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Abstract

Neutrinos are the only particles in the Standard Model that could be Majorana fermions,
that is, completely neutral fermions that are their own antiparticles. The most sensi-
tive known experimental method to verify whether neutrinos are Majorana particles
is the search for neutrinoless double-beta decay. The last 2 decades have witnessed
the development of a vigorous program of neutrinoless double-beta decay experi-
ments, spanning several isotopes and developing different strategies to handle the
backgrounds masking a possible signal. In addition, remarkable progress has been
made in the understanding of the nuclear matrix elements of neutrinoless double-beta
decay, thus reducing a substantial part of the theoretical uncertainties affecting the
particle—physics interpretation of the process. On the other hand, the negative results
by several experiments, combined with the hints that the neutrino mass ordering could
be normal, may imply very long lifetimes for the neutrinoless double-beta decay pro-
cess. In this report, we review the main aspects of such process, the recent progress
on theoretical ideas and the experimental state of the art. We then consider the exper-
imental challenges to be addressed to increase the sensitivity to detect the process in
the likely case that lifetimes are much longer than currently explored, and discuss a
selection of the most promising experimental efforts.
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1 Introduction

Double-beta (88) decay is a very rare nuclear transition in which a nucleus with Z
protons decays into a nucleus with Z + 2 protons and the same mass number A. The
decay can occur only if the mass of the initial nucleus is larger than the one of the final
nucleus, and the transition to the Z + 1 state is forbidden or highly suppressed. There
are 35 naturally occurring isotopes that can undergo 8. Two decay modes are usually
considered: (i) the standard two-neutrino mode (882v), consisting of two simultaneous
beta decays, %X - 5 +‘§X/ + 2 e~ 4 2 v, which has been observed in several isotopes
with typical half-lives in the range of 10'8-10?! years; and (ii) the neutrinoless mode
(BBOV), ’%X -5 JSX’ +2 e~ , ahypothetical rare decay, which violates lepton-number
conservation, and is, therefore, forbidden in the Standard Model (SM).

The BB0v process cannot occur unless neutrinos are Majorana particles. If v is a
field describing a neutrino, stating that the neutrino is a Majorana particle is equivalent
to saying that the charge-conjugated field (that is, a field with all charges reversed)
also describes the same particle: v = v°. If such Majorana condition is not fulfilled,
we speak instead of Dirac neutrinos.

The theoretical implications of experimentally establishing B80v decay would,
therefore, be profound. In a broad sense, Majorana neutrinos would constitute a new
form of matter, given that no Majorana elementary fermions have been observed so
far.! Also, the observation of S80v decay would prove that total lepton number is not
conserved in physical phenomena, a fact that could be linked to the cosmic asymmetry
between matter and antimatter. Finally, Majorana neutrinos would mean that a new
physics scale must exist and is accessible in an indirect way through neutrino masses.

In addition to theoretical prejudice in favor of Majorana neutrinos, there are other
reasons to hope that experimental observation of 880v decay is at hand. Neutrinos are
now known to be massive particles thanks to neutrino oscillation experiments. If 80v
decay is mediated by the standard light Majorana neutrino exchange mechanism, a
non-zero neutrino mass would almost certainly translate into a non-zero S80v rate.
While neutrino oscillation phenomenology is not enough per se to provide a firm
prediction for what such a rate should be, it does give us hope that a sufficiently fast
one to be observable may be realized in nature.

The importance of massive Majorana neutrinos has triggered a new generation
of BB0v-decay experiments spanning several isotopes and a rich selection of exper-

1 Majorana-like collective excitations have instead been observed in certain superconducting materials [1].
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imental techniques. Five of them have published lower limits®> on the half-life of
the BB0v process (Tlo/vz) that exceed 10> years, increasing the sensitivity of previous

experiments by at least an order of magnitude. GERDA? and the MAJORANA DEMON-
STRATOR* (source isotope 7°Ge) found Tlo/"2 > 1.8 x 10% yr[2] and TIO/”2 > 8.3x10%
yr [3], respectively; CUORE? (source isotope '3Te) obtained TIO/"2 > 2.2x10% yr[4];
EX0-200° and KamLAND-Zen’ (source isotope 136X ¢) set limits of TIO/"2 > 3.5%10%
yr [5] and Tlo/"2 > 2.3 x 10?0 yr [6], respectively.

In addition, the CUPID demonstrators proved the feasibility of scintillating bolome-
ter detectors, which are currently envisioned as the successors of conventional
bolometers (such as those used by CUORE) and have set lower limits to the S80v pro-
cess for two relevant isotopes. For '%’Mo, CUPID-Mo set a limit of 7\, > 1.8 x 10**

yr [7], and for #2Se, CUPID-0 found 7}, > 4.6 x 10** yr [8].

Also, during the last five years, NEXT® has successfully demonstrated, through the
operation of the NEXT-White demonstrator, the suitability for 80v-decay searches
of the technology based on electroluminescent high-pressure xenon gas chambers
(HPXeEL). In spite of the small mass of NEXT-White (3.5 kg of 136X e in the fidu-
cial region), the detector has carried out a search for S80v events, setting a limit of
TIO/"2 > 1.3 x 10%* yr [9]. NEXT-100, currently under commissioning at the Labora-

torio Subterrdneo de Canfranc (LSC), deploys a much larger mass of '3°Xe and will
reach a sensitivity comparable to that of EXO-200.

It is important to remark that, in spite of the much increased sensitivity of the
experiments discussed above, the resulting limits on the effective neutrino mass (see
Sect. 3 for a detailed discussion) are relatively modest. For example, the limit set by
GERDA translates into mgg < 79-180 meV. The push to explore smaller neutrino
masses has resulted in a major experimental effort to build detectors which will deploy,
typically, one order of magnitude larger masses than their previous incarnations, while,
at the same time, reducing the background in the region of interest (ROI) by the same
amount. In the process, GERDA and the MAJORANA DEMONSTRATOR have joined
into a single collaboration, LEGEND,9 whose first phase, LEGEND-200, has already
started data taking. CUORE has mutated into CUPID,!? EX0-200 has inspired the
nEXO!!" proposal, which aims to scale up the LXe technology from about 200kg
to 5 tons, and the NEXT collaboration intends to follow up NEXT-100 with NEXT-
HD, a ton-scale HPXeEL, and is actively researching the possibility to build a detector
(dubbed NEXT-BOLD) capable of detecting the single Ba>* ion emitted in the decay as

2 Unless otherwise stated, all limits in this review are at 90% CL.

3 https://www.mpi-hd.mpg.de/gerda/.

4 https://sanfordlab.org/experiment/majorana-demonstrator.

5 https://cuore.Ings.infn.it/en.

6 https://www-project.slac.stanford.edu/exo/.

7 https://www.ipmu.jp/en/research-activities/research- program/kamland.
8 https://next.ific.uv.es/next/.

9 https://legend-exp.org.

10 https://www.Ings.infn.it/en/pages/cupid-en.

1 https://nexo.llnl.gov.
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a mean to drastically suppress backgrounds. Also, the large scintillating calorimeters,
KamLAND-Zen and SNO+,'? are proposing upgrades that are both larger and able to
control the background better. In addition, a host of R&D proposals is being developed
(see, for example, [10] and references therein).

Here, we review the state of the art of this exciting and rapidly changing field. The
organization of the paper is as follows. The introductory material is covered in Sects. 2
and 3. The key particle physics concepts involving massive Majorana neutrinos and
neutrinoless double-beta decay are laid out here. The current experimental knowledge
on neutrino masses, lepton number violating processes in general, and 80v in partic-
ular, is also described in Sects. 2 and 3. Sections 4-6 cover more advanced topics. The
theoretical aspects of the nuclear physics of B80v are discussed in Sect. 4. Sections 5
and 6 deal with experimental aspects of BB80v, and can be read without knowledge of
Sect. 4. An attempt at a pedagogical discussion of experimental ingredients affecting
BBOv searches is made in Sect. 5. Section 6 adds a description of selected past, present,
and future experiments.

2 Massive neutrinos
2.1 Current knowledge of neutrino mass and mixing

Neutrinos are the lightest known elementary fermions. They do not carry electric or
color charge, and are observable only via weak interactions. In the Standard Model of
elementary particles, neutrinos are paired with charged leptons in weak isodoublets.
Experimentally, we know that only three light—that is, of mass smaller than m 7z /2,
where m 7 is the mass of the Z boson—active neutrino families exist.

Neutrino oscillation experiments at the turn of the millennium unambiguously
demonstrated that neutrinos are massive particles [11-13]. Because of the inter-
ferometric nature of neutrino oscillations, such experiments can only measure
squared-mass differences and not the absolute neutrino mass scale. Solar and reactor
experiments have measured one mass difference, the so-called solar mass splitting, to
be: Am3, = m3 —m?} = (7.411)31) x 107> eV2. Atmospheric and accelerator-based
experiments have measured a different mass splitting, the so-called atmospheric mass

splitting, to be: |Am3,| = |m3 —m?| = (2.51170058) x 1073 eV2 3> Am3,. In the

standard three-neutrino paradigm, those are the only two independent mass splittings
available. The best-fit values and 1o ranges quoted above were obtained from a recent
global three-neutrino fit [14]. Similar results are obtained in other global analyses [15,
16].

The observation of neutrino flavor oscillations also implies that the neutrino states
participating in the weak interactions (flavor eigenstates) are different from the neu-
trino states controlling free particle evolution (mass eigenstates). In other words, the
three weak eigenstates |vy), o = e, U, T, can be expressed as a linear combination of

12 https://snoplus.phy.queensu.ca.
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the three mass eigenstates |v;), i = 1,2,3

va) =D Uzivi), ey

where U is a 3 x 3 unitary neutrino mixing matrix different from unity. Equation (1)
implies the violation of the individual lepton flavors L, but not necessarily the vio-
lation of the total lepton number L = > o La = Le + Ly + L. The neutrino mixing
matrix is usually parametrized in terms of 3 Euler angles (612, 013, 623) and 3 phases
(8, a21, @31); see, for example, [17]. If the massive neutrinos are Dirac particles (see
Sect. 2.2), only the Dirac phase § is physical and can be responsible for CP violation
in the lepton sector. If the massive neutrinos are Majorana particles (Sect. 2.2), the
two additional Majorana phases (o1, «31) are also potentially observable.

Neutrino oscillation experiments have measured with few-percent level accuracy
the flavor content of the neutrino mass states participating in neutrino mixing. Atmo-
spheric and accelerator-based neutrino oscillation experiments are mostly driven by
v, — v oscillations, with a sub-leading yet well-established v, — v, oscillation
component. They have, therefore, measured the muon and tau flavor contents of the v3
mass state to be large and similar among them (|U 3 |2 ~ U3 |2 ~ (.5), and that such
mass state has little electron flavor content (|U,3|> ~ 0.02). On the other hand, solar
and reactor neutrino oscillation experiments are consistent with v, — v, and v, — v;
transitions. They have measured |U,»|*> ~ 0.3. The remaining elements of the leptonic
mixing matrix can be derived assuming unitarity. More precisely, according to [14],
the 30 ranges in the magnitude of the elements of the three-flavor leptonic mixing
matrix under the assumption that the matrix U is unitary are the following:

0.803 — 0.845  0.514 — 0.578  0.143 — 0.155
Ul = | 0.244 — 0498  0.502 — 0.693  0.632 — 0.768 | . )
0272 — 0.517 0473 — 0.672  0.623 — 0.761

The three outstanding unknowns of the three-neutrino mixing framework that are
potentially observable in the current and future neutrino oscillation experiments are:
the neutrino mass ordering (m3 > m or vice versa), the dominant flavor of the v3
state (|Uy3 |2 > |Ugs |2, or vice versa'?), and whether CP violation is violated in the
neutrino sector (§ # 0, r or not).

Concerning the neutrino mass ordering, current neutrino oscillation results cannot
yet differentiate between two possibilities, usually referred to as normal and inverted
orderings. In the former, the gap between the two lightest mass eigenstates corresponds
to the small mass difference (Am%1 ), while in the second case, the gap between the
two lightest states corresponds to the large mass difference (Am%l). While we do
not know at present whether v3 is heavier or lighter than vy, we do know that v,
is heavier than vy, thanks to matter effects affecting the propagation of neutrinos
inside the Sun. The exploitation of the same type of matter effect in accelerator-based

13 This is often called the 03 octant unknown, given that |U, M3\2 > |U,3|2 implies 63 > 7 /4, while
|Uy31% < |Ur3|? implies 623 < /4.
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Fig. 1 Probability of finding a certain neutrino flavor in each neutrino mass eigenstate as the CP-violating
phase, §, is varied. The left and right panels show the normal (NO) and inverted (I0) mass orderings,
respectively. Neutrino masses increase from bottom to top. The electron, muon, and tau flavor content of
each neutrino mass eigenstate is shown via the blue, red, and yellow fractions, respectively. Reproduced
from [18]

and atmospheric neutrino experiments should allow us to experimentally establish
the neutrino mass ordering in the relatively near future. Future long-baseline neutrino
oscillation experiments should also be able to resolve the |U ;3 |2 > |U;3 |2 (923 octant)
unknown, and to measure leptonic CP violation, provided that the true value of § is
sufficiently different from O and 7. An independent approach to resolve the neutrino
mass ordering, one that does not rely on matter effects is being pursued in medium-
baseline reactor antineutrino experiments. In this case, the oscillation interference
between the Am% | and Am%2 mass splittings is exploited.

The current knowledge on neutrino masses and mixings provided by neutrino oscil-
lation experiments is summarized in Fig. 1. The diagram shows the two possible mass
orderings that are compatible with neutrino oscillation data, with increasing neutrino
masses from bottom to top. In addition, the electron, muon, and tau flavor content of
each mass eigenstate is also shown.

The absolute value of the neutrino mass scale can instead be probed via neutrinoless
double-beta decay searches, cosmological observations, and beta decay experiments.
Only upper bounds on the neutrino mass, of order ~ 1 eV, currently exist. Constraints
on the lightest neutrino mass coming from neutrinoless double-beta decay will be
discussed in Sect. 3.3. In the following, we briefly summarize cosmological and beta
decay constraints.

Primordial neutrinos have a profound impact on cosmology, since they affect both
the expansion history of the Universe and the growth of perturbations (see, for instance,
reference [19]). Cosmological observations can probe the sum of the three-neutrino
masses

3
Mcosmo = Z m;. 3)
i=1

Cosmological data are currently compatible with massless neutrinos. Several upper
limit values on m¢osmo can be found in the literature, depending on the details of the
cosmological datasets and of the cosmological model that were used in the analysis. A
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Fig. 2 Constraints on the lightest neutrino mass mjjgp; coming from cosmological (upper panel) and B
decay (lower panel) experiments. The red and green bands correspond to the normal and inverted orderings,
respectively. The mcosmo and m g upper bounds in the top and bottom panels are from [21, 22], respectively.
They translate into the mjjgh upper limits shown via the vertical dashed lines

conservative upper limit of mcosmo < 0.13 eV at 95% confidence level is obtained when
Cosmic Microwave Background (CMB) temperature measurements from the Planck
satellite [20] are combined with the most recent Baryon Acoustic Oscillation (BAO)
measurements from the Sloan Digital Sky Survey (SDSS) galaxy surveys including
eBOSS [21], in the framework of a Lambda Cold Dark Matter (ACDM) model with
dark energy whose equation of state is fixed to —1. Even the use of Planck CMB
temperature and polarization data alone yields a very robust, and competitive, limit
Meosmo < 0.26 eV at 95% CL [20]. The relationship between mosmo, defined in
Eq. (3), and the lightest neutrino mass mjjgnc—that is, m1 (m3) in the case of normal
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(inverted) ordering—is shown in the top panel of Fig. 2. The two bands correspond to
the normal and inverted orderings, respectively. The width of the bands is given by the
30 ranges in the mass oscillation parameters Am%] and Am%l [14]. The horizontal
band in the top panel of Fig. 2 is the upper limit on mcosmo- The Meosmo < 0.13 eV
upper bound translates into a limit of mj;gne < 0.034 eV at 95% CL in the normal-
ordering case, as shown by the vertical dashed line in the top panel of Fig. 2, and into
an even stricter myighe bound in the inverted ordering case.

The neutrino mass scale can also be probed in laboratory-based experiments (see,
for example, [23]). The differential electron energy spectrum in nuclear 8 decay exper-
iments is generally a superposition of spectra corresponding to the different neutrino
mass eigenstates with masses m; that contribute to the electron flavor. Since the energy
resolution of current experiments cannot resolve the tiny mass differences Am;; of
the three light-neutrino mass eigenstates, effectively the mass combination probed is
given by

3
my ~ Y |Uei|*m]. 4
i=1

The relationship between mg in Eq. (4) and mjjgp, is shown in the bottom panel
of Fig. 2. Again, the results of a recent global fit to neutrino oscillation data [14] are
used to determine the 30 bands for both the normal and inverted orderings. From the
experimental point of view, the region of interest for the study of neutrino properties is
located near the 8 endpoint. The most sensitive searches conducted so far are based on
the decay of tritium, via *H —3 He™ e~ 1,, mostly because of the very low 8 endpoint
energy of this element (18.6 keV). As for cosmology, 8 decay searches of neutrino
mass have so far yielded negative results. The horizontal band in the bottom panel of
Fig. 2 comes from the KATRIN experiment bound, mg < 0.8 eV at 90% CL [22]. The
resulting constraint on miign, is less stringent than the cosmological one, miighe S 0.8
eV at 90% CL.

2.2 The origin of neutrino mass: Dirac versus Majorana neutrinos

Are neutrinos their own antiparticles? If the answer is no, we speak of Dirac neutrinos.
If the answer is yes, we speak of Majorana neutrinos. Both possibilities exist for the
neutrino, being electrically neutral and not carrying any other charge-like conserved
quantum number. Whether neutrinos are Majorana or Dirac particles depends on the
nature of the physics that give them mass, given that the two characters are physically
indistinguishable for massless neutrinos.

In the Standard Model, only the negative chirality component W, of a fermion field
W = Wp 4 W, isinvolved in the weak interactions. A negative (positive) chirality field
W, (R) is a field that obeys the relations Prg)Wp(r) = Y (r) and PryVr(g) = 0,
where P, = (1 — y5)/2 and Pgr = (1 + y5)/2 are the positive and negative chiral
projection operators.

For massless neutrinos (see, for example, [24]), only the negative chirality neutrino
field vy, is needed in the theory, regardless of the Dirac/Majorana nature of the neu-
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trino discussed below, since neutrinos only participate in the weak interactions. This
field describes negative helicity neutrino states |vy) and positive helicity antineutrino
states.!* The positive and negative helicity states are eigenstates of the helicity oper-
ator h = o - p with eigenvalues 41/2, respectively, where & is the neutrino spin and
p the neutrino momentum direction. The fact that vy annihilates particles of nega-
tive helicity, and creates antiparticles with positive helicity, is not inconsistent with
Lorentz invariance, given that the helicity is the same in any reference frame for a
fermion traveling at the speed of light. In the Standard Model with massless neutrinos,
positive helicity neutrinos and negative helicity antineutrinos do not exist. As a con-
sequence, and since a negative helicity state transforms into a positive helicity state
under the parity transformation, the chiral nature of the weak interaction (differenti-
ating negative from positive chirality) implies that parity is maximally violated in the
weak interactions.

For relativistic neutrinos of non-zero mass m, the neutrino field participating in the
weak interactions has still negative chirality, vy, but there are sub-leading corrections
to the particle annihilation/creation rules described above. The state |vy ) that is anni-
hilated by the negative chirality field v; is now a linear superposition of the —1/2
and +1/2 helicity states. The 41/2 helicity state enters into the superposition with a
coefficient o m/ E, where E is the neutrino energy, and is therefore highly suppressed.

Neutrino mass terms can be added to the Standard Model Lagrangian in two ways
(see, for example, [25]). The first way is in direct analogy to the Dirac masses of
quarks and charged leptons, by adding the positive chirality component vg of the
Dirac neutrino field, describing predominantly positive helicity neutrino states and
predominantly negative helicity antineutrino states that do not participate in the weak
interactions

— Lp =mp(WLVg +VRVL), (5)

where mp = yv/+/2 > 0, y is a dimensionless Yukawa coupling coefficient and
v/+/2 is the vacuum expectation value of the neutral Higgs field after electroweak
symmetry breaking. In Eq. (5), vy, and vy are, respectively, the negative and positive
chirality components of the neutrino field v. The chiral spinors v; and vg have only
two independent components each, leading to the four independent components in
the spinor v. This is different from the case of massless neutrinos, where only the
two-component spinor vy was needed.

The second way in which neutrino mass terms can be added to the Standard Model
Lagrangian is unique to neutrinos. Majorana first realized [26] that, for neutral parti-
cles, one can remove two of the four degrees of freedom in a massive Dirac spinor by
imposing the Majorana condition

Ve =, (6)

14 As customarily done, we use the subscript “L” to denote both negative helicity states |vy ) and negative
chirality fields vy, since the terms left-handed helicity states and left-handed chirality fields are also com-
monly used. Similarly, we denote positive helicity states and positive chirality fields with the subscript “R”,
as in “right-handed”.
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where v¢ = CvT = C(y%)Tv* is the CP conjugate of the field v, C is the charge-
conjugation operator, (vz)¢ = (v°)g has positive chirality, and (vg) = (v°)r has
negative chirality. This result can be obtained by decomposing both the left-hand and
right-hand sides of Eq. (6) into their chiral components, yielding

vg = (vp)° (7

and therefore proving that the positive chirality component of the Majorana neutrino
field vg is not independent of, but obtained from, its negative chirality counterpart vy .
By substituting Eq. (7) into the mass term in Eq. (5), we obtain a Majorana mass term

1 _
- Ly = EmL(W(VL)C + (vp)vp), )

where m is a free parameter with dimensions of mass. This Lagrangian mass term
implies the existence of a weak isospin triplet scalar (a Higgs triplet), with a neutral
component acquiring a non-vanishing vacuum expectation value after electroweak
symmetry breaking. Equation (8) represents a mass term constructed from negative
chirality neutrino fields alone, and we therefore call it a negative chirality Majorana
mass term. If positive chirality fields also exist and are independent of negative chirality
ones, this is not the only possibility. In this case, we may also construct a second
Majorana mass term, a positive chirality Majorana mass term

1 -
—Lp = EmR(W(VR)C + (VR)CVR). 9

In the Standard Model, right-handed fermion fields such as vg are weak isospin
singlets. As a consequence, and in contrast with m p or m, the mass parameter mp, is
therefore not connected to a Higgs vacuum expectation value, and could be arbitrarily
high. All three mass terms in Egs. (5), (8) and (9) convert negative chirality states into
positive chirality ones.!> Chirality is, therefore, not a conserved quantity, regardless
of the Dirac/Majorana nature of neutrinos. Furthermore, the Majorana mass terms in
Eqgs. (8) and (9) convert particles into their own antiparticles. As stated previously,
they are therefore forbidden for all electrically charged fermions because of charge
conservation. But not only: processes involving Majorana mass terms violate the Stan-
dard Model total lepton number L = L, + L, + L; by two units (|AL| = 2), which
is not a good quantum number anymore.

Which of the mass terms allowed in theory, among Lp, £ and Lg in Egs. (5), (8),
and (9) exist in nature? What are the numerical values of the corresponding coupling
constants mp, mp,, mg? These questions can in principle be answered experimentally.
Majorana and Dirac massive neutrinos will in fact have different Standard Model inter-
actions. Let us consider for now an instructive, albeit unrealistic, scattering experiment;
see Fig. 3.

15 This is because the charge conjugate of a field with a given chirality, such as the ones appearing in Egs. 8
and 9, always has the opposite chirality.
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helicity Conserved L I prod. I+ prod. helicity I prod. I+ prod.

<= 12 +1 1 0 <= 12 1 0
_— _—

<= A2 4 0 (MEP<<1 =) Ry 0 1
_— —_—

=) /2 +1 (M/E)2<< 1 0

=) 12 -1 0 1
_—

Fig.3 Thedifference between Dirac (left) and Majorana (right) massive neutrinos in a scattering experiment.
See text for details. Adapted from [27]

In the Dirac case, Standard Model interactions conserve lepton number L, with
L(v) = L(I7) = —L() = —L(%) = +1, where [T indicates charged leptons.
Particles are then identified as neutrinos or antineutrinos in accordance with the process
through which they are produced. Charged-current interactions of Dirac neutrinos (as
opposed to antineutrinos) produce only /™ and carry a well-defined lepton number
L = —1, and vice versa. As shown in Fig. 3, for Dirac neutrinos, we would thus have
four mass-degenerate states: for each of the two available helicity states, '© two distinct
particle/antiparticle states characterized by a different L value would be available.
Standard Model interactions of neutrino (as opposed to antineutrino) states of positive
helicity would have, however, much weaker /™ -producing interactions with matter
compared to neutrino states of negative helicity, as indicated by the coefficients in
Fig. 3. On the other hand, we have seen that in the Majorana case, L is not conserved.
We would only have two mass-degenerate states, defined by the two available helicity
states; see Fig. 3.

Given these differences between Dirac and Majorana massive neutrinos, can we
establish which of the two possibilities is realized in Nature via a scattering experi-
ment? In practice, no. The reason is that [~ production from positive helicity Dirac
neutrinos (and /* production from negative helicity Dirac antineutrinos) is expected
to be highly suppressed in the ultra-relativistic limit, and cannot be experimentally
observed. Experimentally, all we know is that the neutral particle produced in asso-
ciation with a I™ produces, when interacting, a /™. In the Dirac case, lepton number
conservation is assumed, and such neutral particle is identified as the neutrino, with
L = —1.Inthe Majorana case, such neutral particle is instead identified as the negative
helicity state, interacting differently from its positive helicity counterpart. Both inter-
pretations are viable, and what happens when a neutrino interacts can be understood
without invoking a conserved lepton number [28].

Interestingly, the possible observation of the scattering of non-relativistic neutri-
nos has attracted recent attention. In the non-relativistic case, the difference between
Majorana and Dirac neutrinos would become pronounced. The only source of non-
relativistic neutrinos known in Nature is the Cosmic Neutrino Background (CNB).
Strong indirect evidence for CNB neutrinos exists from cosmological probes, although
the CNB has never been directly detected thus far. The neutrino capture on beta-

16 As mentioned above, the weak interaction is maximally parity violating, and therefore, the two helicity
states are distinguishable.
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Fig.4 Hierarchical structure of elementary particle masses. Only upper bounds for neutrino masses exist.
Both normal and inverted neutrino mass ordering scenarios are shown. Mass values are taken from [17]

decaying nuclei, such as tritium (v + >H — 3He + ¢ ™) and first proposed by Weinberg
[29], is being explored by the PTOLEMY Collaboration for the CNB detection [30].
The observation of such a process with sufficient event statistics would provide infor-
mation on the Dirac/Majorana nature of neutrinos, considering that the capture rate for
Majorana neutrinos can be up to a factor of two larger than the one for Dirac neutrinos
[31].

2.3 The see-saw mechanism

Neutrino masses, although not measured yet, are known to be small, of the order of
1 eV or less; see Sect. 2.1. Such mass values are much smaller than the masses of all
other elementary fermions; see Fig. 4. The explanation of neutrino masses via Dirac
mass terms alone require neutrino Yukawa couplings of the order of 107!2 or less.
The current theoretical prejudice is that neutrino Yukawa couplings with y, < 1 and
yy < y; are unnatural, if not unlikely.

The so-called see-saw mechanism provides a way to accommodate neutrino masses
that is considered more natural. The simplest realization of the see-saw model is to
add both a Dirac mass term and a positive chirality mass term to the Lagrangian, as
given by Egs. (5) and (9), respectively, for each of the three neutrino flavors. This is
sometimes called the type I see-saw mechanism, where we take my = 0, mp # 0,
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and mp # 0. In this case, the neutrino mass terms can be recast in the matrix form

l—
— LDiR = 5 N M N +he., (10)

where the matrix M has the form

0 m
M= (mD mi) , (an
and the negative chirality vector Ny, is
%
N = ((VRL)C> . 12)

The chiral fields vy, and vg do not have a definite mass, since they are coupled by
the Dirac mass term. To find the fields vz and N with definite masses m and M|,
respectively, it is necessary to diagonalize the mass matrix in Eq. (10). In other words,
it is necessary to find a unitary mixing matrix ¢/, such that

Ut My = ("Z)‘ ]81), (13)
where
N =Uny, with np = (K,‘ILL) (14)

For each neutrino flavor, two fields of definite chirality and definite mass are there-
fore obtained, and the diagonalized mass terms can be written as

1 - __
—Lpyr = 3 (ml (ip)¢vir + My (N1p)© N1L> +h.c. (15)

Both terms in Eq. (15) have the same form as the pure negative chirality Majorana
mass term in Eq. (8). In other words, both mass eigenfields vi;, and Ny, are equal to
their CP-conjugate fields, and thus, both describe Majorana particles. The insertion of
a Dirac mass term and a positive chirality Majorana mass term in the Lagrangian for
massive neutrinos has resulted in Majorana particles.

Since the positive chirality fields are electroweak singlets in the Standard Model,
the Majorana mass of the neutrino described by such field, mg, may be orders of
magnitude larger than the electroweak scale. In the so-called see-saw limit, we assume
that neutrino Yukawa couplings are of the order of the charged fermion couplings,
and that mg > mp is of the order of some high mass scale where new physics
responsible for neutrino masses is supposed to reside. In this approximation, the see-
saw mechanism naturally yields a small mass eigenvalue m| ~ mZD /mgr <K mp for
a predominantly negative helicity neutrino mass state, and a large mass eigenvalue
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M) >~ mpg for a predominantly positive helicity (and therefore sterile) neutrino mass
state. A very heavy N corresponds to a very light vy and vice versa, as in a see-saw.

The see-saw mechanism presented above can easily be generalized from the one-
family case that we discussed to three-neutrino species, yielding the three light
neutrinos v; we are familiar with, and three heavy neutrinos N;, with i = 1,2, 3
[25]. In this case, the neutrino mass matrix in Eq. 10 is a 6 x 6 mass matrix of the
form

Y ( 0 (MD)T), (16)

MP MR

where MP and MR are now 3 x 3 complex matrices, and the six-component vector
of negative chirality fields has the form

; Vel (vis)C
Ny = < L C) . with vy = [ v and  (vp)° = | (vur) | . (17)
(Vg) VrL (Vs3R)¢
3

In Eq. 17, the subscripts e, u, t label the active neutrino flavors, while the subscripts
s1, 2, s3 indicate sterile states that do not participate in the weak interactions. The
mass matrix is diagonalized via a 6 x 6 mixing matrix V) analogous to ¢/ in Eq. 13,
where the three negative chirality fields and the three positive chirality fields are
now expressed in terms of the negative chirality components of 6 massive neutrino
fields vir, i =1, ..., 6. In the see-saw limit where the eigenvalues of M R are much
larger than those of MP, the 6 x 6 mass matrix in Eq. 16 can be written in block-
diagonal form M =~ diag(Miight, Mheavy), Where the two 3 x 3 mass matrices of the
light and heavy neutrino sectors are practically decoupled, and given by Mijght =
—(MPYT(MR)IMP and Mpeavy >~ MR, respectively.

For the low-energy phenomenology, it is sufficient to consider only Mijgnt, some-
times called the neutrino mass matrix m,, that is the 3 x 3 matrix in the flavor basis
which is diagonalized by the matrix U

U Mijgn U = diag(my, ma, m3), (18)

where the neutrino mixing matrix U appearing in Eq. (18) is the same matrix defined
in Eq. (1), and m, my, m3 are three light-neutrino mass eigenvalues discussed in
Sect. 2.1.

An important assumption in the simplest realization of the see-saw mechanism
described above is that m; = 0. This assumption is not arbitrary, and directly follows
from enforcing the gauge symmetries of the Standard Model; see for example [25].

There exist other realizations of the see-saw mechanism, which differ from the
Type-I mechanism in the nature of the new heavy degrees of freedom that are added
to the Standard Model. While three gauge-singlet fermions are introduced in Type-I,
Type-I1, and Type-III, see-saw models add one gauge-triplet scalar and three gauge-
triplet fermions, respectively.
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Fig.5 Feynman diagrams that contribute to the lepton number asymmetry through the decays of the heavy
Majorana neutrino N7 into the Higgs ¢ plus leptons /. The asymmetry is generated via the interference of
the tree-level diagram (left) with the one-loop vertex correction (center) and the self-energy (right) diagrams
(adapted from [32])

2.4 Leptogenesis

Inflationary models of the Universe predict matter and antimatter to be equally abun-
dant at the very hot beginning, given that any potential initial asymmetry would have
been diluted away by inflation. However, the observable Universe today is almost
entirely made of matter! This matter dominance today is consistent with the small
level of baryon asymmetry that is inferred from BBN and CMB observations, given
that annihilation of matter with antimatter would have left us in a matter-dominated
Universe today. The baryon asymmetry has been precisely measured [17, 20]

B8 7B _ 274 % 1071°Q,h2 = (6.12 £ 0.04) x 10710, (19)

ny

=
Il

where npg, ng, n, are the number densities of baryons, antibaryons, and photons,
Qph? = (0.0224 4+ 0.0001) is the fraction of the critical energy density carried by
baryons,and s = Hy/100km-s~!-Mpc~! = (0.67440.005) is the Hubble parameter,
where Hy is the Hubble constant today.

What caused this matter—antimatter asymmetry in the early Universe? The baryon
asymmetry could have been induced by a lepton asymmetry: leptogenesis (see, for
example, [32, 33]). If neutrinos are Majorana particles, the decays of the heavy Majo-
rana neutrinos into leptons [, plus Higgs particles ¢ in the early Universe provide an
ideal scenario for leptogenesis. Heavy Majorana neutrinos are their own antiparticles,
so they can decay to both /¢ and [, ¢ final states. If there is an asymmetry in the two
decay rates, a net lepton asymmetry will be produced. Figure 5 shows the processes
that would contribute to a net lepton asymmetry in the presence of heavy Majorana
neutrino decays, in the simplest case where the asymmetry is dominated by the decay
of the lightest among the three heavy neutrinos, N;. Finally, this lepton asymmetry can
be efficiently converted into a baryon asymmetry via the so-called sphaleron processes
(see [32, 33] for details).

In more detail, for leptogenesis to occur, three conditions must be met. These con-
ditions directly follow from the ingredients that are required to dynamically generate
a baryon asymmetry (Sakharov’s conditions [34]):

1. Presence of lepton number violating processes;
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2. Beyond-SM sources of CP violation!7;
3. Departure from thermal equilibrium, so that the inverse processes do not wash out
the generated lepton asymmetry.

The decay of heavy Majorana neutrinos can provide all of these conditions, namely

1. Total lepton number is violated in these decays;

2. CP can be violated in these decays, provided that there is more than one heavy
Majorana field;

3. Departure from thermal equilibrium is obtained if the decay rate is slower than the
expansion rate of the Universe at the time of decoupling, occurring for 7" ~ M,
where T is the temperature of the Universe’s thermal bath, and M is the mass of
the lightest among the three heavy neutrinos.

To be fully successful, any theory of leptogenesis must be able to explain the observed
magnitude of baryon asymmetry given in Eq. (19). Leptogenesis via heavy Majorana
neutrino decays is in principle able to do this. In this case, the asymmetry in lepton
flavor o produced in the decay of Ny, defined as

T(Ni — ¢lo) — T(N| — $ly)
['(N; — ¢l) + T (Ny — ¢l)

(20)

Eaa

should be of order |e4¢| > 1077 [33], where the factors I in Eq. (20) stand for the decay
rates into the corresponding N decay final states. It is at present unclear whether there
is a direct connection between the high-energy CP-violating processes responsible for
the asymmetry in the early Universe of Eq. (20), and the low-energy CP-violating
processes that may potentially affect laboratory-based experiments. Nonetheless, the
discovery of CP violation in the lepton sector via neutrino oscillations on the one hand,
and the discovery of the Majorana nature of neutrinos via neutrinoless double-beta
decay on the other, would undoubtedly strengthen the case for leptogenesis as a source
of the baryon asymmetry of the Universe.

2.5 Lepton number violating processes

We have seen that Majorana mass terms induce lepton number violating processes
of the type |AL| = 2. The Majorana nature of the heavy neutrino needed for lepto-
genesis, discussed in Sect. 2.4, implies lepton number violating processes. However,
this decay is unobservable in a laboratory-based experiment, given the tremendous
energies needed for the production of such a heavy neutrino.'® A number of more
promising lepton number violating processes have been proposed to probe the Majo-
rana nature of neutrinos. The best-known example is S80v, the subject of this review
and introduced in Sect. 3. We anticipate that S80v is considered the most promising

17 CP violation is allowed by the Standard Model and has been measured; however, the magnitude of such
CP-violating effects is far too small to provide the necessary amount of leptogenesis.

18 For strongly hierarchical heavy neutrino masses, a lower bound on the right-handed neutrino mass from
leptogenesis of order 10° GeV is obtained [35].
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probe of the Majorana nature of neutrinos. However, and because of neutrino mix-
ing, the phenomenology associated with |AL| = 2 processes is very rich. The basic
process with |AL| = 2 is mediated by [36]

WoW™ — I, 1y, (21)
and we can categorize such processes according to the lepton flavors (o, ) involved.
Assuming no lepton flavor violating contributions other than light Majorana neutrino
exchange, the matrix element for the generic |AL| = 2 process in Eq. (21) is propor-
tional to the element («, B) of the neutrino mass matrix

3
(M) = (U*diag(m],mz, mg)UT)aﬁ =S vz ugm, 22)

i=1

where m, = M'1€h s the matrix appearing in Eq. (18), Uy; are the elements of the 3x3
neutrino mixing matrix appearing in Eq. 1, and m; are the three light-neutrino masses.
In a sense, this effective neutrino mass definition provides a metric to compare the
sensitivity of various |[AL| = 2 processes. The processes with the most competitive
constraints on |AL| = 2 processes involving the flavors (o, §) are reported in Table 1.

As is apparent in Table 1, indeed, the constraint on the effective Majorana mass
me. coming from BB0v searches outperforms by several orders of magnitude other
searches involving a different flavor combination (¢, 8). The most important reason
behind this is of statistical nature. While it is possible to amass macroscopic quantities
of a BB emitter to study BB0v decay [as we will see, even O(1 ton) of isotope is in the
cards of several experiments], this is not the case for the other experimental techniques
listed in Table 1. Nevertheless, it is important to keep exploring lepton flavor violating
processes other than S80v for two reasons. First, it is in principle possible that phase
cancelations are such that m,, < mqg with (o, B) # (e, e), making the search
for B0V much less favorable than others because of Nature’s choice of neutrino
masses and mixings. Second, this effort may lead to the identification of an even most
promising experimental probe of lepton flavor violation in the future.

3 Neutrinoless double-beta decay
3.1 Double-beta decay modes

Double-beta decay is a rare nuclear transition in which a nucleus with Z protons decays
into a nucleus with Z 4 2 protons and the same mass number A. The decay can occur
only if the atomic mass of the initial nucleus is larger than the one of the final nucleus,
and both more than the one of the intermediate nucleus, as shown in Fig. 6. Such a
condition is fulfilled by 35 nuclides in nature because of the nuclear pairing force (see
Sect. 4.2), ensuring that nuclei with even Z and N are more bound than the odd—odd
nuclei with the same A = Z + N.
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The standard decay mode (882v) consisting of two simultaneous beta decays
(Z,A) > (Z+2,A)+2e +2V, (23)

was first considered by Maria Goeppert-Mayer in 1935 [37]. Total lepton number is
conserved in this mode, and the process is allowed in the Standard Model of particle
physics. This process was first detected in 1950 using geochemical techniques [38].
The first direct observation of S82v events, in 32Se and using a time projection cham-
ber, did not happen until 1987 [39, 40]. Since then, it has been repeatedly observed
in several nuclides. Typical lifetimes are of the order of 10'°-10%! years, among the
longest ever observed among radioactive decay processes,'”. For a list of 882v half-
lives measured in several isotopes, see Table 2 [42]. The longest half-life in Table 2 is
the one for 13°Xe, which was measured for the first time only in 2011 [43].
The neutrinoless mode (880v)

(Z,A) > (Z+2,A)+2e (24)

was first proposed by W. H. Furry in 1939 [72] as a method to test Majorana’s the-
ory [26] applied to neutrinos. In contrast to the two-neutrino mode, the neutrinoless
mode violates total lepton number conservation and is therefore forbidden in the Stan-
dard Model. Its existence is linked to that of Majorana neutrinos (see Sect. 3.2). No
convincing experimental evidence of the decay exists to date.

The two modes of the B decay have some common and some distinct features
[73]. The common ones are as follows:

19 o our knowledge, only the closely related two-neutrino double-electron capture process of 124 with
a half-life of (1.8 x 0.5) x 1022 yr [41] has been measured directly to have a longer half-life than the B82v
processes in Table 2.
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Fig.7 Spectra for the sum
kinetic energy 77 + T of the
two electrons, for different 88
modes: BB2v, BBOv, and BB

decay with Majoron emission r B 62 v
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e The leptons carry essentially all the available energy, and the nuclear recoil is
negligible.

e The transition involves the 0 ground state of the initial nucleus and, in almost all
cases, the 0 ground state of the final nucleus. For some isotopes, it is energetically
possible to have a transition to an excited 07 or to a 2% final state,”” even though
they are suppressed because of the smaller phase space available.

e Both processes are second-order weak processes, i.e., their rate is proportional to
G‘;, where G r is the Fermi constant. They are, therefore, inherently slow. Phase-
space considerations alone would give preference to the S80v mode, which is,
however, forbidden by total lepton number conservation.

The distinct features are:

e Inthe BB2v mode, the sum electron kinetic energy 77 + 7> spectrum is continuous
and peaked below Qgg/2, where Qgg is the Q-value of the reaction. In the 880v
mode, since no light particles other than the electrons are emitted and given that
nuclear recoil energy is negligible, the 77 + 7> spectrum is a mono-energetic line
at Qpgg, smeared only by the detector resolution. This is illustrated in Fig. 7.

e The 882v mode probes momentum transfers of order O(Qgg) ~ O(1 MeV), while
the SB0v reaction probes much higher momentum transfers of order O(m,) =~
O(100 MeV).

In addition to the two basic decay modes described above, several decay modes
involving the emission of a light neutral boson, the Majoron (x ), have been proposed
in extensions of the Standard Model; see Sect. 3.4.

20 The transition to an excited 07 final state has been observed for both 199Mo [74-80] and 150Nd [81-83].

@ Springer



The search for neutrinoless double-beta decay 641

While, in the following, we will focus on S80v as defined in Eq. (24), there are
three closely related lepton number violating processes that can be investigated:

BTBTOv: (Z,A) — (Z—2,A)+2¢" (25)
BTECOV:e™ +(Z,A) = (Z —2,A) +e* (26)
ECECOv : 2e™ +(Z,A) — (Z —2, A)*~. (27)

Such processes are called double positron emission, single positron emission plus
single-electron capture (EC), and double-electron capture, respectively. All three
involve transitions where the nuclear charge decreases (as opposed to increasing,
as in SB0v) by two units. From the theoretical point of view, the physics probed by
BT B0V, BTECOV and ECECOv is identical to the one probed by 80v. From the
experimental point of view, however, B 870v and BTECOv are less favorable than
BBOv because of the smaller phase space available. On the other hand, the process
ECECOv is gaining some attention recently as a promising (but still much less devel-
oped) alternative to BB0v, since a resonant enhancement of its rate can in principle
occur [84].

In the following, the neutrinoless mode BB0v is discussed in more detail, from both
the theoretical and experimental point of views.

3.2 The black box theorem

In general, in theories beyond the Standard Model, there may be several sources
of total lepton number violation which can lead to B80v. Nevertheless, as it was first
pointed out in reference [85], irrespective of the mechanism, S80v necessarily implies
Majorana neutrinos. This is called the black box (or Schechter—Valle) theorem. The
reason is that any AL # 0 diagram contributing to the decay would also contribute to
the (e, e) entry of the Majorana neutrino mass matrix, (m1,)... This is shown in Fig. 8,
where a v, — v, transition, that is a non-zero (m,)., is induced as a consequence of
any AL # 0 operator responsible for S80v.

Fig.8 Diagram showing how any neutrinoless double-beta decay process induces a v-to-v transition, that
is, an effective Majorana mass term. This is the so-called black box theorem [85]
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Fig.9 The standard mechanism
for B0V decay, based on light dL uL
Majorana neutrino exchange
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From a quantitative point of view, however, the diagram in Fig. 8 corresponds to a
tiny (of order O(10~28 eV)) mass generated at the four-loop level, and is far too small
to explain the neutrino mass splittings observed in neutrino oscillation experiments
[86]. Other, unknown, Majorana and/or Dirac mass contributions must exist. As a con-
sequence, therefore, the black box theorem says nothing about the physics mechanism
dominating a BB0v rate that is large enough to be observable. The dominant mecha-
nism leading to S80v could then either be directly connected to neutrino oscillations
phenomenology, or only indirectly connected or not connected at all to it [87]. The
former case is realized in the standard 880v mechanism of light-neutrino exchange,
discussed in Sect. 3.3. The latter case involves alternative S80v mechanisms, briefly
outlined in Sect. 3.4.

3.3 The standard neutrinoless double-beta decay mechanism: light Majorana
neutrino exchange

Neutrinoless double-beta decay can arise from a diagram (Fig. 9) in which the parent
nucleus emits a pair of virtual W bosons, and then, these W exchange a Majorana
neutrino to produce the outgoing electrons. The rate is non-zero only for massive,
Majorana neutrinos. The reason is that the exchanged neutrino in Fig. 9 can be seen
as emitted (in association with an electron) with almost total positive helicity. Only
its small, O(m/E), negative helicity component is absorbed in the other vertex by the
Standard Model electroweak current. Considering that the amplitude is in this case
a sum over the contributions of the three light neutrino mass states v;, and that is
also proportional to U2, we conclude that the modulus of the amplitude for the S80v

er’
process must be proportional in this case to the effective neutrino Majorana mass
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3
mgp = |Zm,~uji|. (28)

i=1

In other words, the effective neutrino Majorana mass corresponds to the modulus of
the (e, e) element of the neutrino mass matrix of Eq. (22), mgg = |(my)eel.

In the case where light Majorana neutrino exchange is the dominant contribution
to BB0v, the inverse of the half-life for the process can be written as [88]

1
0
Ti)p

=G"(0.2) 1M my, (29)

where G%(Q, Z) is a phase-space factor that depends on the transition Q-value and
on the nuclear charge Z, and M Ov is the nuclear matrix element (NME). The phase-
space factor can be calculated analytically, in principle, with reasonable accuracy.?!
The NME is evaluated using nuclear models, although with considerable uncertainty
(see Sect. 4). In other words, the value of the effective neutrino Majorana mass mgg
in Eq. (28) can be inferred from a non-zero S80v rate measurement, albeit with some
nuclear physics uncertainties. Conversely, if a given experiment does not observe the
BBOv process, the result can be interpreted in terms of an upper bound on mgg.

If light Majorana neutrino exchange is the dominant mechanism for S80v, it is
clear from Eq. (28) that 880v is in this case directly connected to neutrino oscillations
phenomenology, and that it also provides direct information on the absolute neutrino
mass scale, as cosmology and 8 decay experiments do (see Sect. 2.1). The relationship
between mgg and the actual neutrino masses m; is affected by:

1. the uncertainties in the measured oscillation parameters;
2. the unknown neutrino mass ordering (normal or inverted);
3. the unknown phases in the neutrino mixing matrix (both Dirac and Majorana).

For example, the relationship between mgg and the lightest neutrino mass mjjgh
(which is equal to m or m3 in the normal and inverted mass ordering cases, respec-
tively) is illustrated in Fig. 10. This graphical representation was first proposed in [89].
The width of the two bands is due to items 1 and 3 above, where the uncertainties
in the measured oscillation parameters (item 1) are taken as 30 ranges from a recent
global oscillation fit [14]. Figure 10 also shows a 90% confidence level upper bound on
mgg from current BB0v data (mgg < 0.036—0.156 V). As can be seen from Fig. 10,
current SB80v data provide a constraint on the absolute mass scale mjjgn; that is more
competitive than the current one from 8 decay experiments, although less competitive
as the cosmological one.

In Figs. 2 and 10, we have shown only upper bounds on various neutrino mass
combinations, coming from current data. The detection of positive results for absolute
neutrino mass scale observables would open up the possibility to further explore neu-
trino properties and lepton number violating processes. We give three examples in the
following. First, the successful determination of both m g in Eq. (4) and m gg in Eq. (28)

21 An accurate description of the effect of the nuclear Coulomb field on the decay electron wave-functions
is, however, required.
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10

OvBB decay limit (90% CL, smallest NME)

4
0vBB decay limit (90% CL, largest NME)

10

mgg (eV)

10

10°

10° 107’ 10" 10°
Miight (€V)
Fig. 10 The effective neutrino Majorana mass mgg as a function of the lightest neutrino mass, mjjgh¢. The

red (green) band corresponds to the normal (inverted) ordering, respectively, in which case myjgn is equal
to m (m3). The horizontally excluded region comes from BB0v constraints

via B and BB0v decay experiments, respectively, can in principle be used to determine
or constrain the phases «; [90]. Second, measurements of mg or mcosmo in Eq. (3)
may yield a constraint on mjgn; that is inconsistent with a mgg upper limit. In this
case, the non-observation of B80v would suggest that neutrinos are Dirac particles.
Third, measurements of m g Or mcosmo May yield a constraint on myigh that is inconsis-
tent with a measured non-zero mgg. This scenario would demonstrate that additional
lepton number violating physics, other than light Majorana neutrino exchange, is at
play in the BB0v process. We briefly describe some of these possible f80v alternative
mechanisms in the following.

3.4 Alternative neutrinoless double-beta decay mechanisms

A number of alternative S80v mechanisms have been proposed. For an excellent and
complete discussion of those, we refer the reader to [87]. The realization of 880v can
differ from the standard mechanism in one or several aspects:

e The Lorentz structure of the currents. Positive chirality currents mediated by a Wx
boson can arise, for example, in left—right symmetric theories. A possible diagram
involving positive chirality current interactions of heavy Majorana neutrinos N; is
shown in Fig. 11a.

e The mass scale of the exchanged virtual particles. One example would be the
presence of “sterile” (that is, described by positive chirality fields) neutrinos, either
light or heavy, in the neutrino propagator of Fig. 9, in addition to the three light,
active, neutrinos we are familiar with. Another example would be the exchange of
heavy supersymmetric particles, as in Fig. 11b.
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Fig. 11 Examples of non-standard mechanism for S80v: a heavy neutrino exchange with positive chirality
currents [91]; b neutralino exchange in R-parity violating supersymmetry [92]; ¢ Majoron emission [93]

e The number of particles in the final state. A popular example involves decay
modes where additional Majorons, that are very light or massless particles which
can couple to neutrinos, are produced in association with the two electrons (see
Fig. 11c).

Innon-standard B80v mechanisms, the scale of the lepton number violating physics
is often larger than the characteristic nuclear Fermi momentum scale O(100 MeV),
in which case one speaks of short-range processes. This is the case when the S80v
process is mediated by heavy particles. Itis in contrast to the standard S80v mechanism
of light Majorana neutrino exchange, in which case the neutrino is very light compared
to this momentum transfer scale, resulting in a long-range process. Non-standard and
long-range BB0v processes are, however, also possible.

In general, several contributions to the total 880v amplitude can add coherently,
allowing for interference effects. Neutrinoless double-beta decay observables alone
may be able to identify the dominant mechanism responsible for 880v. We give three
examples. First, if Majorons are also emitted in association with the two electrons,
energy conservation alone requires the electron kinetic energy sum 77 + 73 to be a
continuous spectrum with Qgg as endpoint. This spectrum is potentially distinguish-
able from the BB2v one (see Fig. 7), provided that the Majoron-neutrino coupling
constant is large enough. Second, if positive chirality current contributions dominate
the BB0v rate, electrons will be emitted predominantly as positive helicity states.
As a consequence, both the energy and angular correlation of the two emitted elec-
trons will be different from the ones of the standard 880v mechanism. A detector
capable of reconstructing individual electron tracks may, therefore, be able to dis-
tinguish this type of non-standard fB0v mechanism from light Majorana neutrino
exchange (see, for example, [94]). Third, the combined observation of 880v decays
to both ground and excited states of the daughter isotope may also shed light on the
BB0v mechanism. Neutrinoless double-beta decays to excited states are, however,
harder to search for, given the lower reaction Q-values and hence lower predicted
rates. On the other hand, their experimental signature would be very characteristic,
with typically one or two gamma rays emitted in coincidence with the two decay
electrons.
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4 Nuclear matrix elements

The BB0v decay half-life has been introduced in Eq. (29) for a decay mediated by the
exchange of light neutrinos. We recover the standard definition of the nuclear matrix
element (NME) by factoring out the hadron coupling, ga [95, 96]

2
Tih=G" (0. 2) g} [Miy| m3s. (30)

where Ml(i)‘g’ht
to light-neutrino exchange.?” As discussed in Sect. 3, the half-life necessarily depends
on an unknown parameter that describes the mechanism beyond the standard model
of particle physics responsible for the violation of lepton number in the decay, that is,
for the creation of matter without antimatter. In the light-neutrino exchange scenario,
this parameter is mgg, as illustrated in Egs. (29) and (30). Therefore, as discussed
in Sect. 3.3, to gain information on new physics after the S80v-decay discovery, the
remaining components of the half-life must be reliably known. Moreover, a good
knowledge of these parts allows one to estimate the reach, in terms of the parameter
space explored, of experimental proposals targeting a given half-life sensitivity [97].

The components of the SB0v-decay rate within the standard model of particle
physics in Eq. (30) cover the atomic physics related to the emitted electrons—through
the phase-space factor of the transition, G®” (Q, Z)—and the structure of the initial
and final nuclear states—through the NME, Ml(i);ht. In addition, g4 represents the
hadron coupling of the interaction to nucleons (protons or neutrons), which are the
degrees of freedom used by many-body methods to calculate the NMEs. Nonetheless,
Eq. (30) is a simplification in the sense that various components contribute to Ml(i)ght,
and they appear associated with different couplings at the nucleon level, not only g 4.
These aspects are explained in detail in Sect. 4.1.

Phase-space factors are quite accurately known for all relevant nuclei used in S80v
decay experiments [98, 99]. Figure 12 shows the corresponding values for the light-
neutrino exchange mechanism. In contrast, despite recent progress, NMEs and some
of their associated hadron couplings are still poorly known. In the remaining of this
section, we discuss the structure of the NMEs to be calculated as well as their corre-
sponding couplings. Further, we briefly detail the many-body methods used to calculate
NME:s and how to test the quality of the calculations. Finally, we review the status of
NME predictions, including efforts to quantify their theoretical uncertainties.

emphasizes that this NME only corresponds to the many-body part and

4.1 Nuclear matrix elements: long- and short-range parts

The BB0v decay of a nucleus is a second-order process. Therefore, the standard deriva-
tion of the BB0v decay half-life builds on the one-body weak currents [88, 95, 100].
For leptons, the current reads

22 1n Eq. 30, the term G is expressed in yr*1 eV~ units. Alternatively, this equation is often written
dividing m% 5 by the electron mass squared. In the latter case, G% would have yr_1 units.
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Fig. 12 Phase-space factors, GO, appearing in Eq. (30), for all 11 double-beta emitters with Q gg > 2 MeV.
Values taken from [98]
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while for hadrons, it is

— . O—ILU
=l [gv(pz)y“ +igm(p?) e ga(pHy'ys — gp(pz)p“ys] In),
(32)

with vector, magnetic, axial-vector, and pseudoscalar contributions. Nucleons in nuclei
are non-relativistic, and therefore, the one-nucleon current can be expanded to

2 =[av ()]

Jr1= [gA (pz) o1 —gp (pz) % +igm <p2> %] T, (33)
T

where the vector coupling gy (0) = 1 is responsible for Fermi-type 8 decays and
the axial coupling g4(0) = 1.27 drives Gamow-Teller 8 decays. For B50v decay, it
is important to take into account the momentum transfer dependence of these cou-
plings, usually parameterized as a dipole, ga,v (p2) = gayv(0)/(1 + pz/A%/v)z,
with A4,y >~ 1 GeV. The pseudoscalar term is also quite relevant, because its cou-
pling, assuming the Goldberger—Treiman relation, is gp ( pz) = ga(p?) neglecting
corrections of about 1%. The smallest contribution comes from the magnetic coupling
term, with g7 (0) = 4.71. This term is usually regularized also with a dipole with
parameter Ay .

However, nucleons are composite particles of quarks and gluons, the fundamental
degrees of freedom of the underlying theory of the strong force, quantum chromo-
dynamics (QCD). Therefore, two-nucleon currents are needed to complement the
one-nucleon one in Eq. (33). Two-body currents introduce the coupling of an external

@ Springer



648 J.J. Gbmez-Cadenas et al.

p e v P e v
A
®----
L4
A
n n
n pe vV n p e Y n p e v 1 p € v
@===- @---@-- -
n m n n
n n n n n n n n

Fig. 13 Diagrams for one-nucleon weak-interaction currents (top) and leading two-nucleon weak-
interaction currents (bottom). Solid lines represent nucleons, dashed lines indicate pions, and wavy lines the
mediator (W boson). In all cases, only one nucleon (n) turns into a proton (p). The currents with mediator
coupling to the pion involve finite momentum transfer, and they are negligible for g decay but contribute
to BBOv decay

probe to two interacting nucleons. Even though they have been recognized for sev-
eral decades, the relevant two-nucleon diagrams and the value of the corresponding
couplings remained with large uncertainties [101, 102], until recently.

A key step forward arrived with the development of chiral effective field theory
(EFT), an effective theory of QCD valid at nuclear structure energies and momenta
of the scale of the pion mass, m, [103]. Chiral EFT provides a systematic expansion
of nuclear forces [104, 105] in terms of nucleons interacting via pion exchanges—the
physics included explicitly in the EFT—and contact interactions—which encode the
unresolved high-energy physics. Likewise, chiral EFT provides an expansion for the
interaction of nucleons with external probes, in particular via the vector and axial cur-
rents that enter the weak interaction. Chiral EFT currents also involve pion exchanges
and contact interactions. The top diagrams in Fig. 13 show the leading one-nucleon
currents, which include the leading gy and g4 terms (top left diagrams) and the gp
one (top right diagram). These three contributions appear at leading order in chiral
EFT. This is consistent with their similar importance for processes with p ~ m in
Eq. (33). The magnetic term appears at higher order in chiral EFT, which explains
why this term is numerically smaller than the rest in Eq. (33).

In addition, chiral EFT predicts the leading two-nucleon diagrams that correct one-
nucleon currents, indicated in the bottom part of Fig. 13. For 880v decay, the leading
two-nucleon current is the axial one, given by [106—108]

:| 0’2-k2

8A - ( p ) Co
Ja2 F2 [T1 x 2] [04 3 5P (o1 x k2) + " (01 x p) 2+ 12

p+my
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where the final and initial momenta of the nucleons are k; = p; — p;, p = —k1 —ka,

and ¢; and d; are couplings of the EFT that need to be determined by fitting to data
or from lattice QCD calculations. The terms proportional to the ¢;’s correspond to
the pion-exchange nucleon diagrams in Fig. 13, while those with short-range nucleon
interactions enter with the d;’s. Since the chiral EFT couplings also drive nuclear
forces, once these are fit, the two-nucleon current in Eq. (34) is entirely predicted.
In BB0v, a complication arises, because the product of two-body currents leads, in
general, to a four-body operator hard to handle in many-body calculations. A simple
approximation but accurate in § decays [109] consists in normal-ordering the two-
nucleon current with respect to a Fermi gas reference state with density pr. As a
result, one obtains an effective one-nucleon current [110], which just modifies the
axial and pseudoscalar terms in Eq. (33) with corrections SgA(pz, ¢i,di, pr) and
dgp( pz, ¢i, d;, pr) dependent on the chiral EFT couplings [111]. So far, calculations
which include two-body currents in 880v decay do so by assuming this approximation.

Once the weak currents are known, the standard procedure follows second-order
perturbation theory to obtain the S80v-decay rate [88]. This way, one arrives to the
long-range part of the nuclear matrix element, presented in Sect. 4.1.1. However, this
approach misses a relevant contribution only recognized recently [112], independent
to the ones in Egs. (33) or (34). In fact, a chiral EFT analysis shows that, without
this additional term, which can be understood as the contribution of high-energy light
neutrinos, the decay amplitude is not renormalizable due to the divergences induced
by the long-range neutrino potential [112]. This additional term of the nuclear matrix
element is introduced in Sect. 4.1.2.

4.1.1 Long-range nuclear matrix elements

Thus, there are two contributions to the SB0v-decay rate. First, the usual long-range
part [95]

2
8
VToupp =mpggp - ;A '/dxfdy L*(x, y)
T ot
. R Ji ) I ()
/dpezp(x—y) ) ?Z<O}r| L.n sz,n y lOi+>’ (35)

A n,m

where R = 1.2A'/3 and g2 are factorized out for convenience, and L*” represents
the electron currents. The second line in Eq. (35) defines the usual long-range NME,

@ Springer



650 J.J. Gbmez-Cadenas et al.

which can be written as

long O+| Z Tn Tn ;/ .]O(pr) hF (pZ) I+ jO(Pr) hGT <P2> Op O
+j2(pr) by (p?) Sun] dp 107, (36)

with Fermi (F), Gamow-Teller (GT) and tensor (T) spin structures, Sy;;, = 3(F-0,,)(7 -
0m) — 0, -0y, ji(pr) spherical Bessel functions and r = |r,, — r;,|. The hspin(p2)
functions for the long-range NME are

hp <P2> =gy <P2> ,
2 4

2 p 1 p p’
hor (%) =3 (1) | 1-3 ; w (77) o
Gr\pP 8al\P 3p2+m%+3(p2+m%)2 t8u\p 62,
2 p? o pt p’
h<2>:2<2>_ 1 2 (.2 (37
TP ) =8P )37 v mZ ~ 3 +m2)? +gM<p)12m§V 67

The approximate effect of two-nucleon currents using a normal-ordering approx-
imation can be obtained by modifying the above functions with the corrections
8ga(p?, ci,di, pr) and 8gp(p?, ci, di, pr).

4.1.2 Short-range nuclear matrix elements

Second, there is a short-range contribution to the light-neutrino exchange NME, with
similar form as Eq. (35) but without the neutrino propagator, 1/p?. This term does not
stem from the product of two currents. It leads to a short-range NME with Fermi-type
spin form [113]

Mor = <0+|Z = f Jo(pr) hs(p) p dpﬂ|0+> (38)

where the function hg(p) is
hs(p) =28, f(p/As), (39)

with gNN the corresponding hadronic coupling for this term, and f(p/A) a function
with regulator A . Notice that g\ enters linearly in Eq. (39), in contrast to any other
couplings in Eq. (37). This indicates that the short-range NME cannot be expressed
as a product of two currents. Also, the p? dependence in Eq. (38) illustrates the short-
range nature of this NME contribution. Overall, the NME for light-neutrino exchange
in Eq. (30) is

Mllght Mlong + M (40)

short *
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Fig. 14 Radial (top panels) and momentum (bottom panels) distributions of the two components of the
BBOv-decay NME in Eq. (40), calculated for 136X¢. Red (blue) regions represent the long-range (short-
range) NME parts. The left panels show results for the QRPA, and right panels for the nuclear shell model
(NSM). Figure with results from Ref. [119]

While the two components in Eq. (40) can be defined real, they add or cancel in the
total NME according to their relative sign. From the many-body point of view, the
signs of the two components are opposite, since the long-range part is dominated by
the Gamow-Teller term, and the short-range part is Fermi like. In addition, one should
take into account the relative sign corresponding to the dominant hadronic couplings
of each component, g4 and g\N.

Unlike other hadron couplings, g‘I)\IN cannot be obtained from experiment, because
this would involve dataon a2n — 2 p4-2e decay, or an equivalent process. In principle,
the value of the coupling could be extracted from lattice QCD calculations, and efforts
in this direction are in progress [114, 115]. For the time being, approximate QCD
results based on dispersion relations [116, 117] and large number of colors [118] give
consistent values for gEIN with a reasonable ~ 30% uncertainty. Another strategy is to
approximate gSIN from the charge-symmetry breaking term of nuclear Hamiltonians
[113]. This assumes that the two underlying couplings leading to gEIN are the same,
as only one of them can be constrained from charge-symmetry breaking. Nonetheless,
all these determinations indicate that g\~ carries the opposite sign than g, therefore,
leading to an increased SB0v rate when the two terms in (40) are combined.

Figure 14 shows the radial and momentum distributions of the long- and short-range
NMEs for the decay of 13Xe, calculated by the nuclear shell model and quasiparticle
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random-phase approximation (QRPA) methods fixing g)'N from the charge-symmetry
breaking of various Hamiltonians. The NME distributions satisfy

Ml%?lg/short :/CL/S(V) dr, 41
Ml(())lilg/short = / 6:L/S(P) dp. 42)

The upper panels in Fig. 14 highlight that the short-range NME distributions, in blue,
actually receive contributions from two decaying nucleons at shorter relative distances
than the long-range NME ones, shown in red. Consistently, the lower panels in Fig. 14
reveal that the short-range NME are dominated by larger momentum transfers. More-
over, Fig. 14 shows that while the short-range NME is generally smaller than the
long-range one, it is a sizeable correction, as expected by chiral EFT.

4.2 Different nuclear structure approaches

The nuclear structure of the initial and final nuclei in the 880v decay plays a relevant
role in the value of the NMEs. This is because the relevant momentum transfers
in BB0v decay are of the order p ~ 200 MeV—see Fig. 14—comparable to the
Fermi momentum, which sets the typical scale of the momenta of nucleons in nuclei.
Therefore, a good description of the initial and final nuclei is a necessary condition to
get reliable NME:s.

4.2.1 Tests of nuclear structure calculations and g4 quenching

All nuclear many-body methods used to study BB80v decay make a significant effort
to describe with high quality the structure of the initial and final nuclei. In particular,
the low-energy spectrum and electromagnetic transitions are typically well described
in shell model [120-125], energy-density functional theory [126], interacting boson
model [127] and QRPA [128] calculations, and the standard approaches used to cal-
culate NMEs. More recently, ab initio or first principles methods, discussed in detail
in Sect. 4.2.2, have also produced NMEs. In medium-mass nuclei, ab initio methods
can match the nuclear structure description of the more phenomenological approaches
[129-131], while heavier systems are more challenging [131]. Nuclear structure data
are very useful to improve many-body calculations, and therefore NME predictions.
Notable examples are nucleon-removal and -addition [132—-134] and charge-exchange
[135] reactions involving initial and final 88 nuclei. Novel nuclear structure data keep
testing calculations. For instance, a recent measurement of the low-energy spectrum
of 139Cs favors particular shell-model Hamiltonians [136]. In addition, correlation
between SB0v-decay and other observables can provide insights to the B80v-decay
NMESs: good theoretical correlations have been found with double Gamow-Teller
[137-139], second-order electromagnetic [139, 140], and BB2v-decay matrix ele-
ments [141].

However, most calculations systematically overestimate S-decay Gamow—Teller
matrix elements. This puzzle is sometimes coined as g4 quenching, because matrix
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elements enter the half-life multiplied by the coupling g4

(Tlﬁ/zfl =Gy (gA MéT)2 , (43)

and the disagreement could also be solved by a reduced g4 value. Fortunately, a sim-
ple correction to the S-decay matrix elements suffices to reach good agreement with
data. In shell-model calculations for nuclei with mass number A ~ 10—50, the matrix-
element reduction is captured by constant quenching factors g ~ 0.7 —0.8 [142—144].
Once this factor is known from B decays, calculated Gamow—Teller strength distri-
butions agree well with measured values from charge-exchange reactions. Moreover,
shell-model half-life predictions for the 82v decay of “8Ca [145, 146] and the 2v
double-electron capture of '>*Xe [147] anticipated the subsequent measured values
[41, 44]. The interacting boson model and QRPA also overestimate Gamow—Teller
matrix elements [148, 149]. The latter, however, by an amount depending on the
strength of the proton-neutron pairing interaction used.

Nonetheless, the phenomenological quenching correction, while useful, does not
pinpoint the origin of the deficiency in the many-body calculations. A proper answer
is given by ab initio methods. These approaches describe the low-energy properties of
light systems with A < 14 extremely well, including 8-decay half-lives without any
adjustments [109, 150]. There are two main aspects that ab initio methods incorporate,
but others do not: first, additional nuclear correlations due to the more sophisticated
many-body approach; second, two-nucleon currents, introducedin Sect. 4.1.In A < 14
nuclei, nuclear correlations are the main aspect to describe well 8 decays [150, 151],
while in heavier systems with A ~ 50—100 [109], both nuclear correlations and
two-nucleon currents are needed to reproduce data without any quenching factor. Due
to their ability to capture complex correlations and the successful description of g
decays, ab initio methods promise reliable 80v NMEs.

4.2.2 Ab initio methods

Ab initio or first principles nuclear structure studies have experienced an exponen-
tial boost over the last decade [152, 153]. In contrast to other many-body approaches
which have some phenomenological components, ab initio methods consider all nucle-
ons in the nucleus and use unadjusted nuclear Hamiltonians—in most cases derived
from chiral EFT. Moreover, the calculations are systematically improvable and the
convergence of the results can be checked explicitly.

Since BBOv searches focus on relatively heavy isotopes, ab initio methods like
quantum Monte Carlo or the no-core shell model, whose computational cost scales
exponentially with the number of nucleons, are limited to benchmark NMEs in light
nuclei not relevant for experiments [129, 154, 155]. Nonetheless, benchmarks are key
to test other approaches suitable for heavier systems.

Three ab initio methods have been used to study the 880v decay of *®Ca. Two of
them are versions of the in-medium similarity renormalization group (IMSRG), which
is based on unitary transformations that bring the many-body Schrodinger equation
to a more convenient form [156]. Operators such as the fB80v-decay one transform
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consistently, a feature missed by other many-body methods because of their phe-
nomenological character. The first ab initio NME calculation used the in-medium
generalized coordinate method (IM-GCM) [129]. This variant considers various ref-
erence states, as the initial and final 880v decay nuclei are different, and then includes
additional nuclear correlations, exploring deformation or proton—nucleon pairing via
the GCM.

The second is the related valence-space IMSRG (VS-IMSRG) method, which
performs IMSRG transformations that decouple a valence space from the core and
high-energy orbitals of the full space [157]. That is, the VS-IMSRG transforms the
many-body problem into one that can be solved with standard nuclear shell-model
techniques, with the advantage that it provides an unadjusted nuclear Hamiltonian and
a consistent SB0v-decay operator.

The third is the coupled clusters (CC) approach, which adds singles (one-particle—
one-hole like), doubles (two-particle-two-hole), or triples correlations on top of a
reference state, which needs to be a reasonable approximation to the nucleus of study
[158]. Only recently, the CC has been extended to deformed nuclei such as 487y,
because the breaking of rotational symmetry is computationally expensive [130].

The IM-GCM, VS-IMSRG, and coupled clusters long-range NMEs for *8Ca agree
within the uncertainties of each many-body method (green bands in Fig. 15). More-
over, because of the connection to the shell model, the VS-IMSRG predicts NMEs for
most relevant B8 nuclei; see Figs. 15 and 16. For these results, the theoretical uncer-
tainties are dominated by the use of various chiral EFT Hamiltonians. Unlike 8-decay
calculations, ab initio ff0v-decay NMEs do not include two-nucleon currents yet,
because they are more challenging to implement for finite momentum transfer.

4.2.3 Many-body approaches for heavy nuclei

Among other methods, the nuclear shell model is one of the main workhorses of
nuclear structure [175-177]. It solves the many-body problem in a configuration space
around the Fermi surface, using Hamiltonians with a phenomenological component—
in contrast to the VS-IMSRG. Two strategies quantify shell-model NME uncertainties.
First, a statistical variation of all elements of shell-model Hamiltonians to obtain
NME density distributions for ¥Ca and '3°Xe [171, 172] (gray bars in Fig. 15).
Second, systematic calculations in dozens of nuclei exploiting the correlation between
BBO0v and BB2v NMEs, and BB2v data [141] (black bars in Fig. 15, which include
normal-ordered two-body currents). The two 80v NME extend the range of previous
shell-model NMEs (gray symbols).

A hybrid approach can introduce into the shell model additional correlations cap-
tured by more sophisticated ab initio calculations. In particular, the generalized contact
formalism [178] combines the short-range correlations captured by the quantum Monte
Carlo approach with the shell model [173]. As aresult, NMEs are reduced (brown bars
in Fig. 15) by a larger amount than previous short-range correlations’ parameterization
[179].

The QRPA works in a larger configuration space than the nuclear shell model, albeit
with limited nuclear correlations. Most calculations use a spherical QRPA on top of G-
matrices [163, 164], but they can accommodate deformation [166] or energy-density
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Fig. 15 Comparison of the long-range part of the B80v-decay NME for the light-neutrino exchange mech-
anism, calculated by different many-body methods. For the same method, different symbols indicate results
obtained by different groups with different assumptions. Results obtained with energy-density functional
theory plus the GCM [159-161] (EDF-GCM, dark blue symbols), the interacting boson model [148, 162]
(IBM, cyan bars), the QRPA [141, 163-169] (orange symbols and red bars), the nuclear shell model
[121-125, 141, 170-172] (NSM, gray bars and symbols and black bars), the NSM complemented with the
generalized contact formalism [173] (NSM+GCM, brown bars), the IM-GCM [129], and VS-IMSRG [131]
(dark- and light-green bars, respectively), the coupled clusters” method [130] (CC, green bar), and an EFT
of B decay [174] (EFT-B, violet bars). See the text for the differences between the calculations and for an
explanation of the error bars of each method

functionals [165]. The QRPA NME uncertainty has been explored with systematic
calculations varying the proton—neutron pairing interaction and using the f80v—£62v
NME correlation [141] (red bars in Fig. 15). The corresponding NME range is smaller
than other QRPA values (orange symbols) because of including normal-ordered two-
body currents.

Energy-density functional theory combined with the GCM is the other workhorse
of nuclear structure studies, especially for heavy nuclei or high-energy excitations
[180, 181]. Different calculations use non-relativistic [159, 160] or relativistic [161]
functionals (dark blue symbols in Fig. 15).

The interacting boson model is an algebraic approach assuming nuclei formed by
bosons [182] coupled to different angular momenta. Boson degrees of freedom are then
mapped to fermions. For NMEs, the uncertainties explored comprise two interacting
boson model Hamiltonians fitted to different properties of the initial and final nuclei
[148, 162] (cyan bars in Fig. 15).

Finally, B80v decay can be studied by a nuclear effective theory for 8 and 8 decays,
which considers spherical nuclei with nucleon particles or holes attached [174, 183].
The coupling of the EFT is fitted using the shell-model B80v—BB2v NME correlation
[137], as the EFT can predict 82v NME:s. The theoretical uncertainties are predicted
by the EFT, with the violet bars in Fig. 15 showing leading-order uncertainties.
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4.3 Nuclear matrix elements with theoretical uncertainties

Figure 15 compares predictions for the long-range part of the B80v-decay NME from
all nuclear many-body methods discussed in Sects. 4.2.2 and 4.2.3. These sections
also explain in detail the meaning of the error bars in Fig. 15 for each many-body
calculation. We note that all theoretical uncertainties are underestimated, being the
one for the EFT for B8 decay the one closer to the complete erro—however, these
NME:s are also based on shell-model NME correlations; see Sect. 4.2.3.

Most predicted NME values cluster around Mloo‘fl ~ 1 — 3 for the majority of
isotopes. These are similar as, or even smaller values than, the lower end NMEs
available a decade ago [184], which roughly correspond to the shell-model results in
Fig. 15 (gray symbols and bars). This reduction in the NME values appears, because
many of the recent calculations address, at least partly, the causes of the g 4 quenching
in B decays. Therefore, a significant part of the reduction of the NME values due to
this issue is expected to be already captured in the NMEs shown in Fig. 15 which can
thus be combined with the bare g4 value to predict S80v rates.

That is, modern calculations that bring additional aspects, in the form of ab initio
NME results (green bars with three different tones), short-range correlations intro-
duced by the generalized contact formalism (brown bars), normal-ordered two-nucleon
currents (black and red bars), and the EFT for  decay (violet bars) all suggest rel-
atively small NME values. This is especially clear for the *Ca long-range NME,
where the three different ab initio and several other methods agree within uncertain-
ties. Only energy-density functional GCM and interacting boson results (dark blue
symbols and cyan bars) point to relatively large NME values, for “*Ca and for other
isotopes. The latter results, however, may be overestimated because of not including
explicit proton—neutron pairing correlations or high-seniority components [185-187].
Some QRPA NMEs without two-nucleon currents (orange symbols) also prefer larger
NME values than most many-body methods.

However, Eq. (40) indicates that the NMEs shown in Fig. 15 are only a part of the
total NMEs for S80v decay mediated by the light-neutrino exchange. More complete
calculations, therefore, must take into account the short-range part of the NMEs as
well. Figure 16 compares the predictions for the total NMEs of the few many-body
methods which so far have performed dedicated short-range NME calculations. Like
in Fig. 15, the total NMEs in Fig. 16 include part of the causes responsible for the g4
quenching in 8 decays, especially the additional correlations introduced by ab initio
methods or the two-nucleon currents included into the shell model and QRPA results.
Therefore, the bare g4 value can be used to obtain the corresponding S80v rates.

Light- and dark-green bars in Fig. 16 show ab initio IM-GCM and VS-IMSRG
NMESs, which include nuclear correlations key to reproduce S-decay data. The small
IM-GCM uncertainty bar in **Ca only takes into account the error due to the short-
range coupling gIV\IN, while the larger VS-IMSRG bars in heavy nuclei are dominated
by the uncertainties due to three nuclear Hamiltonians used. The better estimated the-
oretical uncertainty corresponds to the ab initio result for 7°Ge [189], which explores
a very comprehensive set of nuclear Hamiltonians. Two of the other results in Fig. 16
incorporate missing aspects to standard shell-model calculations, either short-range
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Fig. 16 Comparison of the full B80v-decay NME for the light-neutrino exchange mechanism, calculated
with different many-body methods: the QRPA [141] (red bars), nuclear shell model (NSM, black bars)
[141], NSM with generalized contact formalism [173] (NSM+GCEF, brown bars), VS-IMSRG [188, 189]
(dark-green bars), and IM-GCM [189, 190] (light-green bar). The light—dark-green bar for 76Ge covers
results from the VS-IMSRG and IM-GCM. The color code is the same as in Fig. 15. See the text for the
differences between calculations and for an explanation of the error bars of each method

physics via the generalized contact formalism (brown bars) or with normal-ordered
two-nucleon currents (black bars). The latter approach has wider uncertainties, because
it considers g\ values from various nuclear Hamiltonians—this strategy has larger
uncertainty than the one used by ab initio methods—and also because it is based
on systematic calculations to gauge statistical shell-model uncertainties. These four
kinds of calculations give consistent NME values for all available isotopes. The QRPA
NME:s (red bars) are the only ones available for all isotopes relevant for next-generation
experiments shown in Fig. 16. While generally consistent with other results, the QRPA
NME:s extend to larger values in comparison to other approaches, including the ab initio
results for °Ge, suggesting that the lower parts of the QRPA NME bands may be more
reliable. Also, the QRPA results present larger uncertainties. Like in the shell model,
these are dominated by systematic calculations to estimate statistical uncertainties and
the value of g\'™.

5 Ingredients for SB30v-decay experiments

Consider the radioactive decay law in the approximation 71,2 > ¢, where ¢ is the expo-
sure time. Assuming a hypothetical B80v process with a half-life 10/"2, the expected
number of SB80v events in an experiment is given by

Mpgg - Na 1t
Nggoy = log2 —— 52— (44)
Weg  T{h

@ Springer



658 J.J. Gbmez-Cadenas et al.

where Mgg is the mass of the 8 emitting isotope,”> N4 is the Avogadro constant and
Wgg is the molar mass of the B8 isotope.

Take '3°Xe as an example, and suppose that Tlo/”2 ~ 10%7 year. Assume an ideal
apparatus with detection efficiency ¢ = 1 and perfect energy resolution (i.e., all
BBOv events pile up in a perfect spike at Qpgg). Such a detector has zero expected
background, and then, the observation of a single event implies a discovery. Solving
Eq. 44 for Nggo, = 1 yields Mgg - t ~ 330 kggg yr. Introducing a realistic efficiency
& ~0.3-0.6, one finds Mgg - t ~ 0.5-1 ton year. It follows that the first ingredient
required for the next generation of S80v experiments is a large mass of a suitable (and
always scarce) B isotope to probe in a reasonable time the extremely long half-lives
expected.

In the presence of backgrounds, which we discuss in Sects. 5.1 and 5.2, the obser-
vation of a single event is not enough to establish a discovery. Imagine now that our
136X e experiment predicts a background of one event per year. Since the process is
Poisson distributed, the probability of observing, say, 9 background events when 1
is expected is ~ 107, Observing nine events would, therefore, establish a discovery
at roughly 5o, that is, roughly equivalent to observing one event in the absence of
background. Thus, a single expected background event per year would translate in the
need to increase the mass by, essentially, one order of magnitude with respect to the
background-free case. The second major ingredient for B80v experiments, therefore,
is to suppress backgrounds as much as possible, given its enormous impact on the
sensitivity.

Several other factors, such as the choice of isotope, detection efficiency, or the
scalability to large masses, must be taken into account as well when choosing the
experimental technique. In practice, it is not possible to optimize all of these parameters
simultaneously. Different choices have led to a variety of experimental approaches.
To compare their discovery potential, a figure of merit, the experimental sensitivity to
mgg, is normally used. We discuss it in Sect. 5.3.

23 Note that our notation in Eq. (44), and in the rest of this review, differs from the usually adopted one,
derived from source-equals-detector experimental configurations. In the source-equals-detector notation,
one refers to the total active mass M of the detector, which is related to the mass Mgg of the BB isotope
via the following relationship:

M
Mpg :Wﬁﬁ-w-a-n, (45)

where W is the molecular weight of the molecule of the active material, a is the isotopic abundance of

the candidate S80v nuclide, and 7 is the number of SS0v element nuclei per molecule of the active mass.
For example, TeO; bolometric detectors with a natural isotopic abundance in 130Te are characterized by
Wﬁ,g = 129.9 g/mol, W = 159.6 g/mol, a = 0.34167, and n = 1, such that Mﬂﬁ = 0.278M. To stress
this somewhat unconventional mass notation and to avoid any confusion, we will make use in the following
of kggp as the mass unit to indicate one kilogram of B8 emitter mass. Notice that, in principle, the best
quantity to express the B80v exposure, and the background rate per unit exposure and unit energy discussed
below, is neither kg-year nor kggg -year, but rather ngg-year, where ngg = Mpgg - No/Wpgg is the number
of moles of the 8 nuclide. To avoid an even more “radical” departure from commonly employed units, we
stick to kggg -year units in the following.
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5.1 Background sources

The background processes that can mimic a S80v signal are numerous. All the exper-
iments have to deal with an intrinsic background, the 882v decay, that can only be
distinguished by measuring the energy of the emitted electrons, since the neutrinos
escape the detector undetected (see Fig. 7). Good energy resolution is, therefore, essen-
tial to prevent the S32v spectrum tail from spreading over the 8B80v region of interest,
or to cause pileup (in the case of isotopes with a fast 882v mode such as '""Mo,
the probability of detecting two simultaneous S82v events in a dense crystal is not
negligible, and in fact in the case of CUPID a leading cause of background).

Any process generating energy deposits in the detector’s active volume of the order
of the Q value of the double-beta reaction is a potential background in 880v searches.
The background sources can be categorized by their production mechanism, as follows:
radiogenic (produced by natural radioactivity), cosmogenic (produced by the action
of cosmic-rays), and heliogenic (produced by the Sun). They can also be classified by
their spatial origin: internal or external to the detector.

The natural radioactivity of detector components is often the main background in
BBOv experiments. Even though the half-lives of the natural decay chains are compa-
rable to the age of the Universe, they are very short compared to the half-life sensitivity
of BB0v experiments. Therefore, even traces of these nuclides can become a signifi-
cant background. The energy deposits may be produced directly by the « or g particles
produced in these decays, as well as from the interactions inside the detector of the
nuclear de-excitation y rays from the daughter nuclei produced in the decay. The
decays of 29Tl and >'#Bi are particularly pernicious, given the high Q values of these
reactions, therefore, polluting the energy region of interest of most 8 emitters. These
isotopes are produced as by-products of the natural thorium and uranium decay chains
(see Fig. 17), and they are present at some level in all materials. The natural radioac-
tivity from the detector surroundings may also be relevant, if this external activity is
sufficiently high. This can be the case of laboratory concrete walls and surrounding
rock, for example.

Beyond primordial activity, the action of cosmic-rays on detector targets and mate-
rials may also activate isotopes that would otherwise be stable. Cosmogenic activation
of materials may occur both on the surface, during production, transportation or stor-
age, or even underground, during detector operations. While activation on the surface is
mostly due to the flux of cosmic-ray neutrons reaching sea level, the one underground
is due to cosmic-ray muons.?* In the case of underground activation, cosmic-ray muon
interactions can produce nuclear breakup (“spallation”), producing a cascade of fast
neutrons and electromagnetic showers as a result. The neutrons eventually thermalize
and get captured by other nuclei in/near the detector active volume. The resulting
neutron-rich nuclei may be unstable, eventually suffering 8 decay, producing both
electrons and gamma rays. This detector activity may be both prompt (<1 ms time
delay) or delayed compared to the original muon interaction.

2 A depth of a few tens of meter water equivalent (m.w.e.) is sufficient to suppress the flux of cosmic-ray
nucleons.
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Fig. 17 Natural thorium (left) and uranium (right) decay chains. From [191]

At the depths of underground laboratories, the only other surviving radiation beyond
cosmic-ray muons are neutrinos. Very massive detectors suffer from an irreducible
external background: the solar neutrino flux. Solar neutrinos may elastically scatter
(ES) off electrons in the detector medium to create single-site energy deposits in the
BBOv energy region of interest. The solar neutrino flux contributes to the background,
especially when the isotope is strongly diluted in the active medium, as is the case in 3
isotope-loaded liquid-scintillator calorimeters. The charged-current (CC) interactions
of solar neutrinos on S8 nuclei may also produce B0v backgrounds in two ways
[192]. First, the CC interaction itself can produce a prompt signal given by the emitted
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electron and, if the resulting nucleus is in an excited state, by a number of de-excitation
gamma rays. Second, a delayed signal may be produced if the resulting nucleus can
undergo beta decay, emitting a single electron and possibly also gamma rays. The
topologies produced by such solar neutrino CC interactions, therefore, produce multi-
site signatures, generally making them a negligible background contribution compared
to the solar neutrino ES interactions.

5.2 Background mitigation

All BB0v experiments must use materials with extremely low amounts of radioactive
impurities. Selection, manufacturing, cleaning, and installation of detector materials
have to be conducted with extreme care, relying on radio-pure protocols at all times.
Material selection is based on extensive radio-purity assays of all detector materi-
als, using both gamma spectroscopy and mass spectrometry techniques. Cleaning of
detector components is necessary to remove surface contaminants, such as dust or
lubricants, from the manufacturing processes. Cleaning is carried out in detergent and
acidic solutions, sometimes using ultrasonic techniques. Dedicated manufacturing
processes are used to avoid contamination. Detector installation occurs in clean-room
conditions. The most stringent radio-purity requirements apply to the detector active
target itself, as well as to other massive detector components (e.g., shielding parts)
in proximity to it. The new-generation experiments are being fabricated from amaz-
ingly radio-pure components, some with specific activities as low as 1 uBg/kg or
less. Specific activities that are that low require >3>Th and 238U impurities in the bulk
materials that are below the part per trillion (ppt) level in mass, < 102 g/g. Ultra-
pure detector material examples include organic scintillator and xenon fluids through
closed-loop re-circulation and purification systems, 2000-year-old Roman shielding
lead, and fabrication of ultra-pure shielding copper via electroforming techniques.

Beyond primordial activity from contaminants in the natural decay chains, produc-
tion inside detector materials of radioactive nuclides by cosmic-rays may also occur.
Cosmogenic activation is, of course, more severe on surface. Therefore, for exper-
iments using materials that can get activated (like germanium-based experiments),
underground fabrication and storage of the detector components are essential.

Radon gas, particularly 2>?Rn, is an intermediate by-product of the natural decay
chains, that also needs to be suppressed inside and near S80v experiments. Being
gaseous, radon does not stay trapped within detector components and may infiltrate
inside detector sensitive regions, hence requiring a separate mitigation strategy. Also,
radon daughters tend to be electrically charged and stick to surfaces. Concerning
airborne radon, most deep underground laboratories have radon abatement systems
capable of suppressing the radon concentration in the air by several orders of mag-
nitude, down to 1 mBg/m> concentrations, providing effectively radon-free air in the
vicinity of the detectors. The flushing of pure nitrogen gas is an equally effective,
although more expensive, alternative to provide a radon-free environment. The radon
concentration in the air is monitored in real time at underground locations. Radon
may also diffuse inside fluid-based (liquid or gaseous) SB0v detectors, typically via
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Fig. 18 Overview of underground facilities located around the world. The size (volume of science space)
and effective shielding depth (total muon flux) are shown. Some muon flux values are estimated using a
recent parameterization [194]. Figure from [195, 196]

emanation from detector materials. Active filtration systems (radon traps) may be used
to mitigate this internal radon component.

Concerning external backgrounds originated outside the detectors, the techniques
to passively mitigate them involve placing the experiments at deep underground lab-
oratories, and by enclosing them into shielding systems.

Deep underground laboratories are research infrastructures with an overburden typ-
ically larger than 1000 ms water equivalent (m.w.e.). In general, the depth requirement
for a BB0v experiment varies according to the detector technology. A very efficient
shielding and additional detection signatures such as topological information can com-
pensate the benefits of a very deep location. Figure 18 shows the laboratory depth and
size of several underground facilities currently available to host physics experiments
around the world. In addition to depth, other important factors characterizing the
underground sites include the size of the excavated halls available for science, and
the services provided to the experiments. The size is an important factor to take into
account, especially for experimental proposals at the ton-scale and beyond, given that
some of them need large volumes. The most relevant deep underground laboratories
for current and future SB0v experiments, listed in order of decreasing depth, are at
the moment: the China Jinping Underground Laboratory (CJPL, China), SNOLAB
(Canada), the Gran Sasso National Laboratory (LNGS, Italy), the Sanford Under-
ground Research Facility (SURF, USA), the Kamioka Observatory (Japan) and the
Canfranc Underground Laboratory (LSC, Spain). For a recent review of the currently
available underground facilities around the world, see reference [193].

Shielding systems surrounding the detectors are another very effective technique
to passively suppress external backgrounds. As such, they are used ubiquitously in
BBOv experiments. In the design of a shielding system against external backgrounds,
a graded shielding principle is followed: the thickness of a shield component does not
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need to reduce the flux below the contribution of the next inner component, with the
innermost shield component selected to be the radiopurest.

Despite their sizable penetrating power, external neutrons from cosmic-ray inter-
actions and from («,n) reactions can be shielded with layers of hydrogenous material.
On the other hand, the external y-ray flux produced by radioactive decays in the rock
of the underground cavern can be suppressed via dense, high Z, radio-pure materials
such as lead and copper.

5.3 Sensitivity of a 80v experiment

Consider an ideal, background-free, experiment. If, after running for an exposure
Magg - t, no events are observed, an upper limit on mgg could be reported:

1
=K |[—, 46
e ! é”Mﬁﬁ-l (46)

where K is a constant that depends only on the isotope type, and on the details of the
statistical method (and the confidence level) chosen to report such limit. In particular,
neglecting factors of order unity, K is given by

Ky~ |Wes L (47)
NA GOU|MOV|2

Equations (46) and 47 follow directly from Eqgs. (29) and (44); see [184] for details.

Consider now the case of an experiment with background in the limit in which the
backgrounds are large enough as to follow a normal distribution, and thus, the error
associated with background subtraction varies as +/b. Then

K L (48)
mgg = _
pp 2 & Mﬁﬁ -1

where K> 2~ K. If the background b is proportional to the exposure Mgg - ¢ and to
an energy window AE around Qgg

b=c-Mgg-t-AE 49)

with the background index ¢ expressed in counts/(keV - kggg - year), then

c-AEN1/4 V3uy\ 1/4
mﬂﬂ:KZ\/l/b"(Mﬁﬁ't) - (%) (50)
where
_ Wpp/Na
VL = GOV|MOV|2
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Table 3 Current best limits on

Ov .
the half-life of B80v processes Isotope Tl/ 2 (years) Experiment
for the nine studied isotopes 48 2
Ca > 58 x 10 ELEGANT VI [197]
75Ge > 1.8 x 1020 GERDA [2]
82ge > 4.6 x 1024 CUPID-0 [8]
967y > 9.2 x 1021 NEMO-3 [54]
100po > 1.8 x 1024 CUPID-Mo [7]
l6¢cq > 22x 108 Aurora [61]
128 > 3.6 x 1024 CUORE [198]
130 > 2.2 x 10% CUORE [4]
136 e > 2.3 x 1020 KamLAND-Zen [6]
150Ng > 2.0 x 1022 NEMO-3 [71]
and
c-AE
vy = .
M ppt

The term v is related to the physical properties of the isotope (molar mass, NME, and
available phase space) and is determined by the choice of the isotope. Instead, v is
related to experimental aspects, such as the energy resolution, the background index,
or the total exposure achieved by the experiment. Notice that the background rate per
unit time and mass (¢ - AE) compensates exactly the exposure (thus, reducing the
background rate by a factor of two is equivalent to doubling the exposure), and that
the term v, compensates the detector efficiency squared (thus increasing efficiency
by a factor of two is equivalent to increase v, by a factor of four (e.g., increasing the
exposure by a factor of four keeping the background rate constant). Last but not least,
observe that, in the limit of large backgrounds, the sensitivity scales with the power
1/4. This means that an increase of exposure of a factor of 16 (everything else being
the same) needs to be achieved to improve the mgg sensitivity by a factor of two.
Another way to read Eq. 50 is to assert that 880v experiments can only be scaled if
the background level can be kept close to the “background free” regime.

5.3.1 Minimizing 01: molar mass, Qgg and NMEs

In nature, 35 naturally occurring isotopes are B8 emitters, but practical considera-
tions, such as isotope abundance, as well as feasibility of procurement, purification
and enrichment, dictate that only a few are suitable for 880v searches. Table 3 shows
the best current S80v limits for the nine isotopes for which direct S82v decay direct
measurements exist, and includes also a recent limit for 128Te (for which a direct mea-
surement of the two-neutrino mode remains elusive). Notice, however, that practical
considerations (isotopic abundance, procurement, purity, enrichment, and cost) make
unpractical the use at large scale of some of these (such as “8Ca, %Zr, 11°Cd, and
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Fig. 19 Sensitivity of ideal experiments at 90% CL for different BB isotopes. Solid and dashed lines of the
same color indicate the limits of the QRPA NME ranges from [141]

150Nd). Of the remaining isotopes, three have been used by current-generation exper-
iments (76Ge, 136Xe and 130T€), which have set limits to S80v half-lives in excess of
1025 — 1020 year, while 10000 has been selected for the CUPID experiment. Hereafter,
we will refer to this set as Next Generation Set or NGS.

Minimizing v requires maximizing the product G%|M°"|?> and minimizing the
molar mass. The two requirements contradict each other, since, for most isotopes,
larger O gg implies also larger molar mass. On the other hand, since G» ~ Q%ﬁ [73],
|2

|2

isotopes with large Q-values are strongly favored. The factor | M°"
strongly isotopes with larger NMEs.

As shown in Fig. 12, 7®Ge has the less favorable phase-space factor of the NGS (but
the lightest molar mass), while the other three isotopes have similar values. Notice also
that the most favorable phase-space factors ('’Nd and *3Ca) correspond to isotopes
which are not considered feasible for practical reasons. Figure 16, on the other hand,
show that the values of nuclear matrix elements are rather similar for the NGS, and in
fact, the uncertainty associated with the predictions of the different models is much
larger than the variations between isotopes for a given set of NME:s.

Figure 19 shows the sensitivity that a ideal experiments using the four isotopes of
the NGS could reach as a function of the exposure. This idealized sensitivity is in fact
a measurement of vy, and yields similar results (differing in no more than a factor of
two) for all the isotopes in the set.

in vy also favors
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5.3.2 Minimizing 0;: isotope mass

One way to minimize v is to maximize the mass of the isotope being deployed.
This requires, in turn, candidates that are isotopically abundant (such as 130Te with a
34%, isotopic abundance of the 8 emitter) and/or, easy to enrich and purify (such as
136Xe).23 1t is not surprising, therefore, that the large liquid-scintillator calorimeters
have chosen those isotopes (KamLAND-Zen uses 136Xe and SNO+, 13OTf:), since
both permit, with the current technology, to deploy masses in the range of the ton (in
fact, the KamLAND-Zen experiment uses almost 800 kg of 130Xe already). Deploying
even larger masses, in the range of 10 tons, appears feasible a priori. Xenon TPCs (the
future nEXO and NEXT-HD experiments) will also use '°Xe, benefiting of the same
advantages of the large calorimeters, e.g, the possibility of deploying large masses at
relatively low cost, thanks to the economy of scale.?®

5.3.3 Minimizing 0;: energy resolution

Why then, choose 76Ge (LEGEND) or %Mo (CUPID) for future BBOv experiments,
given the fact that the raw material will be more difficult to enrich and purify (thus
more expensive, and presumably harder to produce in large quantities)? The answer to
this question is energy resolution. The resolution of both KamLAND-Zen and SNO+
is of the order of 10%?’ dominated by fluctuations in the light collection of their PMTs.
EXO measured a resolution of about 3 %, and nEXO expects ~2 %, while NEXT-
White has measured 1% and NEXT-100, as well as NEXT-HD, expects to improve that
number to 0.5—0.7 %. Instead, GERDA measured a spectacular resolution of 0.16%
(3.3£0.4 keV at 2039 keV [2]) and the crystals constituting the bulk of the LEGEND-
200 experiment feature an even better energy resolution of 0.14% (2.9 + 0.1 keV)
(FWHM). CUPID, on the other side, will deploy crystals of lithium molybdate (LMO,
LiéOOMOO4), for which the measured resolution is 0.25% (7.6 £0.7 keV at 3034 keV
[199]). In both cases, therefore, the experiments have prioritized energy resolution
over mass. Notice that both factors compensate each other in v;.

5.3.4 Minimizing 0;: background index

Minimizing the background index, c, in v, is the main business of B80v experiments.
In addition to passive techniques, discussed in 5.2, active techniques, which involve
detector information, are used to achieve the lowest possible background rate.
External to the detectors themselves, experiments make extensive use of active
veto systems, such as liquid shields in the form of water tanks, LAr-filled cryostats, or
liquid-scintillator buffers. Such shields are instrumented with Cherenkov/scintillation

25 The World production of both Xenon and Tellurium is also relatively high, in the range of few hundred
tons/year.

26 The large liquid-scintillator calorimeters, as well as the xenon TPCs, are all monolithic detectors, in
which the volume, and therefore the mass, scales with the cubic power of the detector effective radius,
while some—but not all—of the backgrounds scale with the detector surface, which is proportional to the
radius squared.

27 Unless otherwise stated, all resolutions in this review are FWHM.
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light detectors to tag the passage of charged particles. Plastic scintillator detectors
are also often used as active veto systems against external backgrounds. Such anti-
coincidence techniques, between an inner detector containing the S80v target and
outer detectors, constitute a powerful active background mitigation technique.

In addition to anti-coincidence requirements in space, delayed coincidences in time
are also used to suppress backgrounds. This is the case for sequential radioactive decays
with relatively short-lived isotopes. A prime example is 2'#Bi-induced background
suppression via the delayed 2!#Po tag, where the >“Po « decay has a 164.3 s half-
life.

Signal and background events have also different spatial distributions. Signal events
are typically distributed uniformly in the detector volume. External backgrounds
accumulate on, or enter from, detector surfaces. This is also exploited to suppress
backgrounds via detector fiducialization.

The topological information of the energy deposits in the active volume is also used.
Gamma-ray background interactions producing multi-site energy deposits, typically
via multi-Compton interactions, may be readily vetoed in segmented or imaging detec-
tors. Pulse shape analysis in individual Ge detectors is an alternative way to identify
and suppress multi-site backgrounds. Low-density detectors, such as xenon gas TPCs
where MeV-scale particles produce extended tracks, provide even more detailed topo-
logical information. In this case, information from the reconstructed d E /dx energy
loss profiles along the track can distinguish single-electron background events from
double-electron signal events.

Particle identification is another powerful background suppression handle. A
notable example is /B discrimination in scintillating bolometers. As the light yield
for energy depositions induced by « and B particles of the same energy is different,
the simultaneous detection of light and heat leads to an effective rejection of the «
background.

Finally, a powerful handle used by both liquid-scintillator detectors (KamLAND-
Zen, SNO+) and LXe TPCs (nEXO) is self-shielding.

The lowest background indices (c term in Eq. 49, expressed in terms of background
events per unit energy, S isotope mass and exposure time) in a B80v experiment so
far were achieved by the KamLLAND-Zen (see Sect. 6.4) and GERDA (Sect. 6.1)
experiments. Perhaps not surprisingly, given the importance of background suppres-
sion in BB0v experiments, these are also the two experiments with the most stringent
BBO0v half-life upper limits to date. KamLAND-Zen has achieved a background index
of 1.3 x 10~ counts/(keV - kgpp - year) [6], thanks to its outstanding radio-purity,
self-shielding and anti-coincidence techniques. On the other hand, GERDA Phase II
has achieved 6.0 x 10™* counts/(keV - kgpgp - year) [2], thanks to its ultra-pure crystals
and pulse shape discrimination techniques.

It is interesting to compare v, for both experiments. In the case of KamLAND-Zen,
Mgg -t = 970 kggp -year, while for GERDA Mgg -t ~ 127 kggp -year. Thus, the
product c/(Mgg-t) yields a factor of (6/1.3)-(970/127) = 35 in favor of KamLAND-
Zen, which is more than compensated with the ratio of resolutions 10/0.16 = 62.5.
Indeed, in spite of its relatively modest exposure, GERDA combines an excellent
background index and superb resolution to obtain the best value of the figure of merit
v2.
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5.3.5 Detection efficiency

Minimizing mgg requires, according to Eq. (50), maximizing the detector efficiency
€. Notice that, when compared with the terms in v, the efficiency enters as €. To
obtain the same increase in mgg sensitivity obtained by doubling the efficiency, the
mass would have to be increased by a factor of 4, or the factor ¢ - AE decreased by a
factor of 4.

In general, the simpler the detection scheme, the higher the detection efficiency.
Homogeneous detectors, and in particular pure calorimetric approaches such as ger-
manium diodes or bolometers, tend to have the highest total signal efficiencies, and
values in excess of 75% have been obtained. Large liquid scintillators may also have
relatively high efficiencies. This is especially the case when the S8 source is enclosed
in a inner balloon surrounded by a scintillator buffer region, as in the KamLAND-Zen
experiment. Also, Liquid xenon TPCs share the same advantages of the other dense,
homogeneous, detectors. However, both the large liquid-scintillator calorimeters and
the LXe TPCs, use a large fraction of their active mass as self-shielding. This implies,
either giving away a substantial fraction of the mass (for example performing the
analysis in a reduced volume close to the center of the detector in KamLAND-Zen,
SNO+ or nEXO), or weighting the events in the outer shells of the detector to take
into account the increased background. In both cases, one has to be careful with the
definition of efficiency. Self-shielding does not come for free.

Unlike LXeTPCs, HPXeTPCs such as those being developed by NEXT do not rely
on self-shielding for background reduction, but use instead particle tracking, which
also comes at the expenses of a significant efficiency loss.

6 The past, present, and future of B30v-decay searches

The search for double-beta decay has a long history, approaching now a full century.
Initially, and for decades, the field was dominated by geochemical measurements (e.g.,
[38]), which looked for evidence of BB-decay products in geologically old (~ 10°
years) minerals rich in the parent isotope. An excess of the daughter isotope over its
natural concentration was interpreted as evidence for B8 decay (either BB82v or S80v,
as the method cannot distinguish between them).

It was not until 1987 that the S52v mode was directly observed in the laboratory [39,
40]. The detector employed was a fairly large (~ 1 m?) time projection chamber with
a BB source (14 g of enriched 2Se) deposited on a thin foil that formed the central
electrode of the chamber. The trajectories of the electrons emitted from the source
foil were recorded by the TPC and then analyzed to infer their energy and kinematic
features. Since this initial detection, the two-neutrino mode has been directly observed
for eight other isotopes in several experiments (see Table 2 for further details).

By contrast, no evidence of S80v decay has been found so far. Nevertheless, the
progress made in the last 2 decades in the development of ultra-low-background detec-
tion technologies has been extraordinary. The experimental goal for the next generation
of experiments is the exploration of the region of half-lives up to 10?8 year. This will,
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ultimately, require exposures well beyond 1 ton year and background rates lower than
1 count ton~ ! yr= 1.

In this section, we review the most promising technologies for the next generation
of experiments (see Table 4), summarizing the results of past experiments, their current
status, and future plans. This discussion does not pretend to be exhaustive; the reader

is referred to the cited publications for more details.

6.1 High-purity germanium detectors

Germanium can be enriched in the B isotope °Ge and transformed into high-purity
germanium (HPGe) detectors, devices characterized by superb energy resolution and
high efficiency.

HPGe detectors have a long-standing record in neutrinoless double beta decay
searches, going back to the late 1960s [209, 210]. In the 1990s, the two most sensitive
experiments used this technology: HEIDELBERG- MOSCOW (HM) ran in the Laboratori
Nazionali del Gran Sasso (LNGS) and set a lower limit on the 880v half-life of 7°Ge
of 1.9 x 10% years (90% C.L.) [211]. However, a subset of the HM collaboration pub-
lished a controversial claim of evidence for 880v decay [212, 213], which sparked at
the time an intense debate in the community (see, for example, [214]). The Interna-
tional Germanium Experiment (IGEX) operated in the Homestake Mine (USA), the
Laboratorio Subterrdneo de Canfranc (Spain), and the Baksan Neutrino Observatory
(Russia), setting a slightly worse limit than HM, Tlo/"z(%Ge) > 1.6 x 10¥ years (90%
C.L.) [215], and hence insufficient to discard the HM claim, which remained an open
question for many years.

HM and IGEX were succeeded by two new experiments, the GERmanium Detector
Array (GERDA) [2] and the MAJORANA DEMONSTRATOR [3], which employed novel
types of HPGe devices with improved energy resolution and pulse-shape identifica-
tion that offered detailed information about the topology of events through the time
structure of the recorded charge signal.

GERDA, located at LNGS, operated bare HPGe detectors in a high-purity instru-
mented liquid argon (LAr) cryostat, which provided not only the cooling for the HPGe
devices, but also served as active shielding and veto against external and internal back-
ground events. With a background index of 5.2 x 10™* counts/(keV - kg - year) and
an energy resolution of ~ 3 keV (FWHM) at Q gg = 2039 keV [2], GERDA has been
the first B80v-decay experiment to operate in the “background-free regime” (i.e., less
than one expected background count in the signal window). With a total published
exposure of 127.2 kggg yr, the derived lower limit on the S80v half-life of 75Ge is
1.8 x 10%° yr (90% C.L.) [2].

The MAJORANA DEMONSTRATOR operated its HPGe detectors at the Sanford
Underground Research Facility (SURF) in a high-purity shield built with electro-
formed copper produced deep underground. With a world-leading energy resolution
of 2.52 keV (FWHM) at Qgg and after accumulating an exposure of 64.5 kg yr, the
experiment set a half-life lower limit of 8.3 x 10% yr (90% C.L.) [3].

Building on the success of GERDA and the MAJORANA DEMONSTRATOR, the LEG-
END [200] collaboration is developing a staged 880v-decay experimental program
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Fig.20 Preliminary FWHM energy resolution at the 76Ge Q-value for the ~ 100 HPGe detectors currently
deployed in LEGEND-200. The different colors indicate different HPGe detector types. Figure from [216]

aiming at an ultimate sensitivity to the ’°Ge half-life beyond 10 years. LEGEND will
make use of new inverted-coaxial point-contact (ICPC) HPGe detectors with excep-
tional energy resolution (0.12% FWHM at 2039 keV) and more than a factor of two
greater mass per crystal over previous experiments. As done in GERDA, the HPGe
detectors will be operated immersed in LAr.

LEGEND-200, the first phase of the experiment, is operating 200kg of ger-
manium detectors—the existing 70kg of enriched detectors from the MAJORANA
DEMONSTRATOR and GERDA, plus an additional 130kg of newly produced ICPC
detectors—in an upgrade of the GERDA infrastructures at LNGS incorporating tech-
nologies from the MAJORANA DEMONSTRATOR. First, LEGEND-200 results related
to its outstanding energy resolution are shown in Fig. 20. A reduction by a factor
of 2.5 with respect to the GERDA background rate is expected, aiming at a sen-
sitivity to the BB0v half-life of about 10?7 yr for an exposure of 1 ton yr. The
second phase of the experiment, LEGEND-1000, has a background goal of less than
1073 counts/(keV - kg - year), a 20-fold reduction with respect to LEGEND-200
expected to come from the use of underground-sourced argon (which does not contain
the radioactive isotopes *>Ar and its daughter **K), improvements in the radio-purity
of materials and the exclusive use of ICPC HPGe detectors.

6.2 Bolometers

A bolometer for S80v-decay searches consists of a dielectric crystal, which contains
the isotope of interest, coupled to a temperature sensor. When the bolometer is cooled
to very low temperatures (< 20 mK for crystals with masses in the 0.1-1kg range),
the energy deposited in the crystal by interacting particles can be measured with high
precision as a rise in temperature. This technique, originally proposed for rare-event
searches in the early 1980s [217], can provide an energy resolution at the few per-mil
level (FWHM) at 3 MeV and a total efficiency at the 70-90% level. Bolometer-based
detectors—at very different scales and maturity levels—have been used to search for
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BBOv in six different nuclides (48Ca, 82ge, 100\, 116Cd, 1248n, and 130Te) since the
1990s.

The MiDBD experiment [67] at LNGS was the first bolometric array with large-
mass crystals. It consisted of 20 TeO, bolometers of 340 g each (3 x 3 x 6 cm? crystals).
MiDBD proved that an energy resolution of 5 keV at the Q value was within reach,
and achieved a background index of less than 1 counts/(keV - kg - year) in the region
of interest around Qpgg. With a total exposure of 4.25 kg yr, MiDBD set the limit
775 ("0Te) > 2.1 x 107 years at 90% CL.

CUORICINO [218], an array of 62 TeO; crystals, improved on the MiDBD results
after running between 2003 and 2008 at LNGS, accumulating a total exposure of
19.75 kg yr. It set a lower bound on the *0Te half-life of 2.8 x 10?* years at 90% CL.

The latest step in this long series of TeO, bolometric detectors is CUORE [4],
currently taking data at LNGS and consisting of 988 bolometers with a mass of about
750 g each, corresponding to about 200kg of 3°Te. So far, the experiment has set a
lower limit of 2.2 x 10> years on the half-life of '3°Te for an exposure of 288.8 kg yr.
The background index, (1.49 + 0.04) x 1072 counts/(keV - kg - year), is dominated
by energy-degraded o particles generated by surface contamination. CUORE will
continue to take data until it reaches its design '3°Te exposure of 1 ton yr.

Scintillating bolometers could bring an additional handle for the discrimination
between signal and background [219]. In these devices, the crystal containing the
isotope of interest is a scintillator, and a second auxiliary bolometer is operated close
to it to register the emitted scintillation light. The simultaneous detection of heat and
scintillation allows one to distinguish « particles from electrons or y rays thanks
to their different light yield and signal shape, eliminating the dominant background
source observed in CUORE. This and other background reduction techniques are the
subject of an intense, world-wide R&D program; for more details, see, for example,
[220, 221] and references therein.

The CUPID (CUORE Upgrade with Particle IDentification) [201] project aims to
improve the half-life sensitivity of CUORE by two orders of magnitude increasing
the source mass and reducing the background using scintillating bolometers based
on lithium molybdate (Li;MoQy, or LMO) crystals highly enriched in '°°Mo. The
particle identification performance of the first CUPID detector module, exploiting the
light-to-heat ratio, is shown in Fig. 21. CUPID-Mo [7], a demonstrator experiment
consisting of an array of 20 Li;MoQy enriched in '%Mo to about 97%, was installed at
the Laboratoire Souterrain de Modane (LSM), France, and collected a total exposure
of 1.48 kg yr between 2019 and 2020. The scintillation light signal allowed a complete
rejection of « particles, while an energy resolution of 7.7 &+ 0.4 keV (FWHM) was
measured at 3034 keV. This performance led to a lower limit on the S80v half-life of
100Mo of 1.8 x 10?* years at 90% CL.

The AMoRE [203] (Advanced Mo-based Rare process Experiment) project is also
searching for the B80v of '%°Mo, but using scintillating bolometers of '°’Mo-enriched
and *8Ca-depleted calcium molybdate crystals. Tests have demonstrated that CaMoOy
crystals produce the brightest scintillation light among all the molybdate crystals, both
at room and at cryogenic temperatures. The AMORE-pilot experiment, carried out
between 2016 and 2018 utilizing six crystals with a total mass of 1.9 kg, achieved a
half-life sensitivity of 3.43 x 10?* yr at 90% CL and demonstrated the fundamentals
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Fig. 21 Light yield per unit energy as a function of the energy deposited in the LMO crystal, for two
different configurations under study as part of the CUPID detector optimization process. The green vertical
line indicates the Q-value of '%°Mo. Taken from [222]

of the technology. The current phase of the experiment, AMoRE-I, has been running
at the Yangyang Underground Laboratory (Y2L) with a 6.2 kg array of 13 Ca!®MoOy4
and five Li%OOM004 crystals. AMoRE-I aims at a background level of the order of
0.01 counts keV~! kg~! year™! and a half-life sensitivity of 10?* years. The next
phase of the experiment, AMoRE-II, will make use of a total mass of approximately
100kg of '®Mo.

6.3 Xenon time projection chambers

Two naturally occurring isotopes of xenon, 13*Xe and '*%Xe, can undergo 88 decay.
The latter, with a higher Q value (2458 keV), is preferred for B80v decay searches. It
constitutes only 8.86% of natural xenon, but the enrichment process is relatively simple
and cheap compared to that of other S8 isotopes. The two-neutrino decay mode of
136Xe is slow, 2.2 x 102! years (see Table 2), and hence, the experimental requirement
for energy resolution is less severe than for other S8 sources. Furthermore, xenon is a
suitable detection medium with strong scintillation and ionization primary signals in
both its gaseous and liquid phase.

The Milano experiment [223], running at LNGS in the late 1980s, made use of a
multiwire proportional chamber (MWPC) filled with 4.4 kg of xenon gas (enriched
to 64% in 13°Xe) at a pressure of 9.5 bars. Its detection efficiency was ~ 35%, the
energy resolution was 4.5% FWHM at 2.5 MeV, and the background index in the
energy region of interest was 11 counts/(keV - kg - year). After accumulating almost
2kg yr of exposure, the experiment set a lower limit to the half-life of 3°Xe of
2.0 x 10?2 years (90% CL).

The Gotthard TPC [224, 225] operated at the St. Gotthard road tunnel, Switzerland,
in the 1990s. The detector was filled at a pressure of 5 atm with a 96:4 mixture of
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Fig. 22 Expected background index (nEXO simulation) as a function of the active mass of LXe. The plot
illustrates the tradeoff in self-shielding calorimeters between background reduction and active mass. The
line and the band correspond to the median background and to the 95% confidence belt of the distribution of
background counts at each fiducial mass value, respectively, from toy-MC simulations with random draws
of background activities and for a detector live time of 10 years. Figure from [226]

enriched xenon gas and methane; the active volume of the detector, of about 1801s,
contained 3.3 kg of 13°Xe. The TPC was read out with a MWPC located at the anode.
The key idea of the experiment was the use of the tracking capabilities of the TPC
to discriminate between signal and background events using their energy deposition
pattern (d £ /dx), achieving a background rejection efficiency above 98% and a back-
ground index in the region of interest of about 0.01 counts/(keV - kggg - year). The
measured energy resolution, 6.5% FWHM at 2500 keV, was rather modest for xenon.
The following limit to the fB80v-decay half-life was reported: Tlo/"2 > 4.4 x 10% years
at 90% CL.

More recently, the Enriched Xenon Observatory (EXO) searched for 880v using a
cylindrical TPC, EXO-200, filled with about 110kg of liquid xenon (LXe) enriched
to 80.6% in 13°Xe [5]. The TPC consisted of two drift regions, each with a radius of
18 cm and a drift length of 20 cm, separated by a central cathode. Energy depositions in
LXe produce both scintillation light and ionization. In EXO-200, the ionization charge
was read out at each anode by crossed-wire planes, while the scintillation light was
collected by arrays of avalanche photodiodes (APDs) located behind the wire planes.
The total energy deposited was determined from the combination of the charge and
light signals. The TPC was housed in a thin-walled copper vessel, and surrounded by
several layers of passive and active shielding, including 50 cm of cryofluid and 25 cm
of lead. A plastic scintillator muon veto surrounded the experiment on four sides.
The detector operated at the Waste Isolation Pilot Plant (WIPP), in New Mexico,
United Stated. The signal detection efficiency was above 96%, the energy resolution
at the Q value of 136Xe was 2.7% FWHM, and the measured background index in
the ROI was approximately 2 x 1072 keV~! kg~! yr~!. After accumulating a total
exposure of 234.1 kg yr, EXO-200 set a lower limit on the S80v half-life of '3°Xe of
3.5 x 10% years at 90% CL.
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Fig.23 Reconstruction of the trajectories of double electrons (upper row) and single electrons (lower row)
produced at the 2087T] double escape peak, with energies of 1.6 MeV, recorded in NEXT-White data. Two-
electrons deposit energy at the end of each extreme of the track, while single electrons are characterized
by a single energy blob. This feature provides a reduction in the background rate of almost two orders of
magnitude. Figure from [228]

nEXO [204, 227], a follow-on to EXO-200, is a proposed next-generation exper-
iment with an LXe TPC of 5000kg of isotopically enriched xenon. It will consist of
a single-drift cylindrical TPC 113 cm in diameter and 118 cm in length, holding an
active mass of xenon close to 3650kg. Charge will be collected at the anode with
long crossed electrode strips, while a barrel of VU V-sensitive silicon photomultipliers
(SiPMs) surrounding the active volume will detect the LXe scintillation light. The TPC
vessel, made of copper, will be surrounded by 33 tons of cryogenic fluid, which serves
as both thermal bath and radiation shield. nEXO plans to reduce the background rate
achieved in EXO-200 to 7 x 107> counts/(FWHM - kg - yr) taking advantage of the
relatively short attenuation length in LXe of y rays of 2.5 MeV, about 8.7 cm, selecting
only events occurring in the innermost 2000 kg of the TPC (see Fig. 22). The expected
energy resolution of the detector is 1.9% FWHM at 2.5 MeV. This performance results
in a projected half-life sensitivity of 1.35 x 10?3 years at 90%CL.

NEXT [205, 206] is an international effort dedicated to the search for S0v decay
in 13°Xe using high-pressure xenon gas time projection chambers (HPXeTPC) with
amplification of the ionization signal by electroluminescence (EL). This detector
technology takes advantage of the inherently low fluctuations in the production of
ionization pairs (i.e., small Fano factor) in xenon gas to achieve an energy resolution
better than 1% FWHM at Qgg, significantly better than that of other 136X e-based
double-beta decay experiments [229]. Moreover, the tracks left in gaseous xenon
by BB0v events have distinct features that can be used for background rejection (see
Fig. 23). Over the last decade, the NEXT Collaboration has proven the performance of
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the HPXeTPC technology in the key parameters required for the observation of S80v
decay, with the underground operation at the Laboratorio Subterrdneo de Canfranc of
NEXT-WHITE, an asymmetric, radio-pure HPXeTPC containing approximately 5kg
of xenon at 10 bar pressure. The NEXT-100 detector, scheduled to start operation
in 2023, constitutes the next phase of the program. It is an asymmetric HPXeTPC
containing about 100kg of xenon (enriched at ~90% in '3°Xe) at 15 bar. NEXT-100
will reach a sensitivity of about 6 x 1023 year after a run of 3 effective years, for a
predicted background index of at most 4 x 10™* counts/(keV - kg - year). A scaled-up
version of this technology, dubbed NEXT-HD, with about 1 ton of enriched xenon,
could reach in less than 5 years of operation a sensitivity to the half-life of 880v decay
better than 10?7 years, significantly improving over current limits.

Xenon TPCs can, potentially, detect (“tag”) the daughter Ba®>* cation emitted in the
BBOv decay of 13Xe, in (delayed) coincidence with the two beta electrons, leaving the
BB2v mode as the only potential background. The possibility of barium tagging in a
xenon TPC was proposed in 1991 [230] and relied on Ba™ fluorescence imaging using
two atomic excitation levels in very low density gas. Recently, the nEXO collaboration
has demonstrated the imaging and counting of individual barium atoms in solid xenon
by scanning a focused laser across a solid xenon matrix deposited on a sapphire
window [231]. This is a promising step for barium tagging in liquid xenon, where
recombination is frequent, and the barium daughters are distributed across charge
states from 0 to 2% [232], with sizeable populations of neutral Ba and Ba™.

In high-pressure gas, on the other hand, recombination is minimal [233], and Ba?t
dominates. In 2015, a promising technique to detect Ba>* in a HPXeTPC, using a
layer of molecular indicators was proposed [234]. The concept was further developed
in [235] and spanned a vigorous R&D program within the NEXT collaboration [236,
237]. Daughter ion tagging is undoubtedly very challenging from the technical point
of view, but the payoff—the potential to operate in the “background free” limit, if the
BB2v mode can be kept under control with high-energy resolution—for future S50v
experiments aiming at sensitivities of 10*® year and beyond would be huge.

6.4 Loaded liquid scintillator

Large liquid-scintillator detectors, such as SNO [13], KamLAND [238], or Borex-
ino [239], have a successful track record in low-background searches in neutrino
physics. Loading them with large amounts of S8 isotopes represents a cost-effective
way to search for neutrinoless double-beta decay. Two collaborations are pursuing
this approach: KamLLAND-Zen and SNO+. Both experiments are reusing the existing
detector infrastructure from previous reactor and solar neutrino experiments.

The KamLAND-Zen experiment [6] is searching for the S80v-decay of '3°Xe
using enriched xenon dissolved in liquid scintillator, a technique first proposed in
1994 [240]. The experiment reuses the neutrino KamLAND detector, located at the
Kamioka Observatory, Japan. The KamLAND-Zen detector is composed of two con-
centric transparent balloons. The inner one, 3.8 m diameter and fabricated from nylon
film, contains 13 tons of liquid scintillator loaded with 745kg of enriched xenon.
The outer balloon, 13m in diameter, contains 1 kiloton of pure liquid scintillator,
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and serves as an active shield for external gamma background as well as a detector
for internal radiation from the inner balloon. Buffer oil between the outer balloon
and an 18 m-diameter spherical stainless-steel containment tank shields the detec-
tor from external radiation. Scintillation light is recorded by 1325 17-in and 554
20-in photomultiplier tubes mounted on the stainless-steel tank, providing 34% solid-
angle coverage. The containment tank is surrounded by a 3.2-kt water-Cherenkov
outer detector. KamLAND-Zen, which has been collecting physics data since late
2011, has published a measurement of the half-life of the fB2v decay of '3®Xe,
2.38 £ 0.02 (stat) = 0.14 (syst) x 10%! years [241], and a limit to the half-life of the
BBOv decay, 2.3 x 10 years (90% CL) [6]. The energy resolution of the detector is
9.9% FWHM at the Q value of '3°Xe. The achieved background index in the region
of interest is approximately 1.4 x 10™* counts/(keV - kg - year), thanks to a tight
selection cut in the fiducial volume and the identification of 2!#Bi events via Bi-Po
tagging. The collaboration is planning a future upgrade, KamLAND2-Zen, to increase
the photocathode coverage and improve light collection, which would allow them to
reach energy resolutions close to 5% (FWHM) at the Qgg value and improve their
half-life sensitivity by one order of magnitude.

SNO-+ [], the follow-up of the Sudbury Neutrino Observatory (SNO), is a mul-
tipurpose liquid-scintillator experiment housed in SNOLAB (Ontario, Canada). The
detector reuses many of the components of its predecessor, replacing the heavy water
by 780 tons of liquid scintillator to obtain a lower energy threshold. The detector
consists of a 12 m-diameter acrylic vessel surrounded by about 9500 8-in photomul-
tiplier tubes that provide a 54% effective photocathode coverage. The acrylic vessel
is immersed in a bath of ultra-pure water that fills the remaining extent of the under-
ground cavern, attenuating the background from external media such as the PMTs
and surrounding rock. The density of the liquid scintillator (0.86 g/cm?) being lower
than that of the surrounding water leads to a large buoyant force on the acrylic vessel.
To keep it in place, a hold-down rope net has been installed over the detector and
anchored to the cavity floor. The ultimate physics goal of the SNO+ experiment is to
conduct a search for B80v in 139Te, which will be loaded into the liquid scintillator
in the form of (non-enriched) telluric acid. A loading of 0.5%, equivalent to 1.3 tons
of 130Te, is planned for the first phase of the experiment. The energy resolution of the
SNO+ detector is expected to be 10.5% FWHM at the Q value of 13Te. Consequently,
the BB2v spectrum will be an important source of background. The expected levels of
uranium and thorium in the liquid scintillator can also result in substantial activity near
the BB0v endpoint, mostly from the decays of !#Bi and >!?Bi. Nevertheless, these can
be, in principle, actively suppressed via Bi-Po « tagging. External backgrounds (not
originating in the liquid scintillator) can be suppressed with a tight fiducial volume
selection.

7 Conclusions
The experimental exploration of f80v decay has a long history (see Fig. 24). The

first direct search was performed in 1948, where the half-life for 880v decay in '>*Sn
was constrained to be longer than 3 x 101 years [242]. Half a century later, in 2001,
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Fig. 24 Seventy-five years of direct f80v-decay searches (1948-2023) in perspective. The plot shows the
world’s best half-life lower limit as a function of publication year. The different colors indicate the B
emitters exploited for each limit. The dashed curve, obtained from a fit to those limits, is an attempt to
forecast the sensitivity improvements of future experiments

the Heidelberg—Moscow Collaboration reported a half-life limit about ten orders of
magnitude more stringent, using "°Ge as 8 emitter: Tlo/"2 > 1.9 x 10% years [211].
Along this history, frequent claimed discoveries have been made (see, for example,
[243]) that have been later disproved by subsequent experiments. This observation
alone reflects how difficult it is to search for S80v decay.

There is at present a diverse and healthy competition among a variety of experi-
mental techniques to establish themselves as the best approach for 880v searches. The
field is now witnessing a golden age in terms of experimental efforts. Why is that?
Some reasons have been present all along during the era of S80v-decay exploration:

e We have a fairly good idea of what to look for. While several mechanisms have
been proposed to drive 880v decay, in most of them, the two decay electrons are
the only light particles emitted, therefore carrying most of the available energy.
This can be contrasted with proton decay searches, where it is less clear which
decay mode should be the focus of experimental investigation.

e Itis common belief that there is still ample room for improvement with respect to
the most sensitive fB0v-decay searches performed to date, as can be guessed by
the trend in Fig. 24.

There are, however, additional reasons that are applicable to the present era:

e Probably, the most important reason has to do with the discovery of neutrino oscil-
lations over the past 2 decades, implying that neutrinos are massive particles. If
one assumes, as it is customarily done, that light Majorana neutrino exchange is
the dominant contribution to S80v decay, there is a direct link between a mea-
surable BB0v rate on the one hand, and the absolute scale of neutrino masses
scale and neutrino oscillations phenomenology on the other. In this context, one
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can also study what is the actual value of neutrino masses, and whether the neu-
trino mass spectrum exhibits some particular features (such as a hierarchical or a
quasi-degenerate structure), via S80v decay.

e Searching for B80v decay is well motivated on theoretical grounds. On the one
hand, there is no fundamental reason why total lepton number should be con-
served. On the other hand, Majorana neutrinos provide natural explanations for
both the smallness of neutrino masses and the baryon asymmetry of the universe.
As a consequence, theoretical prejudice in favor of Majorana neutrinos has gained
widespread consensus.

The mapping of observed BB0v rates into neutrino mass constraints not only
requires assuming the standard BB0v-decay interpretation in terms of light Majo-
rana neutrino exchange. It also requires precise nuclear physics knowledge, which
can be factorized into the so-called nuclear matrix elements (NMEs). These NMEs
cannot be measured directly, and need to be separately calculated for each S8-emitting
isotope under consideration. Several calculations exist. State-of-the-art calculations
give consistent results within the theoretical uncertainties estimated for each method,
and somewhat lower NME values than in the past.

In this review, the different experimental aspects affecting B80v-decay searches
were extensively discussed. The requirements are often conflicting, and no new-
generation experimental proposal is capable of optimizing all of them. Most likely,
several experiments, using different approaches and isotopes, will set sail to explore
the still huge terra incognita of the Majorana landscape.
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