uncorrelated with any other physical processes, and the
final state includes the presence a particular daughter
nucleus.

As described above, energy is the only necessary and
sufficient observable for a discovery, hence energy reso-
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lution is crucial to minimize the background level in the
vicinity of Qββ . Of particular concern are the irreducible
2νββ-decay contribution that extends up to Qββ , and
emissions of the 238U and 232Th decay chains (α, β, or
γ particles) with energies greater than Qββ . Often the
background at Qββ can be approximated as flat. If not,
a spectral fit over a larger energy region is required to
properly constrain the background at Qββ using the in-
formation obtained from the rest of the spectrum. Since
the lifetime of an experiment spans several years, cali-
brating the energy scale and monitoring its stability over
time is fundamental for avoiding any degradation of en-
ergy resolution in the physics spectrum, and for a precise
characterization of the detector response.

The expected 0νββ-decay signal is uniform in the vol-
ume containing the isotope. The same is true for some
background processes — e.g., 2νββ decay, neutrino, and
often neutron reactions — but does not hold for oth-
ers, especially those induced by natural or anthropogenic
radioactive contaminants located outside the detector.
Thus the detector medium can act as a self-shield, with
the inner part subject to a lower background than the
outer one. This is a natural feature of monolithic exper-
iments, while for granular experiments it can be approx-
imated by dividing the detectors into concentric layers.

The electrons emitted by 0νββ decay carry a direc-
tional correlation due to the angular momentum ex-
changed by the mediating mechanism. However the di-
rection of any one electron emitted in sequential decays
are uncorrelated. On the other hand, some backgrounds,
for example the elastic scattering of solar neutrinos with
electrons, are not isotropic. Directional reconstruction,
e.g., with the detection of Cherenkov light, is therefore
useful for suppressing these backgrounds.

The event topology of a 0νββ decay is clearly defined
for each detector technology: an energy deposition con-
tained in O(1 − 1000) mm3 in a solid or liquid detector;
a track of O(10 − 30) cm length with two blobs at its
extremes in a high-pressure gas TPC; a pair of distin-
guished electron tracks with a common origin in a low-
pressure tracking detector. Depending on the detector
spatial resolution, several particles might be distinguish-
able: muons induce long tracks that cross the detector
medium, or hit multiple detectors of a granular experi-
ment, and generate a signal in muon veto detectors; γ
rays have a longer range and can undergo Compton scat-
tering, inducing multiple energy depositions at different
locations independently of the detector technology; α
particles have a shorter range easily identifiable in gas
detectors; β particles produce a track with a single blob
in a high-pressure TPC, or a single track in a tracking
detector. These signatures can also be combined and
thus facilitate their identification, e.g., in the case of a
radioactive isotope decaying via α or β decay with the
subsequent emission of de-excitation γ rays.

For some readout channels such as scintillation and

Cherenkov light, different particles induce a different de-
tector response. Therefore an additional means of back-
ground suppression is particle identification via signal
shape analysis. A common strategy is having multiple
read-out channels: one optimized for energy reconstruc-
tion, the other for particle discrimination. Examples are
scintillation experiments with Cherenkov readout for α
and single β identification, or cryogenic calorimeters with
scintillation light readout for α vs β/γ discrimination.

0νββ decays are homogeneous in time and uncorre-
lated with anything else. Conversely, some backgrounds
are identifiable due to their specific time correlations.
This is the case for delayed coincidences between the de-
cays of several isotopes in the 238U and 232Th chain (e.g.,
the Bi-Po sequences, see Fig. 17), between the decay of a
cosmogenically activated isotope (e.g., 68Ga in Ge) and
the detection of its parent muon in the muon veto, or
between inverse β decay and the subsequent β decay in
solar neutrino CC reactions.

Finally, daughter nucleus tagging is an additional tool
for background suppression, which distinguishes ββ de-
cays (but not exclusively 0νββ decays) from anything else
except solar neutrino CC reactions. Another background
characterization method is abundance scaling, where dif-
ferent measurements with enriched vs non-enriched ma-
terials or loaded vs non-loaded active material allow an
experiment to isolate backgrounds that are not related
to the presence of the ββ decay isotope.

E. Statistical analysis and sensitivity

1. Signal extraction

As discussed in the previous sections, all 0νββ-decay
experiments measure multiple observables for each event.
Some observables are related to the amount and spatial
distribution of the energy deposited within the detector.
Others are related to the timing and type of particles
involved in the event. The value of several of these ob-
servables is well-defined for 0νββ-decay events. For in-
stance, each event should have energy equal to the decay
Q-value, and be contained within a small region of the
detector. Background events will also have specific fea-
tures, resulting in characteristic observable values.

All experiments in the field use a multivariate analy-
sis to extract the sought-after 0νββ-decay signal. The
observables define the basis of a multi-dimensional pa-
rameter space, in which signal and background events
are distributed according to multivariate probability dis-
tributions. Since 0νββ-decay events have well-defined
features, the bulk of their probability distribution will be
restricted to a small volume of the parameter space. On
the other hand, most of the background events will be
outside of this small volume, populating other regions.
Thus the signature of a possible 0νββ-decay signal is an
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excess of events compared to the background expectation
in a narrow region of the multi-dimensional parameter
space. We will refer to this volume with a maximum
signal-to-background ratio as the sensitive volume. The
rest of the parameter space is effectively used to constrain
the background contribution to the sensitive volume.

The signal and background probability distributions
are often well separated for one or more observables. In
such cases, it is advantageous to apply a cut on such ob-
servables, discarding background data without a signifi-
cant reduction of the signal-detection efficiency, while de-
creasing the dimensionality of the parameter space, and
also reducing systematic uncertainty due to imperfect
knowledge of the distributions in the observables. These
considerations make applying cuts often advantageous
even when there is some overlap, between signal and
background, although in such cases the reduced dimen-
sionality and systematic uncertainty must be weighed
against any loss of statistical precision. For observables
where signal and background strongly overlap, a full mul-
tivariate fit is unavoidable. However in many experi-
ments, the signal-background separation is good for most
of the observables, and the multivariate analysis can be
simplified into a 1-dimensional fit of the energy spectrum
with negligible degradation of sensitivity.

The analysis techniques of the field at present are
rather established and uniform. Most experiments report
frequentist maximum likelihood fits based on likelihood
ratio tests (Zyla et al., 2020). Monte-Carlo parametric-
boostrapping methods are often used to compute the test
statistic probability distributions or to confirm their be-
havior when asymptotic formulae are assumed (Cowan
et al., 2011). Given the low counting rate and the fact
that the parameter of interest is constrained to non-
negative values, the test statistic distribution can sig-
nificantly differ from a chi-square function (Algeri et al.,
2019). While frequentist methods have historically been
dominant (Cousins, 1995), recently most experiments
also report results based on Bayesian methods, with in-
ference deriving from the marginalized posterior distri-
bution. Given the lack of a strong signal to date, the
choice of prior distribution continues to significantly af-
fect posterior probabilities.

2. Discovery and exclusion sensitivity

The reach of 0νββ-decay experiments is traditionally
quoted in terms of discovery and exclusion sensitivity,
two statistical concepts belonging to frequentist infer-
ence. The discovery sensitivity corresponds to the ex-
pected number of signal events for which an experiment
has 50% chance to observe an excess of events over the
background at 99.73% confidence level (CL). The exclu-
sion sensitivity corresponds to the expected number of
signal events that an experiment has 50% chance of ex-

cluding at 90% CL.
The discovery and exclusion sensitivity confidence lev-

els are less stringent compared to other fields — e.g.,
the particle accelerator community — due to the lack
of a “look elsewhere” effect (the 0νββ peak must occur
at Qββ) and simpler-to-control systematic uncertainties
(NSAC NLDBD Subcommittee, 2014, 2015). In particu-
lar, the CL required for a discovery is equivalent to ex-
cluding 3σ two-sided fluctuation of a Gaussian random
variable, and not one-sided 5σ fluctuation as for acceler-
ator experiments. Other sensitivity definitions have been
used (Alduino et al., 2017a; Caldwell and Kroninger,
2006), including Bayesian concepts based on Bayes fac-
tors and posterior distributions, but these are not com-
mon in the field at present.

A precise evaluation of the expected number of signal
events (λs) fulfilling the sensitivity definitions above re-
quires calculations considering probability distributions
in the multivariate space and experiment-specific infor-
mation. However, it can be approximated by considering
a counting analysis in the sensitive volume, with known
background expectation λb. Uncertainties on λb can usu-
ally be neglected, as experiments are able to constrain
its value using large background-dominated regions of
the multivariate parameter space. As both the signal
and background events are generated by Poisson random
processes, the discovery sensitivity can be calculated by
solving this system of equations:{

P (X ≤ x|λb) ≥ 99.73%

P (X ≥ x|λb + λs) ≥ 50% ,
(35)

where P (X ≤ x|λ) is the Poisson probability of observ-
ing a number of events X smaller or equal to x given
an expectation λ. For a given λb value, the system has
a unique solution that can be found by calculating the
minimum x satisfying the first equation, substituting it
in the second equation, and then finding the minimum
λs that satisfies the resulting inequality. The exclusion
sensitivity can be similarly computed by solving:{

P (X ≤ x|λb) ≥ 50%

P (X ≥ x|λb + λs) ≥ 90% .
(36)

Although the Poisson mass function is discrete, an ac-
tual multivariate fit operates with non-integer number of
events in the form of the probability distribution weights
for each event. We can reproduce this behavior by inter-
polating the Poisson mass function with a normalized up-
per incomplete gamma function, and re-define the prob-
ability in the systems above as:

P (X > x|λ)
.
=

Γ(x+ 1, λ)

Γ(x+ 1)
. (37)

This definition leads to the discovery and exclusion sen-
sitivity shown in Fig. 19. Also shown in Fig. 19 is an
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approximation of Eqs. 35 from Cowan et al. (2011) using
elementary functions.

The discovery sensitivity degrades rapidly as the ex-
pected number of background events increases: the
greater λb, the greater λs must be to create an ex-
cess incompatible with background fluctuations. For
large enough values, the background fluctuations become
Gaussian and the sensitivity scales only as

√
λb. For in-

stance, when λb = 100, a 3σ discovery sensitivity requires
λs ≥ 3

√
100 = 30. Conversely, the lower the background,

the lower the signal expectation needs to be for a discov-
ery. For any λb ≤ − ln(99.73%) ∼ 0.0027, the experi-
ment has more than 99.73% probability of observing no
background events, and the observation of a single event
becomes a discovery 4. In this “background-free” regime,
the discovery sensitivity saturates: the first of Eqs. (35)
is always solved for x = 0, and so the second one is
solved for λs . − ln(50%) ∼ 0.69. In between these two
regimes, for λb < 1, the sensitivity is not independent of
λb but only degrades weakly with increasing λb. Experi-
ments in this “quasi-background-free” regime reap most
of the benefits of a background-free experiment, but still
require a few signal counts to claim an observation.

The exclusion sensitivity behaves similarly to the dis-
covery sensitivity, but it saturates for larger background
expectations, at λb = − ln(50%). Below this threshold,
the experiment always has ≥50% probability to observe
no background events, and a further reduction of the
background expectation cannot improve the median up-
per limit on the signal strength. The first of Eqs. 36 is
thus always solved for x = 0, and the second one yields
λs = ln(1− 90%) ∼ 2.3 events.

The saturation of both sensitivities is connected to the
properties of the Poisson probability, and is thus an in-
trinsic feature of the frequentist median sensitivity. This
behavior can be problematic when the sensitivity is used
as a figure of merit to optimize or compare experiments,
and alternative sensitivity definitions have been recently
proposed (Bhattiprolu et al., 2021).

The expected number of signal and background events
in an experiment can be computed starting from two ef-
fective parameters, the sensitive background (B) and sen-
sitive exposure (E). As they are connected to the sensitiv-
ity, these parameters capture well the performance of an
experiment. The sensitive exposure is the product of: the
number of moles of isotope in the active fiducial detector
volume, the live time, and the signal detection efficiency,
i.e., the probability for a 0νββ-decay event to occur in the
sensitive volume. The sensitive background is the num-
ber of background events in the sensitive volume after all

4 For a truly zero background experiment, one event is enough to
claim a discovery. In a similar fashion, encountering a unicorn is
enough to claim its existence, provided that we have a template
of a unicorn to which to compare the observed candidate.
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FIG. 19 Median 99.7% CL discovery sensitivity and median
90% exclusion sensitivity as a function of the expected number
of background events. The discovery sensitivity shows the sig-
nal event expectation at which an experiment has 50% chance
to observe a 99.7% CL excess of events over the background.
The exclusion sensitivity is instead the signal event expecta-
tion that can be excluded at 90% CL with 50% probability,
assuming that there is no signal. The plot shows also the ap-
proximated discovery sensitivity extracted using the asymp-
totic formulae from Cowan et al. (2011).

analysis cuts, divided by E . Using these definitions, the
expected number of signal and background counts in the
sensitive volume is given by:

λs(T1/2) =
ln 2 ·NA · E

T1/2
and λb = B · E (38)

where NA is Avogadro’s number and T1/2 is the half-life
of the decay. Given that λs depends on T1/2, the discov-
ery and exclusion sensitivities on the expected number
of events can be directly translated into sensitivities on
the 0νββ-decay half-life. T1/2 sensitivities are the most
common parameter reported by the experiments.

Next-generation searches aim to monitor tons of ma-
terial for a decade, reaching sensitive exposures at the
level of E ∼ 105−106 mol· yr. Such an exposure gives the
possibility to observe a handful of signal events even for
0νββ-decay half-life values of 1027− 1028 years. As illus-
trated by Fig. 19, a requirement for discovery is that the
number of background events is similar to the number of
expected signal events. Thus experiments aim at reach-
ing backgrounds at the level of B < 10−4 − 10−5 events
per mole of material per year. The concepts proposed to
achieve this incredibly challenging performance are de-
scribed in the next section.

VI. RECENT AND FUTURE EXPERIMENTS

A broad experimental program has been mounted in
the last two decades to search for 0νββ decay. Very di-
verse technologies have been developed and tested, lead-
ing to experiments with half-life sensitivities up to 1026

years. Thanks to these achievements, a number of new
projects are being prepared with the goal of increasing
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the sensitivity by up to two orders of magnitude, open-
ing the window to new energy frontiers and conclusively
testing the scenario in which 0νββ decay is mediated by
inverted-ordered neutrinos (Agostini et al., 2021b).

In this section, we discuss recent and future phases of
existing experiments. In Sec. VI.A, we review the exper-
imental landscape and use the experiments’ key perfor-
mance parameters to evaluate their strength, strategy,
and sensitivity. We then focus on the detection con-
cept and technical aspects of each project. Experiments
based on high-purity germanium detectors are reviewed
in Sec. VI.B, time-projection chambers in Sec. VI.C,
large liquid scintillator detectors in Sec. VI.D, cryogenic
calorimeters in Sec. VI.E, and tracking calorimeters in
Sec. VI.F. New technologies that are currently being
tested and newly proposed experimental designs are sum-
marized in Sec. VI.G. Sec. VI.A should be accessible to
all readers, while the other sections listed above are in-
tended for more expert readers.

A. Experimental landscape

Each experiment is characterized by a set of key per-
formance parameters that are captured by the concepts
of sensitive exposure (E) and sensitive background (B)
defined in Sec. V.E.2. The sensitive exposure and back-
ground are directly connected to the half-life sensitivity,
and carry valuable information on the strategy pursued
by each project. Indeed, different combinations of E and
B can give the same sensitivity, and exposure increase
can be traded for background reduction or vice versa.

The sensitive exposure and background are effective
parameters whose values are often not intuitive: they
refer to the detector performance in the sensitive vol-
ume, where the signal-to-background ratio is maximal
and drives the experimental sensitivity. We calculate the
value of E starting from the product of isotope mass miso

and data taking time, and correct it for a number of ef-
ficiencies: the active (or fiducial) fraction of the target
mass εact, the probability that the energy deposited by
the decay is fully contained within the detector εcont, and
the multivariate analysis efficiency to tag events in the
sensitive volume εmva. Although εmva would conceptu-
ally include the efficiency for a signal to fall in the en-
ergy region of interest (ROI) dominating the sensitivity,
we separate this contribution and also quote the energy
resolution (σ) as well as the width of the effective ROI
in units of σ, assuming a Gaussian approximation. To
calculate B, we extract the rate of background events
in the sensitive volume from the experiments’ specifica-
tions. The values of these parameters and efficiencies are
listed in Tab. IV and shown graphically in Fig. 20. When
the value of a parameter cannot be computed from pub-
lished specifications, we report effective values reproduc-
ing the nominal sensitivity of the experiment. Details of

these approximations are discussed in the following sub-
sections.

Figure 20 illustrates how each detection concept is
characterized by specific parameter combinations. Liq-
uid and gas detectors have large isotope masses and a
relatively low signal detection efficiency due to the non-
uniform background rate, with a small detector region
driving the sensitivity. Solid state detectors operate a
smaller isotope mass, but with higher efficiency and en-
ergy resolution. As a result, an isotope mass lower by
a factor of 10 can be balanced by higher resolution and
efficiency, yielding a similar sensitive exposure and sen-
sitivity.

Figure 21 shows a scatter plot of the sensitive expo-
sure and background for the listed projects. Recent ex-
periments populate the top left part of the plot, corre-
sponding to exposures of thousands of mole-years — i.e.,
tens or hundreds of kilograms of target mass operated for
a few years — and background rates between 10−3 and
10−1 events per mole-year. To improve the sensitivity,
future experiments need to either increase E or reduce
B. Often a sequence of experimental upgrades with pro-
gressive incremental improvements is planned, ultimately
leading to a combined factor of ∼100 improvement.

These figures highlight the strengths and limitations
of each detection concept, indicating the natural strate-
gies to maximize the sensitivity, which are most evident
in the E/B ratios. For example, 130Te experiments have
large E/B values (the blue markers are systematically
above the other points in Fig. 21). Given the high nat-
ural abundance of 130Te, for them it is more efficient
to increase the exposure rather than reducing the back-
ground. Conversely, 76Ge-based experiments have small
E/B values. For them, reducing the background is easier
than increasing the target mass, as their strengths are
good energy resolution and advanced event reconstruc-
tion capabilities. Experiments based on other isotopes
have intermediate E/B values, suggesting some flexibil-
ity in finding a trade off between the two quantities.

Although the sensitive exposure and background are
valuable parameters to characterize an experiment, the
reach of an experiment is not fully captured by the T1/2

sensitivity. The phase space factor also plays a strong
role, and the nuclear structure of the isotopes deeply af-
fects the connection between T1/2 and the underlying de-
cay mechanism. For instance, assuming the decay is me-
diated by the exchange of light Majorana neutrinos, the
discovery power of an experiment is better quantified by
the effective Majorana mass sensitivity. We hence include
in the table and figures values for the mββ sensitivities,
whose ratios provide a good figure of merit also assuming
several other decay mechanisms. We will discuss in detail
the discovery power of the experiments in Sec. VII.
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TABLE IV Fundamental parameters driving the sensitive background and exposure of recent and future phases of existing experiments. The last two columns report
the discovery sensitivity on the 0νββ-decay half-life for 10 years of livetime, and the corresponding sensitivity on mββ for the range of NMEs specified in Tab. I.
For completed experiments, sensitivities are computed using the reported final exposure. MJD, KLZ, and SuperNEMO-D refer to the Majorana Demonstrator,
KamLAND-Zen, and the SuperNEMO Demonstrator, respectively.

Experiment Isotope Status Lab

miso εact εcont εmva σ ROI εROI E B λb T1/2 mββ

[mol] [%] [%] [%] [keV] [σ] [%]
[
mol·yr
yr

] [
events
mol·yr

] [
events

yr

]
[yr] [meV]

High-purity Ge detectors (Sec. VI.B)

GERDA-II 76Ge completed LNGS 4.5 · 102 88 91 79 1.4 -2,2 95 273 4.2 · 10−4 1.1 · 10−1 1.2 · 1026 93-222

MJD 76Ge completed SURF 3.1 · 102 91 91 86 1.1 -2,2 95 212 3.3 · 10−3 7.1 · 10−1 4.7 · 1025 149-355

LEGEND-200 76Ge construction LNGS 2.4 · 103 91 91 90 1.1 -2,2 95 1 684 1.0 · 10−4 1.7 · 10−1 1.5 · 1027 27-63

LEGEND-1000 76Ge proposed 1.2 · 104 92 92 90 1.1 -2,2 95 8 736 4.9 · 10−6 4.3 · 10−2 1.3 · 1028 9.0-21

Xe time projection chambers (Sec. VI.C)

EXO-200 136Xe completed WIPP 1.2 · 103 46 100 84 31 -2,2 95 438 4.7 · 10−2 2.1 · 10+1 2.4 · 1025 111-477

nEXO 136Xe proposed SNOLAB 3.4 · 104 64 100 66 20 -2,2 95 13 700 4.0 · 10−5 5.5 · 10−1 7.4 · 1027 6.1-27

NEXT-100 136Xe construction LSC 6.4 · 102 88 76 49 10 -1.0,1.8 80 167 5.9 · 10−3 9.9 · 10−1 7.0 · 1025 66-281

NEXT-HD 136Xe proposed 7.4 · 103 95 89 44 7.7 -0.5,1.7 65 1 809 4.0 · 10−5 7.2 · 10−2 2.2 · 1027 12-50

PandaX-III-200 136Xe construction CJPL 1.3 · 103 77 74 65 31 -1.2,1.2 76 374 3.0 · 10−3 1.1 · 10+0 1.5 · 1026 45-194

LZ-nat 136Xe construction SURF 4.7 · 103 14 100 80 25 -1.4,1.4 84 440 1.7 · 10−2 7.5 · 10+0 7.2 · 1025 64-277

LZ-enr 136Xe proposed SURF 4.6 · 104 14 100 80 25 -1.4,1.4 84 4302 1.7 · 10−3 7.3 · 10+0 7.1 · 1026 20-87

Darwin 136Xe proposed 2.7 · 104 13 100 90 20 -1.2,1.2 76 2 312 3.5 · 10−4 8.0 · 10−1 1.1 · 1027 17-72

Large liquid scintillators (Sec. VI.D)

KLZ-400 136Xe completed Kamioka 2.5 · 103 44 100 97 114 0,1.4 42 450 9.8 · 10−3 4.4 · 10+0 3.3 · 1025 95-408

KLZ-800 136Xe taking data Kamioka 5.0 · 103 55 100 100 105 0,1.4 42 1 143 5.5 · 10−3 6.2 · 10+0 2.0 · 1026 38-164

KL2Z 136Xe proposed Kamioka 6.7 · 103 80 100 97 60 0,1.4 42 2 176 3.0 · 10−4 6.5 · 10−1 1.1 · 1027 17-71

SNO+I 130Te construction SNOLAB 1.0 · 104 20 100 97 74 -0.5,1.5 62 1 232 7.8 · 10−3 9.7 · 10+0 1.8 · 1026 31-144

SNO+II 130Te proposed SNOLAB 5.1 · 104 27 100 97 57 -0.5,1.5 62 8 521 5.7 · 10−3 4.8 · 10+1 5.7 · 1026 17-81

Cryogenic calorimeters (Sec. VI.E)

CUORE 130Te taking data LNGS 1.6 · 103 100 88 92 3.2 -1.4,1.4 84 1 088 9.1 · 10−2 9.9 · 10+1 5.1 · 1025 58-270

CUPID-0 82Se completed LNGS 6.2 · 101 100 81 86 8.5 -2,2 95 41 2.8 · 10−2 1.2 · 10+0 4.4 · 1024 283-551

CUPID-Mo 100Mo completed LSM 2.3 · 101 100 76 91 3.2 -2,2 95 15 1.7 · 10−2 2.5 · 10−1 1.7 · 1024 293-858

CROSS 100Mo construction LSC 4.8 · 101 100 75 90 2.1 -2,2 95 31 2.5 · 10−4 7.6 · 10−3 4.9 · 1025 54-160

CUPID 100Mo proposed LNGS 2.5 · 103 100 79 90 2.1 -2,2 95 1 717 2.3 · 10−4 4.0 · 10−1 1.1 · 1027 12-34

AMoRE-II 100Mo proposed Yemilab 1.1 · 103 100 82 91 2.1 -2,2 95 760 2.2 · 10−4 1.7 · 10−1 6.7 · 1026 15-43

Tracking calorimeters (Sec. VI.F)

NEMO-3 100Mo completed LSM 6.9 · 101 100 100 11 148 -1.6,1.1 42 3 9.4 · 10−1 3.0 · 10+0 5.6 · 1023 505-1485

SuperNEMO-D 82Se construction LSM 8.5 · 101 100 100 28 83 -4.2,2.4 64 15 3.3 · 10−2 5.0 · 10−1 8.6 · 1024 201-391

SuperNEMO 82Se proposed LSM 1.2 · 103 100 100 28 72 -4.1,2.8 54 185 5.3 · 10−3 9.8 · 10−1 7.8 · 1025 67-131
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FIG. 20 Fundamental parameters driving the sensitive background and exposure, and hence the sensitivity, of recent and future
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FIG. 22 Artistic illustration of a high-purity Ge (HPGe) de-
tector and its 0νββ-decay detection concept. Electron and
hole clusters created by ionization are collected to the elec-
trodes by an electric field. Image courtesy of L. Manenti.

B. High-purity Ge semiconductor detectors

High Purity Germanium (HPGe) detectors represent
the longest-standing technology used for 0νββ-decay
searches (Avignone and Elliott, 2019). The first 0νββ-
decay experiment based on Ge detectors was in 1967
(Fiorini et al., 1967) and, since then, Ge-based experi-
ments have stayed at the forefront of the field. Fig. 22
shows an example of the state-of-the-art model.

HPGe detectors are semiconductor devices. A detec-
tor consists of a single crystal grown by the Czochralski
method (Depuydt et al., 2006) from Ge-material enriched
up to 92% in 76Ge. The detectors used by recent and
future experiments are all p-type crystals, with two con-
ductive electrodes obtained through B implantation (p+
electrode) and Li diffusion (n+ electrode). The semicon-
ductor junction forms between the n+ electrode and the
p-type crystal, and is extended throughout the whole de-
tector volume by applying a reverse bias of a few thou-
sands volts. Electrons and holes produced within the
crystal by ionization drift along the electric field, induc-
ing a current. The current integral is proportional to
the energy deposited within the detector, and its time-
structure carries information on the event topology. The
detector size is currently limited to 1-3 kg, and multiple
detectors need to be operated simultaneously to reach
a competitive amount of isotope mass. These detectors
are operated in ultra-low background environments, sur-
rounded by shielding material and active veto systems.

HPGe detectors feature high 0νββ-decay detection ef-
ficiencies. 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 en-

TABLE V Specific parameters of experiments using Ge de-
tectors: total detector mass, fractional isotopic abundance,
shielding strategy, and background index normalized over the
entire detector mass. The background index is what is histor-
ically quoted by these experiments but, differently from our
sensitive background, is not normalized over the signal detec-
tion efficiencies and detector resolution. The values are taken
from (Abgrall et al., 2021; Agostini et al., 2020b; Alvis et al.,
2019a), averaging over multiple datasets for GERDA-II and
the Majorana Demonstrator.

Experiment mtot fiso Shield Background

[kg] [%]

[
events

keV· kg· yr

]
GERDA-II 39 87 liquid Ar 5.2 · 10−4

MJD 20 88 Cu & Pb 6.0 · 10−3

LEGEND-200 200 90 liquid Ar 2 · 10−4

LEGEND-1000 1000 91 liquid Ar 1 · 10−5

ergy region of interest (ROI) for 0νββ-decay searches is
Qββ ± 2σ, containing 95% of the signal. Specific param-
eter values of 76Ge experiments are listed in Tab. 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). Sev-
eral detector geometries were used during the experi-
ment, giving an average 76Ge mass of ∼34 kg. The LAr
acted as a passive shielding against natural radioactiv-
ity from any contamination outside the cryostat, and
also attenuated background produced by radioactive iso-
topes in the materials near the detectors, such as the
holders or cables. The LAr was also used as an ac-
tive veto system by detecting its scintillation light pro-
duced 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 = 1.4 keV, and the average background index
was 5.2+1.6

−1.3 · 10−4 events/(keV· kg· yr), corresponding to
B = 4.2 · 10−4 events/(mol· yr)(Agostini et al., 2020b).
With these parameters, at present, GERDA has achieved
the lowest sensitive background in the field. The rem-
nant background composition was traced to U and Th
in the material surrounding the detectors, and α- and
β-decaying isotopes on the detector surfaces (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 in-
cluding also the data from Phase I of the experiment.

The Majorana Demonstrator (MJD) (Abgrall
et al., 2014) employed a compact array of up to 58 detec-
tors comprised of both enriched and natural Ge. 27 kg
of isotope were operated in enriched detectors (Arnquist
et al., 2022). The HPGe crystals are deployed in two
vacuum cryostats shielded from the environmental back-
ground by a layer of underground-electroformed copper,
commercially obtained copper, and high-purity lead. The
detectors incorporate a point-like p+ electrode provid-
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ing very low-energy threshold and an excellent energy
resolution of σ = 1.1 keV at Qββ , which is currently
the best in the field. With a sensitive background of
B = 3.3 · 10−3 events/(mol· yr), the experiment reported
a limit of T1/2 > 8.3 ·1025 yr at 90% C.L. with a limit set-
ting sensitivity of T1/2 = 8.1 · 1025 yr. The background
is dominated by a distant source of thorium (Arnquist
et al., 2022).

The next-generation Ge-based experiments will be re-
alized 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 ma-
terials with improved radiopurity, such as the electro-
formed copper developed for the Majorana Demon-
strator. An energy resolution equal to or better
than the one achieved in the Majorana Demonstra-
tor is expected. These improvements would bring the
LEGEND-200 background to 2·10−4 events/(keV· kg· yr),
less than a factor of 3 lower than what was achieved
by GERDA. With a sensitive background of B = 1.0 ·
10−4 events/(mol· yr), LEGEND-200 will achieve a dis-
covery sensitivity of 1027 yr in 5 years of live time. For
LEGEND-1000, a new infrastructure able to host 1 ton
of target mass will be realized. A further twenty-fold
background reduction is expected with the usage of un-
derground argon, and lower radioactivity levels in cables
and electronics. LEGEND-1000 expects a sensitive back-
ground of B = 4.9 · 10−6 events/(mol· yr), leading to a
discovery sensitivity of T1/2 = 1.3 · 1028 yr after 10 years
of operation.

We note that during preparation of this manuscript
plans were 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 estimat-
ing its sensitivity.

C. Xe time projection chambers

Time projection chambers (TPCs) were the first tech-
nology used to observe 2νββ decay in real time (Elliott
et al., 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 analyz-
ing planes which 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 recon-
struction allows to discriminate spatially-localized 0νββ-

FIG. 23 Artistic illustration of a Xe TPC and its 0νββ-decay
detection concept. Electron and hole clusters created by ion-
ization are collected to the electrodes by an electric field. In
addition, scintillation light is detected by light sensors, pro-
viding the timing of the event. Image courtesy of L. Manenti.

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 absorp-
tion, 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 puri-
fied form as a liquid, gas, or both. In either phase, Xe
exhibits VUV scintillation emitted promptly with an en-
ergy deposition. Experiments able to detect the scintil-
lation 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 anti-correlation with the
ionization signal can significantly enhance the energy res-
olution (Conti et al., 2003).

If the electric field is strong enough, the collision be-
tween drifting electrons and gas molecules results in the
emission of secondary scintillation light, called electrolu-
minescence (EL). Single-phase high-pressure gas TPCs
(recently reviewed in (Gomez-Cadenas et al., 2019))
shape the field near the electrode to create a region where
the incoming electrons produce EL. Dual-phase TPCs ob-
tain 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, improving
the energy resolution. With a fine enough spatial reso-
lution 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 ioniza-
tion electrons. These fluctuations are small and indepen-
dent of fluid density up to about 0.6 g/cm3 (∼100 bar),
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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 sug-
gested by Moe (1991). Single-atom trapping and imag-
ing was first achieved with Ba (Neuhauser et al., 1980).
Xe is a transparent fluid, offering multiple options for
tagging based on fluorescence imaging techniques. The
nEXO Collaboration is pursuing a strategy using a cryo-
genic probe (Twelker et al., 2014) to electrostatically at-
tract the Ba ion in the vicinity of a signal event and
freeze it in a volume of Xe, then transport it to a fluo-
rescence imaging stage capable of single-atom detection
(Chambers et al., 2019). The NEXT collaboration aims
to transport Ba++ 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 im-
plementation applicable to high-pressure gas Xe TPCs
(Rivilla et al., 2020) have been demonstrated. Both col-
laborations are still working to demonstrate that their
tagging schemes can be achieved with sizeable efficiency
and in an actual 0νββ-decay experiment. We do not dis-
cuss 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 multi-variate 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 back-
ground extrapolation to the detector center. A fiducial
volume may be defined or tuned to demark these regions,
leading to εact = 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, 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.

The most sensitive Xe TPC experiment to date was
EXO-200 (Auger et al., 2012), which used liquid-phase
enriched Xe, with 161 kg of 136Xe. The TPC employed
two drift regions with a common cathode at the detec-
tor center. The ionization was read out via crossed wire
planes at the anodes. The prompt scintillation light was
read out by large-area avalanche photodiodes. The com-
bined signal achieved an energy resolution of σ = 28 keV
atQββ (Anton et al., 2019), or 31 keV when averaged over

the full dataset. Backgrounds and field non-uniformity
near the detector edges required fiducialization, restrict-
ing the analysis to the innermost 75 kg of Xe. An ex-
tensive screening campaign (Leonard et al., 2008, 2017)
and a sophisticated analysis incorporating topological
background discrimination (Delaquis et al., 2018) led to
an averaged background level within the fiducial vol-
ume of 1.8 · 10−3 events/(keV· kg· yr), corresponding to
B =4.7·10−2 events/(mol· yr), dominated by the 214Bi
gamma line originating from 238U chain decays outside
of the Xe volume. The experiment reported an ultimate
limit for 0νββ decay of T1/2 > 3.5 · 1025 yr at 90% C.L.
with a sensitivity for limit setting of T1/2 = 5.0 · 1025 yr
(Anton et al., 2019). Our counting analysis described in
Sec. V.E.2 reproduces the EXO-200 limit sensitivity with
no tuning required.

nEXO (Adhikari et al., 2022; Al Kharusi et al., 2018)
builds on EXO-200’s technology and aims at using 5 tons
of Xe enriched to 90% in 136Xe. The TPC design
features one monolithic drift volume with ionization
read out by silica tiles patterned with metallic elec-
trode strips, and scintillation detection by an array of
VUV-sensitive silicon photomultipliers on the TPC walls
behind the field-shaping grid, yielding an energy res-
olution of σ = 20 keV. The effective background in-
dex that reproduces nEXO’s published discovery sensi-
tivity is 2.1 · 10−6 events/(keV· kg· yr), corresponding to
B = 4.0 · 10−5 events/(mol· yr), a factor of ∼1000 im-
provement over EXO-200. nEXO is expected to achieve
a discovery sensitivity of T1/2 = 7.4·1027 yr after 10 years
of live time.

NEXT (Granena et al., 2009; Nygren, 2009) imple-
ments a high-pressure gaseous Xe TPC equipped with
an EL region. Tracking information is obtained from
a SiPM array at the anode, while PMTs at the cath-
ode provide optimal energy resolution. NEXT-White
(Monrabal et al., 2018), a proof-of-principle detector
with 5 kg of Xe at 10 bar, demonstrated an energy res-
olution of σ = 10 keV at Qββ (Renner et al., 2019),
and tracking performance capable of discriminating sin-
gle and double electron track events, retaining 57% of
signal events while rejecting background by a factor of
27 (Simón et al., 2020). A second stage, NEXT-100
(Alvarez et al., 2012; Mart́ın-Albo et al., 2016), with
a pressure of 15 bar and containing 87 kg of 136Xe, is
currently under construction. The NEXT-100 projected
background is dominated by remnant events from U/Th
in the PMTs and other detector components, giving
a background index of 4 · 10−4 events/(keV· kg· yr), or
B = 5.9·10−3 events/(mol· yr). NEXT-HD (Adams et al.,
2021a), a concept for a future ton-scale phase of NEXT, is
a symmetric TPC with a common central cathode, large
enough to accommodate a full ton of 136Xe in the form of
enriched Xe gas at 15 bar. The design of NEXT-HD sub-
stitutes PMTs with an all-SiPM light readout at both
TPC ends, using wavelength-shifting fibers to enhance
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TABLE VI Specific parameters of Xe-TPC experiments: total mass, fractional isotopic abundance, phase, signal readout,
effective background index in units of events per kg 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 taken from Refs. (Adams et al., 2021a; Adhikari et al., 2022; Agostini et al., 2020a; Akerib et al., 2020; Al Kharusi
et al., 2018; Alvarez et al., 2012; Anton et al., 2019; Chen et al., 2017; Mart́ın-Albo et al., 2016).

Experiment mtot fiso Phase Readout Effective Background R

[kg] [%]

[
events

keV· kg· yr

]
EXO-200 161 81 liquid LAPPDs + wires 1.8 · 10−3 1
nEXO 5109 90 liquid electrode tiles + SiPM s 2.1 · 10−6 N/A
NEXT-100 97 90 gas SiPMs + PMTs 4.0 · 10−4 1
NEXT-HD 1100 90 gas SiPMs + PMTs 4.0 · 10−6 1
PandaX-III-200 200 90 gas Micromegas 1.0 · 10−4 1
LZ-nat 7 000 9 dual-phase PMTs 1.1 · 10−4 0.4
LZ-enr 7 000 90 dual-phase PMTs 1.1 · 10−4 0.4
DARWIN 39 300 9 dual-phase PMTs 3.4 · 10−6 0.85

light collection further. Gas additives to reduce diffusion
are expected to enhance both the energy resolution and
tracking resolution relative to NEXT-100. The expected
reduction in background index by a factor of 100 thus
leads to an even large reduction in sensitive background,
predicted to be B = 4.0 · 10−5 events/(mol· yr). NEXT-
BOLD aims to take this concept one step further by in-
strumenting the NEXT-HD TPC with Ba tagging capa-
bility (Rivilla et al., 2020), potentially achieving half-life
sensitivity on the order of 1028 years.

Another experiment based on the high-pressure gas Xe
TPC technique is PandaX-III-200 (Chen et al., 2017).
The initial phase uses 180 kg 136Xe in a volume of en-
riched Xe gas at 10 bar, deployed in a symmetric TPC
with a common cathode. In contrast to the all-photon-
based readout pursued by NEXT, PandaX-III-200 ex-
clusively relies on an ionization-only readout of just the
drift electrons using the Micromegas detector technol-
ogy, where a high-field region near the anode provides
avalanche amplification. The expected energy resolu-
tion is σ = 31 keV at Qββ , while simulated topolog-
ical discrimination based on track reconstruction pre-
dicts up to two orders-of-magnitude background reduc-
tion with 42% signal efficiency (Galan et al., 2020). Back-
grounds are dominated by U/Th contamination of the
Micromegas readout plane. The total background in-
dex goal is 10−4 events/(keV· kg· yr), giving B = 3 ·
10−3 events/(mol· yr).

LZ (Akerib et al., 2015) and DARWIN (Aalbers
et al., 2016) both employ dual-phase natural-Xe TPCs
with EL readout to perform direct searches for WIMP
Dark Matter. These detectors also have sensitivity
to 0νββ decay even with natural Xe targets (Agostini
et al., 2020a; Akerib et al., 2020). The instrumenta-
tion required for detection of the faint nuclear recoils
from WIMPs naturally leads to higher external back-
grounds than for a detector optimized for 0νββ de-
cay. With 7 tons of Xe (640 kg 136Xe) in the LZ inner

vessel and and 40 tons (3.6 tons 136Xe) total in DAR-
WIN, self-shielding reduces these background dramati-
cally, but external 214Bi still dominates in both exper-
iments. Reproducing the LZ sensitivity requires an ef-
fective background index of 1.2·10−4events/(keV· kg· yr),
giving B=1.7·10−2 events/(mol· yr). A subsequent run
with enriched Xe (90% 136Xe) would have enhanced sen-
sitivity. DARWIN’s larger mass affords it a lower effec-
tive background index of 3.4·10−6 events/(keV· kg· yr), or
B=3.5·10−4 events/(mol· yr), with 137Xe β decays repre-
senting an important background contribution.

A summary of all TPCs significant experimental pa-
rameters is given in Tab. VI.

D. Large liquid scintillators

In what is perhaps the most successful departure from
the “source = detector” paradigm followed by most 0νββ-
decay experiments, large liquid scintillators offer the ad-
vantage of dissolving or loading vast amounts of isotope
into the most sensitive regions of some of the lowest-
radioactivity experiments ever constructed. With typ-
ical mass-loading fractions on the few percent level, a
kton-scale scintillator detector can reach ton-year ex-
posures with relative ease. Energy depositions within
the detector generate scintillation photons, which are de-
tected by PMTs viewing the target volume as shown in
Fig. 24. Event energy, position, and topology reconstruc-
tion 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 between εact = 20%–80%, due to a combination
of self-sheilding and whether the target isotope is spread
through the whole scintillator volume or confined to its
central part. Containment efficiencies are maximal in the
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FIG. 24 Artistic illustration of a large liquid scintillator de-
tector and its 0νββ-decay detection concept. The position of
an event can be reconstructed through the time of flight of
the scintillation photons. Image courtesy of L. Manenti.

fiducial volume (εcont = 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 at
Qββ . Events due to 2νββ decay pose a problematic back-
ground in the energy region of interest, and the extraction
of a 0νββ-decay signal relies on an energy spectral anal-
ysis 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 en-
ergy reconstruction systematic effects. The 0νββ-decay
background reduces the optimal energy region of inter-
est to values above Qββ , with an effective 40–60% loss
in detection efficiency. Like for the case of Xe TPCs, an
effective background index for the fiducial volume was
tuned to reproduce published experimental sensitivities.

The presence of the large mass of 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 liq-
uid scintillators. Vetoing schemes based on proximity to
muon tracks and the detection of neutron capture gam-
mas in delayed time coincidence can reduce these back-
ground contributions by roughly an order of magnitude
at the cost of some exposure loss (εmva = 97%, see, e.g.,
Gando et al. (2016)).

KamLAND-Zen (KLZ) is an upgrade of the Kam-
LAND 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 nu-

clear disaster (Gando et al., 2013, 2016). The second
phase, KamLAND-Zen 800 (KLZ-800), is currently run-
ning with ∼680 kg of 136Xe redeployed in a larger, cleaner
balloon. With just 1.6 years of data KLZ-800 pro-
duced a world-leading half-life limit T1/2 > 2.3 · 1026 yr
at 90% C.L. with a limit setting sensitivity of T1/2 =
1.3 · 1026 yr (Abe et al., 2022). The background mea-
sured in the KLZ-800 fiducial volume corresponds to
B = 5.5 · 10−3 events/(mol· yr). The KLZ-800 sensitivity
is well-reproduced by the background-dominated approx-
imation. The KamLAND-Zen collaboration is already
preparing a follow-on 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 from σ =114 keV
to 60 keV. The upgrade includes the installation of new
light concentrators and PMTs with higher quantum ef-
ficiency as well as purer liquid scintillator. A sensitive
background reduction by a factor 20 over KLZ-800 is ex-
pected for KL2Z, afforded primarily by the envisioned
improvement in the detector resolution. An effective
background that is a factor of 0.45 times the predicted
background reproduces the expected KL2Z sensitivity.

SNO+ (Albanese et al., 2021; Andringa et al., 2016) is
a follow up of the SNO experiment building on the SNO
infrastructure (Boger et al., 2000). It is a multi-purpose
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 liquid scintilla-
tor and taking data, with Te loading scheduled to com-
mence soon. A multi-staged approach is foreseen (Grant,
2020). Initially ∼1.3 tons of 130Te (0.5% natTe load-
ing) will be used and an energy resolution of σ =80 keV
is expected. The predicted background corresponds to
B = 7.8 · 10−3 events/(mol· yr), 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 pe/MeV (Klein, 2017). The predicted back-
ground corresponds to B = 5.7 · 10−3 events/(mol· yr).

A summary of the relevant parameters for KamLAND-
Zen and SNO+ is given in Tab. VII.

E. Cryogenic calorimeters

Cryogenic calorimeters, often referred to as bolome-
ters, are one of the most versatile types of detectors
for rare events searches. Their first development dates
back to the 1980s and, since then, they have been
successfully employed for 0νββ-decay and dark-matter
searches (Brofferio and Dell’Oro, 2018). Bolometers con-



59

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

Experiment Isotope mtot fiso Loading Effective Background R
Experi
ment

[kg] [%wt.]
[

events

keV· kg· yr

]
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
SNO+I 130Te 3825 0.91 0.5 2.5 · 10−4 1
SNO+II 130Te 19 125 0.91 2.5 2.3 · 10−4 1

FIG. 25 Artistic illustration of a cryogenic calorimeter and
its 0νββ-decay detection concept. Phonon and scintillation
light signals are read-out through superconductive thermal
sensors. Image courtesy of L. Manenti.

sist of crystals coupled to thermal sensors measuring the
phonons induced by particles impinging on the crystal
lattice, or the heat induced by phonon recombination (see
Fig. 25). Typically the crystals used in 0νββ-decay ex-
periments have masses between 0.2 and 0.8 kg and are
operated at 10–20 mK. Their energy resolutions are typ-
ically in the range σ = 2–10 keV, and the containment
efficiency varies between 70–90%, depending on the crys-
tal 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, e.g., 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 instru-
mented with the NTD, TES or KID sensors discussed in
Sec. V.B.2. Alternatively, surface events can be discrim-

TABLE VIII Specific parameters for cryogenic calorimeter
experiments: crystal molecule, total mass, fractional isotopic
abundance, and background per kg of total mass. All ex-
periments except CUORE use a combined readout of heat
and scintillation light and have an NTD readout, except
for AMoRE-II, which uses MMCs. Values taken from Refs.
(Adams et al., 2022; Armengaud et al., 2021; Armstrong et al.,
2019; Azzolini et al., 2019c; Bandac et al., 2020; Lee, 2020).

Experiment Crystal mtot fiso Background

[kg] [%]

[
events

keV· kg· yr

]
CUORE natTeO2 742 34a 1.5 · 10−2

CUPID-0 ZnenrSe 9.65 96 3.5 · 10−3

CUPID-Mo Li2
enrMoO4 4.16 97 4.7 · 10−3

CROSS Li2
enrMoO4 8.96 98 1.0 · 10−4

CUPID Li2
enrMoO4 472 ≥95 1.0 · 10−4

AMoRE-II Li2
enrMoO4 200 96 1.0 · 10−4

a CUORE is using natural tellurium.

inated from bulk events via pulse-shape analysis using
crystals with an Al-film coating, as is being pursued by
CROSS (Bandac et al., 2020). In such devices, a ioniz-
ing particle interacting close enough to the coated sur-
face will create quasi-particles that can be trapped in
the superconductive Al layer for O(1) ms (Bandac et al.,
2020). In all cases, the 0νββ-decay tagging efficiency is
εmva ∼ 90%.

Bolometric experiments feature high granularity, pro-
viding good suppression of the external γ backgrounds
via the rejection of events releasing energy in multiple
crystals. The full absorption of phonons yields response
times that can be as long as 0.1 s with NTD sensors.
Hence, the probability of having two 2νββ decays piling
up is not negligible, especially when considering large
crystals and isotopes with relatively short 2νββ-decay
half-life. Techniques to mitigate this potential back-
ground are currently being developed.

At present, the largest bolometric experiment is
CUORE, operating ∼750 kg of TeO2 crystals with nat-
ural isotopic composition (giving 206 kg 130Te) in a cus-
tom cryogen-free dilution refrigerator (Alduino et al.,
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2019). The TeO2 crystal detector technology is reviewed
in (Brofferio et al., 2019). CUORE has demonstrated the
feasibility of a ton-scale bolometric experiment, achieving
an energy resolution of σ = 3.2 keV. With a background
of 1.5·10−2 events/(keV· kg· yr), corresponding to a sensi-
tive background B= 9.1 · 10−2 events/(mol· yr), CUORE
has set the most stringent constraints on 0νββ decay of
130Te: T1/2> 2.2 · 1025 yr at 90% C.L., with an exclusion
sensitivity of T1/2= 2.8 · 1025 yr (Adams et al., 2022).

In the coming years, a strong boost in sensitivity is
expected with CUPID (Armstrong et al., 2019), which
will deploy enriched crystals with particle identification
capabilities in the CUORE cryostat. Several projects
have been realized to identify the optimal crystal and
light detector technology. Among these, CUPID-0 oper-
ated abut 5 kg of 82Se in form of enriched ZnSe scintil-
lating crystals, demonstrating a background of 3.5+1.0

−0.9 ·
10−3 events/(keV· kg· yr) (Azzolini et al., 2019a,c), a fac-
tor 3.3 times lower than that of CUORE. A limitation
of ZnSe crystals is their relatively poor energy resolu-
tion (σ = 8.5 keV) due to sub-optimal crystal purity. In
parallel, CUPID-Mo (Armengaud et al., 2020b) has col-
lected data with 20 enriched Li2MoO4 crystals for a total
isotope mass of 2.3 kg. CUPID-Mo has demonstrated a
resolution of σ = 3.2 keV, and >99.9% α rejection with
>99.9% acceptance of β/γ events (Armengaud et al.,
2020b, 2021; Welliver, 2021). Finally, the CROSS col-
laboration is using Al-coated Li2MoO4 crystals to exten-
sively investigate their surface/bulk discrimination capa-
bilities, and is planning to deploy 32 enriched Li2MoO4

crystals for a total isotope mass of 4.7 kg. The goal
of the CROSS demonstrator is to reach a background
< 10−4 events/(keV· kg· yr) (Bandac et al., 2020), which
could boost the sensitiviy of bolometric experiments be-
yond the IO region.

CUPID’s baseline design is based on 250 kg of
Li2

enrMoO4 instrumented with light readout in the
CUORE cryostat. Assuming achieved crystal quality
and background levels, and the readout of scintilla-
tion light for particle discrimination, CUPID projects
a background of 10−4 events/(keV· kg· yr), more than
a factor 100 lower than CUORE. With a sensitive
background B= 2.3 · 10−4 events/(mol· yr),CUPID will
reach a 1.1 · 1027 yr discovery sensitivity with 10 yr of
live time. With additional purification of the crys-
tal material, the use of light detectors instrumented
with lower threshold and higher bandwidth sensors (e.g.,
TES), and the development of pulse shape discrimina-
tion techniques, CUPID can achieve a background of
2 · 10−5 events/(keV· kg· yr). Ultimately, a background
level of 5 · 10−6 events/(keV· kg· yr) is conceivable with
the deployment of 1 ton of isotope in a new cryostat fea-
turing an active cryogenic shield (Nones, 2021).

In parallel, the AMoRE collaboration has demon-
strated the feasibility of using scintillating crystals with
an MMC readout both on the phonon and photon chan-

nels for large experiments (Lee, 2020). The first phase of
the experiment, AMoRE-I, is currently collecting data
with a mix of 100Mo-enriched Li2MoO4 and CaMoO4

crystals for a total mass of ∼6 kg, and is characterized
by a background < 10−3 events/(keV· kg· yr). The next
phase, AMoRE-II, will make use of 200 kg of Li2

enrMoO4

crystals, for an isotope mass of 110 kg. With a tar-
get background index of < 10−4 events/(keV· kg· yr),
corresponding to a sensitive background B= 2.2 ·
10−4 events/(mol· yr), AMoRE-II will reach a discovery
sensitivity of 6.7·1025 yr with 10 yr of data.

F. Tracking calorimeters

Tracking calorimeters are the only actively-pursued de-
tection concept in which the 0νββ-decay isotope material
is decoupled from the detector. The source is in the form
of a foil sandwiched by drift chambers with an applied
magnetic field for discriminating electrons and positrons,
beyond which lies calorimeters for measuring energy (see
Fig. 26. Due to the requirement that the foils be very
thin to minimize energy losses prior to the electrons ex-
iting the source, scaling up the isotope mass is particu-
larly challenging for this technology. However, tracking
calorimetry has the unique capability of precisely mea-
suring properties of the decay kinematics such as single-
β energy spectra and opening angle distributions, which
are connected to the Lorentz structure of the mechanism
mediating the decay (Ali et al., 2007; Arnold et al., 2010).

The most sensitive tracking calorimeter to date was
NEMO-3, which set competitive constraints on a vari-
ety 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 in two
phases: a 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 higher quantum efficiency. Some
fraction of the energy emitted in a ββ decay event is
inevitably released in the passive source foil: as a re-
sult, the 0νββ-decay signature is peaked below Qββ , and
features a low-energy tail, significantly overlapping with
the 2νββ-decay continuum spectrum. The optimal ROI
strongly depends on the expected number of background
events at the end of the data taking: it corresponds to
[-1.6,1.1]σ for NEMO-3, and to a ∼4σ range around
the degraded peak below Qββ for SuperNEMO and Su-
perNEMO Demonstrator.

In tracking calorimeters, the reconstructed event kine-
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FIG. 26 Artistic illustration of a tracking-calorimeter detector and its 0νββ-decay detection concept. The charge, momentum,
and energy of the particles ejected by the source is measured through a combination of magnetic-field trackers and calorimeters.
Image courtesy of L. Manenti.

matics can be used to suppress most backgrounds, at the
price 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 a factor 50 and 30, respectively, and has par-
tially achieved it so far (Calvez, 2017; Povinec, 2017). In
our calculation, we use the design value for SuperNEMO
of 9.8 · 10−5 events/(keV· kg· yr), and the experimentally
measured contaminations for the Demonstrator (Calvez,
2017), giving B = 5.3 · 10−3 events/(mol· yr). Given the
particular shape of the 0νββ- and 2νββ-energy distribu-
tions, a spectral fit has higher sensitivity compared to a
simple counting analysis. By reducing the background
to 20%, we match the sensitivity quoted by the collab-
oration, which corresponds to a 10-yr discovery sensi-
tivity of 9 · 1024 and 8 · 1025 yr for SuperNEMO-D and
SuperNEMO, respectively.

G. Other detector concepts

Several additional projects exist that use technologies
other than the ones discussed so far. Some technolo-
gies have already lead to proof-of-principle experiments,
which however are not yet competitive in terms of sen-
sitivity. In most cases, the projects are still at an early
R&D phase, and a significant effort is required to demon-
strate that the underlying technology can be scaled to a
0νββ-decay experiment capable of covering the inverted
ordering region or beyond. In Tab. 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 theory 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
are going to shape the field. In Sec. VII.B, we discuss
what we would learn from a discovery under different
assumptions on the underlying theory framework. Sec-
tion VII.C addresses the question of how likely a discov-
ery is in the next round of experiments, also in terms
of nuclear and particle theory inputs. Sec. 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 fun-
damental 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 is largely covered by the previous sec-
tions, but it is here presented stressing the connections
between theory and experiment, as well as between par-
ticle and nuclear theory. We refer the reader to the pre-
vious sections for more information and detailed lists of
references.

A. Where are we heading?

1. Experiment

In the next decade, several experiments will be con-
structed to search for 0νββ decay at new uncharted half-
life scales using multiple nuclei and different technologies.
Three scenarios can unfold, depending on the half-life of
the process, and whether the decay exists at all.

The signal half-life could be just beyond current con-
straints, at a scale of 1025–1026 years, depending on the
isotope. In this first scenario, hundreds of 0νββ-decay
events will be observed in each next-generation experi-
ment. The half-life will be measured with statistical un-
certainty at the level of ∼10%. Systematic uncertainties
in 0νββ-decay experiments are typically .10%, and will
not limit the accuracy of the measurement in this strong
signal scenario. These first measurements will likely be
followed by a second round of experiments, not devel-
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TABLE IX Other detector concepts. Existing experiments are marked with a dagger.

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

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

COBRA†
70Zn
114,116Cd
128,130Te

CdZnTe semiconductor detector array. Room temperature; multi-isotope; high granularity.

Arling et al. (2021); Ebert et al. (2016a,b); and Zuber (2001)

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

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

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

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

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

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

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

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

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

oped to maximize the discovery sensitivity, but capable
of measuring properties of the decay kinematics, such
as single-β energy spectra and opening angle distribu-
tions connected to the Lorentz structure of the mediating
mechanism(s).

In the second scenario, the 0νββ-decay half-life is
above the current limits, but still within the reach of
upcoming searches (i.e., T1/2 ≈ 1026–1028 years). For
this case, only tens of events or fewer would be expected.
Measurements of the half-life will hence be affected by
large statistical uncertainties at the level of 30% for 10
events, or even 100% for a couple of events. If the signal
is at the edge of the detection sensitivities, only some
of the experiments may observe a signal, while others
would set a limit. Such an inconclusive situation would
require further discovery-style experimental investigation
to confirm the discovery claims.

It is also possible that the 0νββ-decay half-life is too
small to be discovered by next-generation experiments
(i.e., T1/2 > 1028 years), or the process does not exist at
all. In this case, the forthcoming searches will push the
half-life constraints by two order of magnitudes, exclud-
ing a significant part of the parameter space of interest
and ruling out specific models. Further technological de-
velopments will then be needed to realize affordable next-
to-next generation experiments with scaled sensitivity.

2. Nuclear theory

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

As the decay rate depends on the NME squared, nu-
clear theory uncertainties will likely remain larger than
experimental statistical or systematic uncertainties on
the half-life, representing the main limitation in the in-
terpretation of future results. These uncertainties will
be smaller in nuclei with simpler nuclear structure for
which calculations are more robust: an ideal example is
48Ca. Among the most interesting isotopes, NMEs would
probably be less reliable for nuclei with more complex
structure, such as 100Mo and 150Nd.

NMEs for other beyond-Standard-Model mechanisms
will likely carry similar uncertainties as for light neu-
trino exchange. Calculations of these matrix elements
do not pose different challenges, as even light neutrino
exchange has a short-range component. Nonetheless, a
careful treatment of short-range physics is probably more
relevant in these scenarios, where 0νββ decay is usually
mediated by the exchange of heavy particles.
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3. Particle theory

At present, we lack reliable theory predictions for the
0νββ-decay rate, the origin of the matter-antimatter
asymmetry, and the neutrino mass values. A large num-
ber of beyond-Standard-Model theories have been pro-
posed, but none can be tested with available data, and
might not be testable even considering next-decade ex-
periments. We neither have a model for lepton number
violation nor a theory of lepton masses, and its estab-
lishment does not seem close. From this point of view,
0νββ-decay searches are among the most promising sec-
tors to guide future theory developments, and, vice versa,
the searches could benefit from theory breakthroughs.

Despite the parameter space broadness, we can iden-
tify clear milestones for the experimental program. The
Holy Grail for next-generation experiments is to reach
the bottom of the inverted ordering parameter space,
i.e., mββ = 18.4 ± 1.3 meV. This natural goalpost was
immediately identified after the discovery of neutrino os-
cillations, boosting enormously the community’s efforts.

We propose mββ ≈ 8 − 10 meV as the next target for
the field. As discussed in Sec. III.D.4, there is an accu-
mulation of theoretical motivation to explore mββ val-
ues at this mass scale, which corresponds to the mass
scale measured in solar neutrino oscillations (

√
∆m2

sol =
8.6±0.1 meV), and which is pointed to by classes of mod-
els focusing on the coarse structure of the mass matrix
(mββ ≈

√
∆m2

atm × θC ≈ 10 meV). This scale is inter-
esting also from the experimental point of view: it is al-
most in the middle of the parameter space remaining af-
ter reaching the bottom of the inverted ordering, and can
constitute a challenging, and yet conceivable goal for the
next-to-next generation of 0νββ-decay experiments. It is
also the vicinity of the minimum that would be imposed
on mββ by cosmological observations if Σ is measured to
be just below its current upper bounds.

An ultimate goal would be to reach the floor of the nor-
mal ordering parameter space for vanishing m1, mββ ∼
|U2
e2|
√

∆m2
12 − |U2

e3|
√

∆m2
32 = 1.5 meV. Barring flavor

symmetries or strongly destructive interference with al-
ternative exchange mechanisms that would force mββ to
be vanishingly small, experiments with sensitivity to this
normal-ordering floor would be virtually guaranteed to
detect 0νββ decay if the Standard Model neutrino is a
(dominantly) Majorana particle. Quasi-background-free
kiloton experiments would be needed for this endeavor.

B. What would we learn from a discovery?

1. Model-independent consequences

Regardless of the mechanism mediating the decay, and
of the uncertainties in the NMEs, a 0νββ-decay observa-
tion would constitute the discovery in a laboratory exper-

iment of a process that creates matter without creating
antimatter. This “Little Bang” would prove that lepton
number is not a conserved quantum number, and that
neutrinos can transform into antineutrinos.

The violation of lepton number is directly observable in
0νββ decay, as two new leptons are created without the
creation of any antiparticles. The possibility for a neu-
trino to transform into an antineutrino and vice versa
would be proven indirectly. The 0νββ decay operator,
together with quantum fluctuations, provides a non-zero
neutrino-antineutrino transformation channel. However,
in the absence of precise theory, its size cannot be pre-
dicted. From this point of view, an observation of 0νββ
decay guarantees only that the Majorana mass is not null.
Although it is not favored by the best-motivated models,
one cannot rule out the possibility that its value is so
small that it does not have any practical consequence.
In this case, the neutrino would phenomenologically be-
have as a Dirac particle, and theory inputs would still be
needed to connect 0νββ decay with the origin of neutrino
masses.

2. Model-dependent consequences

Experiments measure the decay half-life, and NMEs
are needed to connect it with the underlying beyond-
Standard-Model mechanism. Multiple mechanisms can
contribute to the 0νββ-decay rate, which is propor-
tional to the squared sum of amplitudes for all contri-
butions. While both constructive and destructive inter-
ference are possible, a complete cancellation between un-
related mechanisms would require fine-tuned models.

Half-life measurements or bounds on different nu-
clei provide information on the underlying mecha-
nism. For instance, measuring a half-life of 1027 years
for 76Ge would imply an expected 100Mo half-life of
(1–3)×1026 years if the decay is dominated by the ex-
change of light neutrinos. Likewise, similar half-life
ranges will be predicted for the decay of other isotopes,
and also for 0νββ decays to excited states. Incompatible
half-life measurements could hence prove the existence
of other mechanisms driving the decay (Deppisch and
Pas, 2007; Gehman and Elliott, 2007; Gráf et al., 2022;
Simkovic et al., 2010), but we will need precise estimates
of uncertainties and correlations among NME values as
recently discussed by Lisi and Marrone (2022) and Agos-
tini et al. (2022b).

Measurements of the decay kinematics, which provide
information on the Lorentz structure of the mediating
mechanism, could conclusively rule-out classes of models
or corroborate others. However these properties, as well
as decays to excited states, are hard to measure. Exper-
imental efforts beyond the next decade might be needed
to collect this information if 0νββ decay is not discovered
in experiments currently underway or starting soon.
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3. Assuming light-neutrino exchange

If the decay is dominantly mediated by the exchange
of light neutrinos, a comparison of the measured mββ

with other data would provide new insights on neutrino
physics. An observation of mββ below the minimum
value allowed for the inverted ordering would imply that
neutrino masses follow the normal ordering. Vice versa,
should the inverted ordering be established by neutrino
oscillation experiments, the non-observation of 0νββ de-
cay in next-generation experiments would rule out Ma-
jorana neutrino masses.

Galaxy surveys and measurements of the cosmic mi-
crowave background will measure the value of the sum of
the neutrino masses Σ in the next decade. Such a mea-
surement would not only set an indirect upper bound on
mββ , but could also provide a lower bound. In particu-
lar, if Σ is measured to be above 70–80 meV, then mββ

must be larger than
√

∆m2
12, suggesting exciting discov-

ery prospects for next-generation 0νββ-decay searches.

In the near term, direct measurements of the effective
kinematic neutrino mass mβ will explore a parameter
space that is already excluded by 0νββ decay and cos-
mology. Thus a signal in those experiments, as well as
other inconsistencies among neutrino data sets, would
strongly point towards new physics beyond the 3-flavor
neutrino oscillation and ΛCDM paradigm.

A measurement of mββ is currently the only conceiv-
able way to obtain information on the values of the Majo-
rana phases in the PMNS matrix, through a global anal-
ysis with oscillation measurements. However, only one
relative phase can be measured. In addition, constraints
on this relative phase can be extracted only if the ex-
perimental and nuclear theory uncertainties are strongly
reduced below their current levels.

C. What are the odds of a discovery?

1. Model-independent considerations

A wide variety of particle theory models predict 0νββ
decay. In most of them, unconstrained model parameters
prevent a precise prediction of the decay rate. At best,
these models provide a lower limit on the half-life, which
sets a target for the experiments. The master formula
in Eq. 19 connects the half-life to effective operators rep-
resenting classes of models. In general, the half-life is
proportional to the energy scale of the physics responsi-
ble for the decay, taken to some power which depends on
the dimension of the operator. Operators above dimen-
sion 5 typically correspond to energy scales close to or
beyond those explored by accelerator experiments. Fig-
ure 27 shows that accelerator and 0νββ-decay experi-
ments are complementary, and highlights how the reach
of 0νββ-decay searches can even exceed that of accelera-

tors for mechanisms other than light neutrino exchange.
Note that, for reference, Fig. 27 just shows estimates for
the most favored dimension-7 and dimension-9 operators.
In general there can be order of magnitude differences for
other operators suppressed e.g. by ratios of the nuclear-
over-electroweak or chiral-over-nuclear scales.

We also indicate in Fig. 27 the energy scale of 100 TeV.
This is a round value, suggestive of a possible ambi-
tious target for next-generation colliders, but also a scale
at which new flavor- and beyond-the-Standard-Model
physics could manifest. Due to the large variety of pos-
sible decay mechanisms, one can consider 0νββ decay as
a generic search for new physics, similar to accelerator
ones, where the decay half-life plays the role of the col-
lision energy. Increasing the half-life sensitivity implies
exploring uncharted parameter space, where a discovery
can happen at any time.

2. Assuming light-neutrino exchange

The 0νββ-decay mechanism requiring the least new
physics is light neutrino exchange, which only needs the
Standard Model neutrino to be a massive Majorana par-
ticle. From a general point of view this is a particularly
important mechanism, as it is the only one driven by a
dimension-5 operator, i.e., the Weinberg operator. Fur-
ther, it is uniquely connected to neutrino masses and is
the dominant decay contribution in many models. In this
scenario, the decay rate depends on the effective Majo-
rana mass mββ , which is a function of the neutrino os-
cillation parameters, Majorana phases, the lightest neu-
trino mass eigenstate, and the neutrino mass ordering.

The oscillation parameters have been measured pre-
cisely, nonetheless we have no information on the Majo-
rana phases, and the mass ordering has not been deter-
mined. Although global fits show a preference for normal-
ordered masses, we need to wait for the next decade ex-
periments — i.e., JUNO, DUNE, and HyperKamiokande
— with the requisite sensitivity to establish the neutrino
mass ordering. These unknowns lead to uncertainties on
the mββ value.

Assuming that neutrino masses follow the normal-
ordering, any half-life value beyond the current upper
limits is allowed. However, for the inverted-ordering
case, the half-life has a lower bound corresponding to
mββ = 18.4 ± 1.3 meV. Figure 28 shows the mββ sensi-
tivity of future 0νββ-decay experiments. The proposed
experimental endeavor will fully test the inverted order-
ing parameter space, guaranteeing a discovery if this is
the true scenario, and offering exciting discovery oppor-
tunities also assuming the normal ordering. In fact, since
the current best bounds on mββ are ∼160–180 meV — as-
suming the least favorable NMEs — reaching 18.4 meV
means probing 80%–90% of the currently allowed range
for the normal ordering.
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It should be mentioned that the parameter space for
mββ might not be equiprobable. A theoretical prejudice
for normal-ordered masses and vanishing m1 would pre-
fer smaller values of mββ , for example. New symmetries
predicting specific values for the Majorana phases or the
existence of new particles such as sterile neutrinos could
favor other corners of the parameter space, or even re-
duce or open it. In addition, Bayesian analyses assuming
flat priors on the Majorana phases and a log-flat prior
on Σ favor mββ values close to the current constraints,

providing exciting prospects for the field regardless of the
mass ordering.

3. Impact of nuclear physics

How likely a discovery is in the next decade strongly
depends on systematic uncertainties on NME calcula-
tions. A broad effort to reduce uncertainties is ongoing
within the nuclear theory community.
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Ab initio approaches offer a promising avenue: by in-
corporating wider nuclear correlations and currents, mea-
sured β-decay rates can now be reproduced without the
“quenching” required by previous studies — an ad hoc
reduction of calculated matrix elements. The first ab ini-
tio matrix elements for 0νββ-decay nuclei, supported by
studies in lighter systems, indicate a mild suppression by
tens of percent with respect to the lower values in Tab. I.
This suggests that current 0νββ-decay rate predictions
may have to be reduced, but only moderately. Efforts
are underway to improve the quality of the results, to in-
clude missing momentum-dependent operators — a key
difference between β and 0νββ decay — and to extend
them to heavier nuclei.

The recently recognized short-range term can con-
tribute significantly to the NME. A first ab-initio study
in 48Ca suggests that including this physics increases the
NME by about 40% percent. A similar enhancement
has been found in heavier 0νββ-decay nuclei with the
NSM and with QRPA. Lattice QCD studies are under-
way to test whether this claimed enhancement is robust.
If so, the impact of the new term may balance the longer
half-life values anticipated due to the inclusion of the
“quenching” physics.

Even if these systematic contributions to NMEs were
fully resolved, discrepancies remain between results ob-
tained with different many-body methods. Tests against
nuclear structure data can gauge the quality of each
calculation. In addition, novel measurements of nu-
clear observables correlated with 0νββ-decay NMEs such
as second-order Gamow-Teller or electromagnetic transi-
tions can provide insights on each method’s strengths and
weaknesses.

D. What else can be discovered by 0νββ-decay
experiments?

The unprecedented combination of ultra-low back-
ground, high-exposure, high energy resolution, and mul-
tivariate analysis capabilities in modern 0νββ-decay ex-
periments offers exciting discovery opportunities beyond
the primary target of observing 0νββ decay. This in-
cludes searches not only for other L-violating processes,
such as neutrinoless electron capture (Blaum et al., 2020)
or neutrinoless quadruple-beta decay (Guzowski, 2018),
but also for completely decoupled physics.

The existence of new particles and fields, the violation
of fundamental principles, and non-standard interactions
can each affect, in a characteristic way, the distribution
of the summed energy of the electrons emitted in ββ de-
cays. Historically, searches for new particles focused on
massive and massless bosons called Majorons, the Gold-
stone bosons that arise from the spontaneous breakdown
of the global B−L symmetry. Searches for the violation
of fundamental principles have focused on Lorentz invari-

ance, the Pauli Exclusion Principle, and CPT symmetry.
We refer to Bossio and Agostini (2023) for a comprehen-
sive review of this topic. Future searches will have high-
sensitivity to additional physics, for instance exotic cur-
rents (Deppisch et al., 2020b), and light exotic fermions
such as sterile neutrinos or Z2-odd fermions (Agostini
et al., 2021c; Bolton et al., 2021).

In addition to distortions on the energy distribution,
next-generation 0νββ-decay experiments will be highly
sensitive to numerous beyond-Standard-Model processes
which could generate events with well defined energy de-
positions and/or time correlations. These searches in-
clude B-violating tri-nucleon decay (Albert et al., 2018;
Alvis et al., 2019b) and charge-violating electron decay
(Abgrall et al., 2017). Dark matter candidates such as
WIMPS (Abgrall et al., 2017; Agostini et al., 2020d;
Arnold et al., 2020; Liu et al., 2019) and axions (Abgrall
et al., 2017; Xu and Elliott, 2017) can also be identified
through an excess of events with a well-defined energy
distribution or time-modulation. New searches have been
proposed for inelastic boosted dark matter (Ha et al.,
2019) and fermionic dark matter (Dror et al., 2020), and
constraints have already been placed fractional-charge
lightly ionizing particles (Alvis et al., 2018).

E. What will be the next paradigm shift?

For half a century, the Standard Model of particle
physics has been the field’s paradigm. The discovery of
the Higgs boson, immediately recognized by the 2013 No-
bel Prize in physics, was its crowning achievement. At
the same time, we have known for almost two decades
that this model is incomplete and needs to be extended,
at least to incorporate massive neutrinos.

Extensions inspired by the very same symmetry prin-
ciples that underlie the Standard Model have been ex-
plored in the framework of gauge theories, which include
the so-called “Grand Unification” models. These theories
have however not been confirmed in spite of the exten-
sive experimental efforts to observe proton decay in the
1980s and 1990s. Some intrinsic features of the Standard
Model, such as CP-symmetry in strong interactions, or
the nature of radiative corrections in the Higgs sector,
have in turn suggested the possible existence of new par-
ticles, e.g., axions or supersymmetric particles. Searches
for these new particles have also been unsuccessful so far.

In the mean time, cosmological observations have led
to the development of a Standard Model of cosmology,
ΛCDM. Its very name invokes the existence of two forms
of matter that cannot be found in the Standard Model
of particle physics: dark matter and dark energy. Fur-
thermore, theoretical cosmology has proved unable to ac-
count for the cosmic baryon excess.

Finally, several experimental anomalies have emerged,
the most recent of which is the measurement of the
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anomalous magnetic moment of the muon (Abi et al.,
2021). These anomalies could also point to some missing
piece of the Standard Model.

Nonetheless, the only unequivocal manifestation of
physics beyond the Standard Model supported by labo-
ratory experiments is the evidence of neutrino oscillation,
recognized by the 2015 Nobel Prize in physics as a proof
that neutrinos are massive. This suggests that the im-
portance of further studies on the neutrino mass should
not be underestimated. The most promising theoretical
option is that the mass type is exactly the one proposed
by Majorana. Its experimental demonstration is a con-
crete and well-defined goal to strive for in the exploration
of physics beyond the Standard Model.

The best way to probe the Majorana nature of neu-
trinos is to measure the rate of neutrinoless double beta
decay — i.e., the rate at which electron pairs are created
in certain nuclear decays — an observation which would
lead to a profound change in our understanding of mat-
ter. Although we do not have an established theory that
can guide us safely in the next steps, we are just start-
ing a pioneering exploration of the next two, uncharted
orders of magnitude, an exciting journey that will bring
us a step closer to unlock the secrets of the universe.
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Engel, J, F. Šimkovic, and P. Vogel (2014), “Chiral Two-

Body Currents and Neutrinoless Double-Beta Decay in the
QRPA,” Phys. Rev. C 89, 064308.

Engel, J, P. Vogel, and M. R. Zirnbauer (1988), “Nuclear
Structure Effects in Double beta Decay,” Phys. Rev. C 37,
731–746.

Engel, Jonathan, and Gaute Hagen (2009), “Corrections to
the Neutrinoless Double-Beta-Decay Operator in the Shell
Model,” Phys. Rev. C 79, 064317, arXiv:0904.1709 [nucl-
th].

ENSDF, (2021), http://www.nndc.bnl.gov/ensdf.
Entwisle, J P, et al. (2016), “Change of nuclear configurations

in the neutrinoless double-beta decay of 130Te 130Xe and
136Xe 136Ba,” Phys. Rev. C 93, 064312.

Epelbaum, E, H. Krebs, and U.-G. Meissner (2008), “Delta-
excitations and the three-nucleon force,” Nucl. Phys.
A806, 65–78.

Esteban, I, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz,
and Albert Zhou (2020), “The fate of hints: updated global
analysis of three-flavor neutrino oscillations,” JHEP 09,
178, arXiv:2007.14792 [hep-ph].

Ettengruber, Manuel, Matteo Agostini, Allen Caldwell,
Philipp Eller, and Oliver Schulz (2022), “Discovering neu-
trinoless double-beta decay in the era of precision neutrino
cosmology,” arXiv:2208.09954 [hep-ph].
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