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Abstract: The results of experiments on the search for and study of double beta decay processes
obtained over the past 5 years (from 2018 to April 2023) are discussed. The results of the search
for neutrinoless double beta decay are presented, in which a sensitivity of Ty, ~ 2 x 10%4-2 x 10%
years (90% C.L.) has been achieved. The present conservative upper limit on effective Majorana
neutrino mass (m,) was established from these experiments as 0.16 eV (90% C.L.). The results of
experiments on recording and studying the processes of two-neutrino double beta decay in various
nuclei (transitions to both the ground and excited states of daughter nuclei) are discussed too. The
results of experiments on the search for majoron are also given. Possible progress in this field in the

future is discussed.
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1. Introduction

The search for neutrinoless double beta decay (0v3p) is one of the most urgent topics
in nuclear physics and elementary particle physics. The detection of this process will
automatically lead to two fundamental discoveries: (1) a violation of the lepton number (L)
conservation will be established (which is a necessary condition for leptogenesis, a leading
explanation of why the universe is matter dominated [1]), and (2) it will be established that
neutrinos are Majorana particles, meaning that neutrinos are the same as antineutrinos [2].
In addition, it could provide information on such fundamental issues as the neutrino
eigenstate masses, the type of ordering of neutrino masses, and may be even CP violation
in the lepton sector (see discussions in [3—6]). The detection of a process with the emission
of a majoron will lead to the discovery of a new elementary particle, the majoron, which
is one of the candidates for dark matter. All this, in turn, will lead to the most important
consequences in physics and astrophysics. The study of various isotopes and types of decay
will provide information on the mechanism of OvBg decay. The measurement and study of
two-neutrino double beta decay (2vpp) is also of great interest. Obtaining experimental
information about the values of nuclear matrix elements (NME(2v)) makes it possible to
improve NME calculations for both two-neutrino and neutrinoless decays. A detailed study
of the spectrum shape makes it possible to search for processes outside the framework
of the standard model: the existence of bosonic neutrinos [7], the Lorentz invariance
violation [8,9], the neutrino self-interactions [10], the existence of sterile neutrinos [11], and
the search for right-handed neutrinos [12].

This review presents the results of experiments performed from the beginning of 2018
to April 2023. The results of earlier experiments can be found in [13-18]. The theoretical
aspects of Bp decay are well presented in recent reviews [4,18-20].

2. Results of Recent Experiments

Tables 1-7 present all significant results on the search for different types of 55 processes
obtained from the beginning of 2018 to the present (April 2023).
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2.1. Results for OvBp Decay

Neutrinoless double beta decay is a process in which the nucleus (4, Z) is transformed
into the nucleus (4, Z + 2) with the simultaneous emission of two electrons:

(A,Z) = (A, Z+2)+2¢". 1)

Since the energy of the recoil nucleus in this process is negligible, the sum of the kinetic
energies of two electrons must equal the energy released in the decay for this transition
(Qgp)- Neutrinoless double beta decay can occur through various mechanisms. Here,
we will consider the most popular scheme with light neutrinos. In this case, the decay
probability is written as follows [19,21]:

2
, 2

_ m
[Ty/2(00)] " = Gouglhy | Moy P |22

where Gy, is the phase space factor, which contains the kinematic information about the
final state particles, and is exactly calculable to the precision of the input parameters [21,22],
g4 is the axial-vector coupling constant, | My, |? is the nuclear matrix element, 1, is the
mass of the electron, and (m, ) is the effective Majorana mass of the electron neutrino, which
is defined as (m,) = | ¥_; U%m; |, where m; are the neutrino mass eigenstates and U,; are the
elements of the neutrino mixing Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix U.

Table 1 presents the results of experiments on the search for OvBp decay, as well as the
main parameters of the installations used. It can be seen that eight different isotopes were
studied using completely different techniques and detectors. The measurement statistics
are also different, from 0.12 kg-yr in the CANDLES-III [23] experiment to 970 kg-yr in
the KamLAND-Zen [24] experiment. An important parameter is the energy resolution of
the detectors (FWHM) in the region of Qgg. The best energy resolution was achieved in
the Majorana Demonstrator [25] experiment with HPGe detectors (2.52 keV), while the
worst was found in the NEMO-3 [26] and KamLAND-Zen [24] experiments (~250 keV).
One of the most important parameters of such installations is the background index (BI)
in the energy range of OvBp decay and the background index multiplied by the energy
resolution (BI.FWHM). The lowest background index was obtained in the KamLAND-
Zen [24] experiment (~7 x 107° ¢/keV-kg-yr), but the best B FWHM value (which is much
more important) was obtained in the GERDA [27] experiment (~1.8 X 1073 ¢/ kg-yr).

The limits presented in Table 1 are the best to date and define the state of the research
in OvBB decay. In the experiments with the best sensitivity (KamLAND-Zen [24] and
GERDA [27]), a limit on the half-life of ~2 x 10%° years was achieved; in three experi-
ments [25,28,29], limits of ~(2-8) x 10% years were attained; and in other three experi-
ments [30-32], limits of ~(2-4) x 10?* years were obtained (all limits at 90% C.L.). The
limits on (m,) are given in the seventh column of Table 1 (these are the values given by
the authors in the relevant publications). It can be seen that in all cases, we are dealing
with a fairly wide range of values. This is due to uncertainties in the NME calculations.
Still, more conservative values seem to be more realistic (closer to the right boundary of
the interval), and it is on them that one should reply when planning new experiments.
From the obtained results, we can conservatively conclude that the current limit on (m,) is
~0.16 eV (90% C.L.). The current state of the problem of NME calculations can be found
in [18-20,33,34].

Only three experiments from Table 1 are still active today: these are KamLAND-Zen,
CUORE, and CANDLES-IIL. It can be expected that in a few years, new, several times more
stringent limits on Ty, for 136Xe, 130Te, and #*8Ca will be obtained. In addition, in 2023,
LEGEND-200 started the data taking (see Section 3).

Using the data of oscillatory experiments, one can obtain predictions for possible
values of (m,). Usually, a so-called “lobster” plot is constructed, which shows the possible
values of (m,), depending on the type of ordering and the mass of the lightest neutrino
my, which is unknown. The cosmological constraints on X, are used to limit the possible
values of mgy. The PLANCK collaboration gives a limit of Xm, <0.12 eV [35], using the CMB
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data with different large-scale structure observations. This leads to a limitation on my <30
and <16 meV for normal and inverted ordering, respectively. In Figure 1, predictions on
the effective Majorana neutrino mass are plotted as a function of the lightest neutrino mass
my. The 20 and 3¢ values of neutrino oscillation parameters are taken into account [36].
The gray area indicates the sensitivity region of the KamLAND-Zen experiment on 0vgj
decay (36-156 meV) [24]. It can be seen that at the maximum NME values for 136X,
the KamLAND-Zen experiment is sensitive to the region with the inverse neutrino mass
ordering. However, at low values of NME (which, apparently, is more likely), the sensitivity
still does not reach this region. Additionally, the main goal of the future experiments is to
test the scheme with the inverted ordering of neutrino masses (see Section 3).

T T T T TTTT T T T T TTTT T T T T T

T T T T T

<m,> [eV]

ool

-4 | ) L

10" = 3 2 1 0

10 10 10
m, [eV]

Figure 1. Predictions on (mm,) from neutrino oscillations versus the lightest neutrino mass, my, in
the two cases of the normal (NO, the on-line blue region) and inverted (IO, the on-line red region)
ordering of the neutrinos’ masses. The 20 and 3¢ values of neutrino oscillation parameters are
considered [36]. The mg region that is disfavored by cosmological data (Xm, < 0.12 eV) is presented
in (on-line) yellow (>30 meV for NO and >16 meV for IO). The gray area indicates the sensitivity
region of the KamLAND-Zen experiment on Ovp decay (36-156 meV) [24].

Table 1. Limits for OvBp decay in experiments conducted from 2018 to April 2023. Limits on (my)
are given as intended by the authors of the respective publications. Qgg is energy of Ovp transition;
M is mass of the investigated material (in parentheses, the mass of the investigated isotope is used);
t is measurement time; FWHM (full width at half maximum) is energy resolution at Q 55 Bl is
background index; LTB is low-temperature bolometer. () For Module-IT it is 8.7 x 103, (!) This is
the mass of liquid scintillator in the fiducial volume. (¢) Obtained using 21 of 93 CaF, crystals.

Nucleus M-t, FWHM, BI, BI.-FWHM, Tipp, yr (my), Experiment,
(Qpp, kev) kg-yr keV c/kev-kg-yr c/kg-yr (90% C.L.) meV Detector
127.2 (110.7) 2.6-4.9 52 x10~* ~1.8 x 1073 >1.8 x 10% <79-180 GERDA [27],
76Ge (2039.0) HPGe
’ 3 3 o5 Majorana [25],
73.3 (64.5) 252 6.6 x 10 16.6 x 1073 (@) >8.3 x 10 <113-269
HPGe
KamLAND-
~34,000 () ~2 %1076 ~5x 1074 % Zen [24], Xe in
(970) ~247 (~7x105)  (~17x1072) 23 x10 <36-156 liquid
136Xe (2457.8) scintillator
290.4 (234.1) 66.4 18 x 103 0.12 >35 x 105 <93-286 EXO-200 28],

liquid Xe TPC
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Table 1. Cont.

Nucleus

(Qpp, kev)

M-t,
kg-yr

FWHM, BI,
keV c/kev-kg-yr

BI.FWHM,
c/kg-yr

<mv>/

meV

Experiment,
Detector

Ti2, yr
(90% C.L.)

130Te (2527.5)

1038.4 (288.8)

CUORE [29],

25
>2.2 x 10 LTB TeO,

7.8 1.5 %1072 0.12 <90-305

128Te (866.7)

309.33 (78.56)

CUORE [30],

24 -
>3.6 x 10 LTB TeO,

43 1.4 6.0

82Ge (2997.9)

9.94 (5.29)

5.90 (4.90)

CUPID-0 [31],
LTB ZnSe
NEMO-3 [26],
tracking
detector

20 35x1073 7 %1072 >4.6 x 104 <263-545

~250 ~4 %1073 ~1 >2.5 x 102 <1200-3000

100Mo (3 034.4)

2.71 (1.47)

CUPID-
Mo [32], LTB
Liz MOO4

7.4 4.7 x 1073 3.5 x 1072 >1.8 x 10%* <280-490

16Cd (2813.5)

4.68 (1.22)

AURORA [37],
CdWO,
scintillator

170 0.15 25 >2.2 x 102 <1000-1700

48Ca (4268.0)

~108 (~0.12)

CANDLES-IIT
[23], CaF;
scintillation
crystals

241 1073 0.24 >5.6 x 1022 (©) <2900-16,000

2.2. Results for 2vpp Decay

In the 2vBp decay process, the nucleus (A, Z) is transformed into the nucleus (A, Z + 2)
with the simultaneous emission of two electrons and two antineutrinos:

(A,Z) = (A, Z+2) +2e +20. ®)

In this case, the decay probability is written as follows [19,21]:

[T12(2v)] 7 = Gavgh | Moy [, 4)

where G, is the phase space factor (which is accurately known [21,22]), | My, |? is the
nuclear matrix element, and g4 is the axial-vector coupling constant. (Usually, the value
ga = 1.27 is used (the free neutron decay value). Currently, however, there is a discussion
about a possible decrease of this value in nuclear matter, about the so-called “quenching”
(see, for example, discussions in [20,38-40]). The introduction of “quenching” was due to
the fact that the calculated NME values in the framework of existing models for ordinary
beta decay and 2vpp decay do not coincide with the measured ones. The introduction
of quenching just allows the reconciliation of the calculations with the measurements.
However, this issue is still not clear and requires further study. In [40], for example, within
the framework of the ab initio approach, it was demonstrated that no quenching is required,
and the whole problem is reduced precisely to the incorrect calculation of the NME.)

This process is of the second order in terms of weak interaction and is not forbidden
by any conservation laws. The study of this decay makes it possible to directly measure
NME(2v), which also provides important information for NME(Ov) calculations. For 11
nuclei, 2vBp decay has already been registered, and the study of this process continues. At
present, the accuracy of measuring T/, has improved significantly. If the first measure-
ments of this process had an accuracy of ~10%-40% and were often of a qualitative nature,
then in modern experiments, the accuracy of measurements reaches ~2%. In particle-track
experiments (such as NEMO-3), in addition to the total spectrum, the spectra of individual
electrons and the angular distributions of electrons are recorded. Table 2 presents the
results of the study of 2vBp decay obtained since 2018. It should be noted that most of
the measurements were performed with good statistical accuracy and a high value of the
signal-to-background ratio. As a result, the T, value for 82Se, 1Mo, 16Cd, 130Te, and
136X e was measured with good accuracy. The most accurate measurements (~1.5%-2.5%)
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were obtained with low-temperature bolometers (82Se [41], 199Mo [42], and 130Te [43]).
This is due to the fact that such detectors have almost 100% efficiency in the detection
of 2vBp events and a well-defined sensitive volume and, as a rule, have a low level of
background. The study of the spectra of single electrons in the NEMO-3 experiment with
100Mo [44] and #2Se [26] made it possible to establish the dominance of the single-state
dominance (SSD) mechanism [45] for transitions in these nuclei. The conclusion about the
dominance of the SSD mechanism in 82Se was also drawn from the analysis of the spectrum
of two electrons in [41]. The result for °Zr was obtained in a geochemical experiment. The
obtained value agrees well with the results obtained in the NEMO-2 and NEMO-3 counter
experiments (mean value is T}, = (2.3 +0.2) x 10" years [13]). At the same time, this re-
sult is in poor agreement with previous geochemical experiments (T} o = (3.9 £0.9) x 10"
years [46] and Ty, = (0.94 £0.32) x 101 years [47]), which, however, is not unusual for
geochemical measurements.

A precise study of the shape of the spectrum in 2vBp decay is becoming increasingly
important in connection with the search for processes outside the framework of the standard
model. The main idea is to accurately measure the shape of the spectrum and compare it
with the theoretical curve. Deviations from the theoretical shape of the spectrum (taking
into account all possible statistical and systematic errors) can be caused by the contribution
from processes outside the standard model. This method was used to search for processes
with majoron emission (see Section 2.3), bosonic neutrinos [44], and violations of Lorentz
invariance [44,48] (see, in addition, recent review [49]). This raises the question of the
accuracy of theoretical calculations, i.e., with what accuracy can one calculate the total
shape of the spectrum of two electrons, the shape of the spectrum of individual electrons,
and their angular distributions. A priori, this is not clear. One can only make a cautious
assumption that this accuracy is <1%. This is indicated by remarks made in [50] that
the approximations in the fundamental formulas lead to inaccuracies at the level of less
than 1%. The same is evidenced by the experimental data with 1Mo in the NEMO-3
experiment [44]. In this experiment, 500,000 useful events were registered with an almost
zero background (the signal-to-background ratio is ~80). In this case, the experimental
data are in good agreement with the calculated curve (the deviation of the experimental
points from the calculated curve does not exceed 1% in almost the entire energy range).

An interesting situation has arisen with the measurement of the 2vKK capture (process
with the capture of two electrons from the K shell) in ?*Xe. In 2018, the limit T} /2 >
2.1 x 10?2 years (90% C.L.) was obtained in the XMASS-I experiment [51]. Then in 2019, the
XENONIT collaboration claimed the observation of this process with
Ty = [1.8 £0.5(stat) £ 0.1(syst)] x 10?2 yr [52], which, after accounting for the errors,
does not contradict the result published in [51]. In 2022, in the XENON1T experiment with
better statistics and new processing, a new value for the 2vECEC process was obtained,
Ty /o = [1.1£0.2(stat) £ 0.1(syst)] x 10%2 yr [53], which, at first glance, no longer agrees
with the result of [51]. However if we take into account that, for the 2v2K process, the
result is transformed into Tj /»(2vKK) = [1.5 4 0.3(stat) 4 0.1(syst)] x 10?2 yr [53], then the
contradiction is only at the level of ~2¢. In any case, new, independent measurements of
this process are needed.



Universe 2023, 9, 290

6 of 13

Table 2. Results of experiments on the study of 2vf beta decay (transitions to the ground state of
the daughter nucleus) and 2vECEC from 2018 to April 2023. N is the number of useful events; S/B is
the signal-to-background ratio. (1) For 2vECEC capture.

Nucleus Experiment
(Qpp, keV) N Tura, yr S/B Ref., Year
3472 [9.39 + 0.17(stat) £ 0.58(syst)] x 10" 4 NEMO-3 [26], 2018
825e (2997.9)
~200,000 8.60 £ 0.03(stat) t013 (syst)] x 101 10 CUPID-0 [41], 2019
%7y (3356.1) Geochemical 2.031046 1019 - [54], 2018
measurement 031
100Mo (3034.4) 500,000 [6.81 £ 0.01(stat) T3 (syst)] x 1018 80 NEMO-3 [44], 2019
35,638 (7.127518 (stat) £ 0.10(syst)] x 10'8 10 CUPID-Mo [42], 2020
116Cq (2813.5) 93,000 2.631011 x 101 ~15 AURORA [37], 2018
130Te (2527.5) ~200,000 (7715008 (stat) T0 13 (syst)] x 102 >1 CUORE [43], 2021
~90,000 [2.23 £ 0.03(stat) 4 0.07(syst)] x 10?! ~30 KamLAND-Zen [55], 2019
136Xe (2457.8) ~17,468 [2.27 £ 0.03(stat) £ 0.10(syst)] x 102! >1 PandaX-4T [56], 2022
291 (2347080 (stat) T30 (syst )] x 10 ~1 NEXT [57], 2022
—(2vKK) >2.1 x 10?2 (90% C.L.) - XMASS-1 [51], 2018
1246 (2857) (1) 126 (2vKK) [1.8 £ 0.5(stat) £ 0.1(syst)] x 10?2 ~0.2 XENONIT [52], 2019
262 (2vECEC) [1.1 4 0.2(stat) & 0.1(syst)] x 102 ~0.2 XENONIT [53], 2022

2.3. Search Results for BB Processes with the Emission of Majoron and Majoron-like Particles

This is a process in which the nucleus (A, Z) is transformed into the nucleus (4, Z + 2)
with the simultaneous emission of two electrons and a majoron (two majorons):

(A,Z) = (A, Z+2)+2¢ +x°(+x°). ®)
In this case, the decay probability is written as follows [21,58]:

[T1/2(0vx%)] ™" = Goypo8a(gee)® | Moy %, (6)

where GOI/XO is the phase space factor (which is accurately known [58]), | My, |? is the
nuclear matrix element, g4 is the axial-vector coupling constant, and (gee) is the coupling
constant of the majoron to the neutrino (in the case of decay with two majorons, it will be
(ee)* instead of (ge.)? in Formula (6)).

Majoron was introduced into theory in the early 1980s as a massless Goldstone boson
that appears when the global B-L symmetry is broken [59]. This majoron is bound to a
neutrino and results in double beta decay with the emission of a majoron. The majoron, if
it exists, could play an important role in cosmology and astrophysics. In the early 1980s,
singlet [60], doublet [61], and triplet [62] models of majoron were proposed. However, the
last two models were rejected by the results of precise determination of the Z boson decay
width (corresponding to a contribution of 2.994 & 0.012 neutrinos [63]), since they must
add 0.5 or 2 to this value. Later, new theoretical schemes were invented that do not conflict
with the width of the Z boson and that lead to the emission of one or two majorons [64—68].
Recently, schemes with massive majoron (or majoron-like particles), which could play the
role of dark matter, have become popular [69-72]. Thus, at present, the term “majoron” is
used in a broader sense—now it is not only a massless Goldstone boson, but also other
(including massive) light scalar and even vector particles [73]. In experiments to search for
neutrinoless double beta decay, the classification of decays with the emission of majoron
from [74] is usually used. To describe the shape of the spectrum, the spectral index n
is used from the expression for the corresponding phase space volume G~(Qgs — T)",
where T is the kinetic energy of two electrons. Additionally, n has the values 1, 2, 3, and
7. The corresponding spectra for 1Mo (as example) are shown in Figure 2. These four
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spectra do not cover all possible spectra, but give an idea of the sensitivity of experiments
to different types of majoron. Table 3 shows the limits on classic majoron (n = 1) obtained
in experiments over the past 5 years. Limits on (g..) are also given (as indicated by the
authors of the relevant papers). The most stringent limitation on the coupling constant of
majoron with neutrinos was obtained in the EXO-200 experiment, (g..) < (0.4 —0.9) x 107>
at 90% C.L. [75]. Table 4 presents the resulting constraints for the majoron with the spectral
index n = 2, 3, and 7. We emphasize that practically all limits presented in Tables 3 and 4 are
the best for corresponding nuclei and transitions. An exception is the limit for the classical
majoron (n = 1) for 16, In this case, a slightly better limit was obtained in [76].

Table 3. Results of the search for neutrinoless double beta decay with the emission of majoron
(spectral index n = 1), obtained from 2018 to April 2023.

Nucleus Qpp, keV Tyja, yr (90% C.L.) (gee) (90% C.L.) Experiment Ref., Year
76Ge 2039.0 >6.4 x 108 <(1.8-4.4)x1075 GERDA [77] 2022
82g0 29979 >3.7 x 102 <(3.2-8.0)x107° NEMO-3 [26] 2018

>1.2 x 108 <(1.8-4.4)x1075 CUPID-0 [78] 2023
1ecq 2813.5 >8.2 x 102 <(6.1-9.3)x1075 AURORA [37] 2018
136 e 2457.8 >4.3 x 10% <(0.4-0.9)x1075 EXO0-200 [75] 2021

Table 4. Results of the search for neutrinoless double beta decay with the majoron emission for the
spectral index n = 2, 3, and 7 (obtained from 2018 to April 2023). In case of n = 3, this is limit for one
and two majoron emission modes. In case of n = 7, limit is for two majoron emission modes. All
limits are presented at 90% C.L.

Spectral Index 76Ge [77] 82Ge [78] 100\ [44] 16¢cq [37] 136xe [75]
n=2 >29 x 108 >3.8 x 102 >9.9 x 10%! >4.1 x 10?1 >1.5 x 10%
n=3 >1.2 x 105 >1.4 x 102 >4.4 x 10 >2.6 x 10%! >6.3 x 102
n=7 >1.0 x 105 >2.2 x 104 >1.1 x 104 >0.89 x 10%! >5.1 x 102

2.4. Results for B Transitions to Excited States of Daughter Nuclei

Over the past 5 years, very interesting results have been obtained for such transitions.
Tables 5 and 6 show the results for transitions to the first 2 and first 0] states. Results
are shown for both 2vBp and 0vpp decays. Transitions to the 2| level are suppressed due
to different quantum numbers of the initial and final nuclei. Of greatest interest is the
decay into a 0] excited state. In the experiments of the last 5 years, the values of Ty /, for
100Mo [79] and °Nd [80,81] were again measured for 2vBp decay into the 0 excited state.
The obtained values agree with the results of previous measurements [13]. Practically all
limits presented in Tables 5 and 6 are the best for corresponding nuclei and transitions. An
exception is for the limits for the 2v transitions in ''°Cd. In these cases, the best limits were
obtained in [82].
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Figure 2. Energy spectra of different 1Mo decay modes: 2vBp (n = 5), 0vx’BB (n = 1,2, and 3) and
0vx°x°BpB (n =3 and 7). Qgg for 1Mo is 3034.4 keV.

Table 5. Results of experiments to search for B decay into a 2" excited state of the daughter nucleus
for both 2vBp and OvBB decays (obtained from 2018 to April 2023). Egg is energy of transition to Zfr

excited state.

Nucleus, Ref.  Egg, keV Tas2, yr (90% C.L.)
2v Ov
76Ge [83] 1479.9 >7.7 x 102 >2.12 x 10%
82Ge [31] 2221.4 - >3.0 x 102
100Mo [79] 2494.9 >4.4 % 102 >2.1 x 108
116Cq [37] 1519.9 >9.8 x 1020 >7.1 x 102
150Nd [80] 3037.4 >2.4 % 102 >1.26 x 1022

Table 6. Results of experiments to search for f decay into the 0] excited state of the daughter
nucleus for 2vBf and OvpBp decays (obtained from 2018 to April 2023). Egg is energy of transition to

O;r excited state.

Nucleus, Ref. Egg, keV 2 T2, yr 90% C.L.) ov
76Ge [83] 916.7 >7.5 x 108 >3.4 x 10%
82Ge [84] >1.3 x 102! >2.3 x 102
828e [31] 15103 - >1.8 x 105

10Mo [79] 1904.1 7.5 + 0.8(stat) T4 (syst)] x 1020 >1.2 x 108
16Cd [37] 1056.6 >5.9 x 102 >4.5 x 102
130Te [85] 734.0 >2.5 x 108 >1.4 x 10%
136Xe [86] 878.8 >1.4 x 10% :
150Nd [81] 2630.9 [0.977023 (stat) £ 0.15(syst)] x 1020 -
150Nd [80] (1127019 (stat) 017 (syst)] x 1020 >1.36 x 102

—0.15
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3. Prospects for New Experiments

Table 7 shows the parameters of the most promising future experiments. The main goal
of the upcoming experiments is to test the scheme with the inverted ordering of neutrino
masses, i.e., to achieve sensitivity to (m,) ~15-50 meV. Almost all of the experiments
listed in the table will be able to test the inverted hierarchy region. However, the best
sensitivity is planned in the CUPID, LEGEND-1000, and nEXO experiments, and it is
these experiments that have the greatest chance of detecting OvS decay if the inverted
ordering of neutrino masses is realized in nature. These experiments are currently under
preparation. Apparently, it will take at least 5 years to start the experiments, and another
~5-10 years to take data. Thus, the final results in these experiments will be obtained in
~10-15 years. Let us pay attention to the fact that the LEGEND-200 experiment started
a dataset in 2023. The successful implementation of this experiment will serve as a good
start for LEGEND-1000. Here, it should be noted that in the case of a normal ordering
of neutrino masses, the allowed range of values for (m,) is <30 meV [87]. This means
that these future experiments are also sensitive to the normal ordering, although at (m,)
~15-30 meV, it will not be possible to distinguish one type of ordering from another. When
implementing the above program of experiments, of course, the study of the processes of
two-neutrino double beta decay of 76Ge, 100Mo, 130Te, and 136Xe will be continued. In each
case, millions of useful events will be registered, which will make it possible to determine
with good accuracy the shape of the corresponding spectra and, with high sensitivity, search
for processes outside the framework of the standard model (majoron, bosonic neutrinos,
Lorentz invariance violation, etc.). Double beta transitions to excited states for these nuclei
will also be investigated with very good sensitivity. There is hope for the first time to
register the 2vBpB decay of 7°Ge and *Xe to the 0} level of the daughter nuclei. Of course,
in addition to the experiments listed in Table 7, there are several dozen other proposals that
are at the R&D stage. Probably some of them will also be implemented. A more or less
complete list of such proposals can be found in reviews [18,88]. For detailed information
on some of the planned experiments, see also reviews [8§9-93].

Table 7. Future experiments. M is the mass of the investigated isotope. The sensitivities for T; /, and
(my) are given as presented by the authors of the respective proposals.

. Sensitivity Sensitivity
Experiment Nucleus M, kg Ty, yr (90% C.L.) (m,), meV (90% C.L.) Status
200 ~10% ~34-80 Current
76
LEGEND [94] Ge 1000 1.7 x 10% 8.5-19.4 R&D
250 1.4 x 10% 10-17 R&D
- 100
CUPID [95-97] Mo 1000 9.2 x 107 4.1-6.8 R&D
nEXO [98] 136X 5000 1.35 x 1028 4.7-20.3 R&D
KamLAND2-Zen [99] 136X 1000 ~2 x 107 ~12-52 R&D
AMORE [100] 10000 100 ~(5—8) x 10% ~13-28 R&D
130Te ~1300 2.1 x 10% 37-89 In progress
101,1
SNO+[101,102] ~8000 ~107 ~20-40 R&D

4. Conclusions

The analysis of the results of the search and study of the processes of double beta
decay reported from the beginning of 2018 to April 2023 are presented here. It is clear that,
in the last 5 years, great progress has been made both in the search for Ov decay and in
the study of 2vBp decay. All this allows us to hope for the successful implementation of a
new generation of experiments and the achievement of sensitivity to neutrinoless decay at
the level (m,) ~10-20 meV. This sensitivity should be reached in ~10-15 years.

If the neutrinoless double beta decay is still not observed, then new experiments with
masses of the studied isotope of interest of 10 tons or more will be required (see discussions
in [16,87,103]).
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