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Abstract: This paper reviews the main experimental techniques and the most significant results
in the searches for the 2¢, e and 28+ decay modes. Efforts related to the study of these decay
modes are important, since they can potentially offer complementary information with respect to the
cases of 2B~ decays, which allow a better constraint of models for the nuclear structure calculations.
Some positive results that have been claimed will be mentioned, and some new perspectives will be
addressed shortly.
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1. Introduction

The double beta decay (DBD) is a powerful tool for studying the nuclear instability,
the electroweak interaction, the nature of the neutrinos, and physics beyond the Standard
Model (SM) of Particle Physics. The theoretical interpretations of the double beta decay
with the emission of two neutrinos is well described in the SM; the process is characterized
by a nuclear transition changing the atomic number Z of two units while leaving the atomic
mass number A unchanged. According to the Weizsdcker mass formula [1], the double
beta decay can proceed between two even-even nuclei. Reference [2] initially discussed
the theoretical description of the double beta decay; four kinds of DBD decay modes are
possible. In particular, the DBDs predicted from the SM are:

2026~ : (AZ) — (A Z+2)+2e +27

2028 : (A,Z) — (AZ-2)+2"+2v

2ueBT: (A, Z)+e” — (A Z-2)+e"+2v
W2: (A, Z) 42 — (AZ-2)+2w

In the case of a DBD decay with the emission of two neutrinos, the half-life (T; /) is
given by the formula (see e.g., Reference [3]):

2
1 2
o = G (Eo 2)|MEp — MR M
1/2 A

where: (i) the function G (E, Z) is the result of the integration in the phase space of the
leptons; (ii) Ey is the energy difference between the initial and final states; (iii) the matrix
elements Mé’/T and M%V contain the nuclear structure information for Gamow-Teller and
Fermi transitions; and, (iv) gy and g4 are the vector and axial-vector weak interaction
effective coupling constants.

On the other hand, DBD modes without the presence of neutrinos are possible beyond
the SM and, if observed, they will open windows on new physics [4-10]. The half-life
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of a neutrinoless DBD can parameterised by the following formula (using the formalism
presented in Reference [11]):

2
1 2
5 = G (B0, 2)| MY — X MY | (m,)?, @
1/2 A

where: (i) the function G% (Ey, Z) is the result of two-electron phase space integration;
(ii) the nuclear matrix elements M%"T and M%V contain the nuclear structure information for
Gamow-Teller and Fermi transitions for the case of neutrinoless emission; and, (iii) (1, ) is
the Majorana effective mass definition for the electronic neutrino:

(m,) = |eM my + e ms

7

2
u,l

e

2 2
ue,2 ’7712 + ’ ue,3

where m; are the masses of the neutrino eigenstates; «1, , are the Majorana phases; and,
U, ; are the electronic neutrino elements of the PMNS mixing matrix [12].

Among the many theoretical frameworks, an interesting one is the case of weak
interactions with the right-handed lepton current. In this case, while assuming A, 77, and «
as three new coupling constants, the effective general Hamiltonian is [11]:

Gr
V2
where Jj gy and M g, are the lepton and quark left- (right-) handed currents, respectively,

and Gr is the Fermi constant. Thus, combining the contributions from the mass and the
right-handed current terms, we have a general formula that has the form [11]:

Hix = I (MZV +le§%) + (qM{y +/\M}QV) +he,

2
T;y = () s amr e+ el o)+ sl + cnm.
1/2 e ¢ ¢

The functions C,; contain the nuclear matrix elements and phase space integrals (all
of the C;; definitions are in Reference [11]); for example, the C; term is derivable from
Equation (2) [11,13]:

2

2

2
C1 = G%(Eo, Z)| MY — %M(}V 2.

A

Instead, (A) and () are the effective values of A and 77 over the mixing matrix for left-
and right-handed neutrinos (see Reference [11] for their explicit definitions). We emphasize
that (A), (), and (m,) are quantities that can be evaluated by the analysis of neutrinoless
double beta decay experiments.

The nuclear matrix elements contain the wave function of the initial and final even-
even nuclear states, but—especially for the calculation of the 2v mode (in the Ov mode the
virtual neutrinos have relatively high energy with respect to the average energy transition
among the initial and final states and the intermediate states, known as the “closure
approximation”. Thus, in the “closure approximation”, only the wave functions of the
initial and final states are required. Moreover, the nuclear matrix elements for both 2v
and Ov modes are the same)—a sum of all the matrix elements of the intermediate odd-
odd nuclear states is also required. Ideally, in order to determine the matrix elements,
it is necessary to solve a many-body problem assuming a relativistic nucleon-nucleon
interaction and, thus, infer the total wave function. Unfortunately, such a procedure is not
practically feasible, and several assumptions and approximations on the nuclear structure
and interactions are needed, which affect the evaluation of the matrix elements and the
vector and axial-vector form factors. Moreover, some approximations are more efficient for
light nuclei than heavy ones, or vice-versa.
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Focusing on the Feynman diagrams (see Figure 1), the 2" are topologically equal
to the 28~ decays; therefore, the differences in the decay rates are dominated by the
phase space terms and the mass difference between the parent and daughter nuclei (Qpgp).
However, the positrons emission allows for implementing a mighty signature, especially
when coincidence logic is adopted. In perturbation theory, the nuclear matrix elements
of the e and the 2¢ decays are of the same order as the 2B+ decay, but, generally,
the phase space is higher (the kinetic energy that is available for each DBD+, where
M(A,Z) is the atomic mass of the isotope with mass number A and atomic number Z, is:
Kopr = M(A,Z) — M(A,Z — 2) — 4me, Kegr = M(A,Z) — M(A,Z —2) — 2me — Eo, and
Kye = M(A,Z) — M(A,Z —2) — 2E,, where E, is the excitation energy of the atomic shell
of the daughter); thus, the corresponding T/, is lower. Reference [14] lists the 35 isotopes,
which can decay through the 28~ mode (DBD-) with forbidden or suppressed B~ decay.
Typically, they have a larger Q-value with respect to the DBD in positive channels (DBD+)
and, thus, a lower half-life.
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Figure 1. Leading-order schematic Feynman diagrams for the 2v28~ (a), 2v28* (b), 2vef™ (c),
and 2v2e (d) decay modes.

However, the 34 DBD+ emitters (as listed in the following Sections and Tables therein)
allow us to study the DBD for other nuclei and, thus, test the calculations of a different
nucleus shape and decay modes that involve the vector and axial-vector weak effective
coupling constants, etc. (see the next Sections). This expands the possibilities of the
experimental tests for the achievement of important complementary information. Instead,
the case of the Ov mode involves the neutrino mass and new specific theoretical scenarios;
but, in some model cases, one can consider the 2v nuclear matrix element as a test case for
the Ov modes.

Moreover, several new features arise while assuming either a non-vanishing neutrino
mass or lepton number violating (AL # 2) processes. The possible “resonant effect” on the
0v2e mode when the initial and final states are energetically degenerate is a remarkable
example. In this case, the process can profit from an increased counting rate of several
orders of magnitude and, in some cases, the sensitivity can approach that of the DBD-
(e.g., the case of the resonant transition of 12Gd — !%2Sm ~ 10% yr) [15] . Actually,
the counting rate can increase by a factor 10° if the energetic degeneration between the
initial and final states is about 10 keV [16-22]. Another relevant aspect, with regards to
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the Ov modes, is that the mutual information from the simultaneous study of positive and
negative DBD can constrain the theoretical parameters with very high confidence (see,
e.g., Reference [23]).

Furthermore, the DBD without neutrinos emission also breaks the (B — L) SM acci-
dental symmetry [24]. In theory, where such a global symmetry is spontaneously broken,
Goldstone bosons, known as Majorons, can appear. In OvDBD, three kinds of Majoron
models have been proposed: singlet, doublet, and triplet Majoron field. The emission
of Majorons can be experimentally inferred by studying the energy spectrum of the SM
particles that are emitted during the DBD.

In the case of OvDBD, adopting a model-dependent framework and assuming the ex-
perimental results from the neutrino oscillation experiments, a range of values of effective-
DBD-neutrino mass ((m,) [25]) can be obtained as a function of the lightest neutrino mass
(see Figure 2). Thus, the experimental limits on the half-lives and, consequently, the limits
on (my), can be compared with the present theoretical expectations.
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Figure 2. Predictions on the (mm,) from neutrino oscillations versus the lightest neutrino mass, mj,
in the two cases of the normal (NO, the on-line blue region) and inverted (IO, the on-line red region)
hierarchy of the neutrinos” masses. The 2¢ and 3¢ values of neutrino oscillation parameters are
considered. The m region that is disfavored by cosmological data (Xm, < 0.12 eV) is presented
in (on-line) yellow (>30 meV for the NO and >16 meV for the IO). Reprinted from Reference [25].
The upper limits on (m,) inferred by some DBD experiments are: (61-165) meV (KamLAND-Zen,
136Xe) [26], (75-350) meV (CUORE, 39Te) [27], (79-180) meV (GERDA, 7°Ge) [28], (0.33-0.62) eV
(NEMO-3, 190Mo) [29], and (1.0-1.7) eV (AURORA, 116Cd) [30,31].

For all of these arguments, it is very important to evaluate the calculations (matrix
elements, coupling constant, CP-phases [32,33], etc.) and the assumptions that are con-
sidered in a model via experimental verifications. In addition, having assumed a nuclear
model, the nuclear matrix element for the two-neutrino mode differs from the neutrinoless
mode, but they are related to each other through relevant parameters. For instance, the g4
and the strength of the particle-particle interaction in the quasi-particle random-phase
approximation model (that is often known by the acronym QRPA) are obtained from the
B-decay and 2v-DBD measurements [34,35]. Moreover, in the free nucleon interaction, the
g4 value is 1.2701 [36], but, when considering a nuclear decay, there are indications that the
phenomenological axial-vector coupling value is reduced at g4 < 1 [37-39], more precisely:
g4~ 1.269A7918 or g4 ~ 1.269A7912, depending on the nuclear model adopted to infer
the g4 value [39-41]. Thus, DBD investigation with various nuclei would shed new light
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on constraining these and other important parameters. On the other hand, from an exper-
imental point of view, important developments, in terms of radio-purification, isotopes
enrichment, and new detectors, are needed for broadening the study of the DBD, including
more potential nuclei.

To this purpose, there are different experimental approaches, such as those that are
capable of distinguishing—while properly accounting for the energy resolution—the beta
spectrum of the Ov and 2v modes or those that are able to detect the gamma emitted
from the excited final states (see also, e.g., Reference [42] for DBDs in excited states and
Reference [19] for 2¢ decay modes).

2. Experimental Techniques to Study the Double Beta Decay in Positive Modes

Three main experimental methods exist for investigating the DBD: geochemical,
radiochemical, and direct. The geochemical experiments use double-beta emitters in
geological ores and have an advantage in the long geological times during which the
daughter nuclei have been accumulated. The DBD parent is usually part of an ore sample
from which the atom of a daughter isotope is chemically extracted and analyzed by mass
spectroscopy. Such an approach has different possible sources of errors to be carefully
considered: the estimation of the ore sample age, possible release of gas in the ore sample,
fission or neutron-capture processes, an initial high concentration of daughter nucleus, etc.
Moreover, this type of measurement does not allow the separation of the 2v and Ov modes;
therefore, the measured decay rate is a global rate that considers all of the possible decay
modes and transitions. Historically, the method was initially applied when the daughter
was a rare gas, as 8260 82Ky, 130Te 130X, recently, the technique has also been extended
to the case of 139Ba —130Xe, 132Ba —132Xe.

The radiochemical method uses double-beta emitters, having the daughter nuclei
with a shorter decay time than the geochemical experiments. The basic idea utilized in
the radiochemical experiments is picking out the produced atoms in the final state (that
are radioactive) from a vast amount of target material, concentrating and purifying them,
and then finally counting their number through their decay. However, differently from
geochemical experiments, some uncertainties—such as estimating the ore sample age,
the defection on the retention of the gas in the ore sample, etc.—are less problematic.
Nevertheless, as in the previous method, the measured decay rate is a global rate over all
the possible decay modes and transitions.

The direct experimental approach allows for the study of the energy spectrum due to
the emitted particles in the DBD processes. In this approach, the specific DBD transition
can be pointed out. We have two main methods in this contest: one in which the source of
the DBD is external to the detector (“source # detector") and the second one in which the
“source = detector”. The first one is commonly used to study the gammas that are emitted
from a pure sample containing the isotope of interest and/or, in a few cases, the emitted
positrons/electrons. Instead, the second one guarantees a very high detection efficiency and
the possible exploitation of coincidence techniques among the emitted positrons/electrons
and gammas.

We briefly summarize the advantages and problems to be overcome in order to profit
from the direct detection approach—besides the theoretical features, which are basically
addressed in the previous section—that marks the experimental efforts.

The DBD is an extremely rare phenomenon; thus, a very low background counting
rate in the energy of interest is mandatory. The increase of the signal-to-background ratio
is of crucial importance. In fact, the experimental half-life in the case of a positive signal is
given by:

T1/2 = 11'1(2) Te g
where T is the measuring time, € is the detection efficiency, N is the number of double-beta
decaying nuclei, and S is the number of counts attributed to the signal searched for.
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If no signal is detected, then the sensitivity of an experiment is usually defined
as the minimum half-life compatible with the background fluctuations at a certain C.L.
corresponding to a number of sigma, m,. While assuming that the background counts
scale linearly with the mass of the detector, the sensitivity can be written:

1 6yNy |TM
Tl/Z,hm = ln(Z)m—ge My BAg

where ¢ is the isotopic abundance of the double-beta candidate, # is the stoichiometric
multiplicity of the element containing the DBD candidate, N, is the Avogadro number,
B is the background rate per unit mass and energy, Ar is the FWHM energy resolution
(the region where conventionally B is integrated assuming that the signal shape is a peak),
and My is the compound molecular mass. Thus, there are some crucial key experimental
parameters for improving the experimental sensitivity. In addition, when considering
the arguments drafted in Section 1, isotopes with high Q-values and large nuclear matrix
elements are favored.

In the energy of interest, the main sources of background (that have to be mitigated in
all of the experiments concerning rare event investigations; even though, an irreducible
background can be present due to the solar neutrino interaction with the detector materi-
als [41,43]) come from:

®  cosmic rays: this implies installing the experiment deep underground;

* neutrons that are induced by muons and neutrinos in the rock or by (a,n) reactions:
a suitable dedicated shield has to be implemented when necessary;

* natural radioactivity due to the U/Th chains, 40K isotope, 210pp, etc.;

. anthropogenic activities, in particular for 137Cg;

*  cosmogenic activation: radio-isotopes that are induced by spallation in the material
during their storage at sea level or during transportation; and,

* radio-isotopic activation that is induced by neutron calibration procedures when applied.

Choosing a suitable Deep Underground Laboratory (DUL) is the first condition in
achieving the highest sensitivity in ultra-low level detection. The main advantage of a DUL
is to reduce the cosmic ray muons flux. Currently, fourteen DULs are operating and three
new ones are in construction. The first ones are: Boulby Underground Laboratory (BUL) in
UK; Baksan Neutrino Observatory (Baksan) in Russia; Callio Laboratory (CLAB) in Finland;
China Jinping Underground Laboratory (CJPL) in China; India-based Neutrino Observa-
tory (INO) in India; Kamioka in Japan; Gran Sasso Underground Laboratories (LNGS) in
Italy; Canfranc Underground Laboratory (LSC) in Spain; Modane Underground Labora-
tory (LSM) in France; Sudbury Neutrino Observatory (SNOlab) in CANADA; Sanford
Underground Research Facility (SURF) in USA; Soudan Underground Laboratory (Soudan)
in USA; Waste Isolation Pilot Plant (WIPP) in USA; and, Laboratories at the Yangyang
pumped storage power plant (Y2L) in South Korea. The DULs under construction are:
Agua Negra Deep Experiment Site(ANDES) between Chile and Argentina; Astroparticle
Research Laboratory (ARF) in South Korea; and, Stawell Underground Physics Laboratory
(SUPL) in Australia. The cosmic ray muons flux in the DULs is shown in Figure 3. The
depth, the nature, and the quality of the rock, in terms, for example, of radioactivity, play
an important role.
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Figure 3. Cosmic ray muon flux as a function of the overburden of rock in kilometers water equivalent
(km w.e.). The DULSs are indicated. In particular the DULs operating in Europe are indicated with
blue square marker; the DULSs operating in the others continents are indicated with black triangles
and the DULSs under construction are indicated with red circles. Reprinted from Reference [44].

Indeed, exposure of powders, materials, and compounds to the cosmic rays can
produce possible non-standard cosmogenic contaminants. In fact, during the powders
storage, the crystal growing, or the handling at sea level, radioactive isotopes can be
generated by cosmic rays’ interactions. The same is for the shielding compounds or for
the materials that are used to build the experimental infrastructure. In general, it is good
practice to wait for the decay of the short-life cosmogenic isotopes before starting the
measurements. Figure 4 shows an example of the activation processes at sea level and the
subsequent decay in underground site.

20 a)
16

12

counts

b)

40 6 100

E (keV)

Figure 4. An example of activation at sea level: the energy spectrum collected at LNGS with a Nal(T1)
detector just stored underground (a) and eight months later (b). The role of ~65 keV peak due to 12°T

(T1 /2 = 59.4 days) activation at sea level is evident. Reprinted from Reference [45].

From the muons surviving the coverage of an underground laboratory—typically the
flux is of a few u’s m~2 h~! at ~3000 m water equivalent depth—either can have direct
interactions in the experimental set-up or can produce in the surroundings and/or inside
the set-up secondary particles, such as fast neutrons, ’s, electrons, spallation nuclei, etc.
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Such direct or indirect events are a potential background for low counting rate experiments,
such as those in DBD investigation. Thus, in order to moderate the surviving muons in
the DBD experiments, a good strategy is to use a multi-detector set-up to identify their
passage by topological methods. In some cases, a muon veto could be used, especially if the
detector area is very wide or the underground laboratory’s depth is not enough. Instead,
the background event due to the neutrons emerging from the surrounding rock can be
mitigated by a moderation material (rich in nuclei with light atomic mass) plus a shielding
material with a high cross-section for thermal neutron capture, such as, e.g., cadmium,
gadolinium, boron, etc. Typically, the overall neutron flux in underground laboratories is
of the order of 107 ecm~2 s~ 1 [46].

A significant background contribution would come from radio-isotopes into the de-
tector itself. Figure 5 shows an example of such a background; in particular, the energy
spectrum of « events due to the radio-nuclides of the U/Th chains inside a CdWO, detec-
tor is shown [47]. The authors report how the radioactive contamination of a sample of
16CdWOy crystal scintillator by thorium was reduced by a factor ~10, down at the level
of 0.01 mBq/kg (**®¥Th), and the total a activity of uranium and thorium daughters was
reduced by a factor ~3, down to 1.6 mBq/kg, by exploiting a re-crystallization procedure.
The application of chemical/physical purification procedures is another important aspect
for reducing the internal contamination in both a sample and detector. These techniques are
in continuous development. In particular, the initial material—often obtained from a com-
mercial site—is purified or further purified by exploiting different techniques (depending
on the compound in use) as electron-beam melting, chemical separation, micro-distillation,
and many others. Some examples, among these techniques, are discussed in [30,31,48-62]
and the references therein. Moreover, the neutron calibrations—if any—can activate new
radioactive isotopes, e.g., by neutron-capture or spallation processes with the material of
the detectors and its frame/structure. Such a type of calibration is strongly disfavored in
the DBD set-up.

300; 238(y 234(y 1230y

Counts / 10 keV

500 10‘00 1500 2000
Energy in y scale (keV)

60_ 238U 234U +230Th

Counts / 10 keV
3

1500 2000
Energy in vy scale (keV)

1000

Figure 5. An example of the effect of the re-crystallization procedure in order to reduce the radioactive
contamination of a detector to improve a double beta decay experiment’s sensitivity. In particular,
(color on-line) the energy spectra of « events that were selected by the pulse-shape discrimination
from the data that accumulated in the low-background set-up with a '®*CdWOy crystal scintillator
before (top) and after the re-crystallization (bottom) are shown. Reprinted from Reference [47].
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The most commonly considered detectors in DBD experiments are: (i) semiconductor
detectors, (ii) scintillation detectors, (iii) ionization chambers, (iv) bolometric detectors, and
their possible combinations (in addition, passive experiments, also utilizing the kinds of
detectors listed above, are built as tracking detectors. It is the case, e.g., of SuperNEMO [63]
or ELEGANT [64] that, nevertheless, are focusing on the DBD-). In many applications,
solid detector medium is of great advantage, thanks to the high-density with respect to
gaseous and liquid media. These are the cases of semiconductor, crystal scintillation, and
bolometric detectors. In particular, semiconductor detectors offer high energy resolution,
and germanium diodes are widely used in the DBD experiments. This detector type
provides the possibility to study the DBD of 23~ process in 7°Ge, where the source and
detector are the same. Nevertheless, germanium-diodes are widely used as a gamma
spectrometer in DBD experiments to excite levels of daughter nuclei and in a more general
manner in the case of DBD+. In the former case and when considering a ground-state
transition, only the two electrons’ sum energy is measured. In the second case, instead,
the X-rays and/or y-rays coming out of the DBD+ and the 7 quanta that are emitted from
the positron annihilation can be measured. In the latter case, the thickness of dead layer
can play a crucial role in the energy threshold: the crossed dead layer strongly suppresses
the - or X-rays flux at low energy and, thus, the detection efficiency is poor. At the
moment, the most used type of germanium detectors is the high pure germanium diode
(HP-Ge) operating at cryogenic temperature. Other attempts to perform semiconductor
experiments concern the use of CdTe or CdZnTe detectors that allow for the operation
at room temperature [65,66]. In this case, there are seven possible DBD emitters, but, at
present, the technology seems to not yet be mature.

Many other DBD emitters can be used in solid (or liquid) scintillator detectors (also
taking advantage of the possible “source = detector” approach). Typically, the energy reso-
lution (especially for liquids) is worse than in the ionization detectors; however, the tech-
nique offers several other advantages: the availability of many nuclei to be used as target,
the possibility to operate at room temperature, a high duty cycle, high operation stability,
often no environmental impact, etc. In addition, there is also great interest in many other
different applications. For example, the Nal(T1) scintillator is being used to the search
for solar axions, possible charge non-conservation processes, matter stability, rare nuclear
decay modes, exotics in cosmic rays, DM, and others [67-77]. Moreover, low background
crystal scintillators are being used for a long time in rare « and p decays (see e.g., [78]).
Hoverer, a very wide choice of scintillators is available for DBD experiments, such as
CAWOy (due to 1%Cd, 198Cd, 114Cd, 11eCd, 180w, 186W), CaMoO, (due to 1Mo), and
their enrichments (such as 19°Cd, 1°Cd and "°Mo) [31,79-84]. Meanwhile, new devel-
opments on scintillation materials, like CeClz, CeF3, and Srl;(Eu), gave encouraging re-
sults [85-90]. Efforts are also in progress regarding further improvements of BaF,, BaWOy,
ZnWQOy,, CaWOQy,, CaMoO,4, CAWQ,, CaF,, BGO, LiF, PbWQ,, PbMoQ,, and Cs,HfClg,
see e.g., [51-53,58,91-104]. Moreover, as other example, rare-earth-doped scintillators
(CaFy(Eu), LaCl3(Ce), etc.) or scintillators, such as CAWO, and CaWOy, are used to study
very specific nuclear rare processes [105-108]. Extensive literature on historical benchmarks
and the industrial production of crystals is available, see, e.g., [51,52,58,85-103,105-119].

A case apart concerns the liquid scintillators as liquid noble gases. Liquid noble
gas detectors have been proposed and used in different research fields for more than
forty years [120-141]. In particular, the application of liquid xenon as a pure scintilla-
tor in direct Dark Matter particle investigations dates back to 1990 with the pioneering
work conducted by DAMA /LXe [124,127-137] and later one by the UK coll. [142]. The
liquid noble gases have also been used to study double beta decay in 124Xe, 134Xe, and
136X (see, e.g., [135-137,143-146] and the References therein). Nevertheless, the use of
liquid noble gases, especially at low energy, can encounter a number of technical and
performance difficulties, in terms of energy resolution, light yield, efficiency, light collec-
tion and stability, linearity response, rejection procedure, etc., as reported, for example,
in [122,123,138,147-151] and the References therein. The noble gases have also been con-
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sidered in either gaseous detectors or two-phase liquid /gaseous detectors, combining the
scintillation and ionization responses. These latter experiments are mostly built in the form
of time projection chambers (TPC), where the DBD emitter is either the noble gas itself (e.g.,
136Xe) or included in liquid scintillators. As already mentioned, the main disadvantages
regard the worse energy resolution and stability of the large number of apparatus features
(especially in a very large detector).

The cryogenic solid calorimeter is another technique exploited in the DBD, whose
detectors are also known as bolometric ones [152]; these detectors work at approximately
10 mK, and the energy resolution is typically very good. Nevertheless, they pay some diffi-
culty in the apparatus stability at that temperature, microphonic problems, etc. [153-156].
Reference [42] reports examples of such detectors in the DBD sector.

In all of the experimental techniques, the natural abundance of the isotope of interest
is a common problem. In the Tables of the next Sections, the natural abundance () of
all DBD+ emitters is listed. In particular, “°Ca, ®Ni, and ®*Zn have a very high natural
abundance J§ > 40%,; °°Cr, 5*Fe, 22Mo, and °Ru have 5% < & < 15%; 102Pd, 106Cd, 1445m,
and '®Er have 1% < § < 4% and all other isotopes have a very low natural abundance,
0 < 1%. Thus, the isotopic enrichment is often a critical experimental requirement.

The modern techniques for isotopic enrichment have their origin in the developments
to separate the 2°U. In fact, apart from the oldest method known as calutrons (usable for a
small sample: a few grams), the gas centrifugation is one of the most adopted techniques,
which requires—to be implemented—a stable hexafluoride gaseous compound for the
element of interest. An alternative method uses a high-power laser to preferentially ionize
the element of interest to remove it using an electric field. The molecular laser isotope
separation is a hybrid technique between the two previous ones that operates on a gaseous
hexafluoride compound as an alternative to centrifugal gas separation. Finally, the so-called
isotopic distillation is another common technique [157,158].

Besides all of these points, the use of simulations and the control of key parameters
to extract accurate and reliable measures and uncertainties from the data analysis are
crucial aspects to consider [159]. These methods are usually dependent upon experimental
techniques, but we can underline some general aspects. The Monte Carlo method is widely
used to estimate the presence of some contaminants. It can profit from the preliminary
screening of the materials to estimate the abundance of some radio-nuclides, but, in any
case, strong assumptions regarding their distribution into the detectors and the housing
are required. Thus, it is practically impossible to precisely know the background events
distribution. However, while assuming to know the shape of the pulses that are searched
for (as in the case of /v events with respect to the « ones), procedures adopting the
Pulse Shape Discrimination (PSD) method can be helpful in the statistical reduction of
the « background, especially at relatively high energy where the PSD is more effective.
Another technique for tagging quite fast sequences of correlated events is the so-called
Time-Amplitude Analysis (see e.g., Reference [80] and the references therein). Other key
aspects are the control of the stability of important parameters that can affect the energy
scale and detection efficiency; they are, e.g., the temperature, the light-yield, the self-
absorption of the light scintillation, the gain of PMT or sensors in general, the contaminant
dispersion in the experimental environmental or in the liquid/gaseous detectors, etc.

2.1. Examples of Energy Distributions in Case of an Experiment of DBD+ with
“Source = Detector”

When considering a DBD- in 2v mode, the energy spectrum of the two electrons’
energy sum has a continuum shape with an endpoint at Qgg due to neutrinos carrying
part of the energy away. In the Ov mode, the spectrum is a delta at Qgg energy. Typically,
a calorimetric experiment for DBD- with an active source has size and density dimensions
significant enough to stop the emitted electrons; thus, the energy spectrum is broadened
due to the detector’s energy response. Instead, in the case of DBD+, the energy spectrum
that is convoluted with the detector response is more complicated, due to the gamma
quanta that are emitted by the positron(s) annihilation and/or the emission of X-rays



Particles 2021, 4

251

Couts (1 Kev/bin)

Counts (1 Kev/bin)

following electron capture. This section briefly describes the energy distributions while
considering some DBD+ transitions (adopting the active source approach) to emphasize the
differences in the case of a DBD- transition. In particular, we simulate some DBD+ processes
in 10°Cd that occur in a cadmium tungstate crystal scintillator enriched in 19°Cd at 66%
(19%CdWOy), with a cylindrical shape, size of @27 mm x 50 mm, and mass of 215.4 g [160].
The energy resolution—as measured in dedicated calibrations (see Reference [160])—can be
written as: ¢/E = 0.023 4 0.86/ 1/ E(keV). The Monte-Carlo simulation uses the GEANT4
toolkit [161,162], with the initial kinematics of the decay products being provided by
the DECAYO0 event generator [163,164]. Thus, the results of the simulation of the DBD+
transitions to the ground state (g.s.) of 106pg (287, s,B+, and 2¢, with and without neutrinos)
and of the resonant transitions for the case of Ov2e decay to the excited energy levels of
106pd (2718 keV and 2741 keV, respectively), 0v2K, and OvKL electron captures, are reported
in Figure 6.
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Figure 6. (Color on-line) Some examples of the simulated response functions of the 1°CdWO, detector to 28, e+ and 2e
processes in 19°Cd (Qpp = 2775.39(10) [165]) with and without neutrinos. The structures are due to the gamma quanta
detection efficiency, the number of escaping annihilation photons, the presence/absence of the neutrinos, and the possible
decay in an excited state of daughter 19°Pd (see text). In the panels (a-d) are respectively reported the energy distributions
of the following transitions: 0v28" and 228" — g.s.; Ovef' and 2veft — g.s. ; 0v2e and 2v2e — g.s.; V2K and 2vKL

resonants. Reprinted from Reference [160].
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In case of the “source = detector” approach the energy distribution of 0v287 is
characterized, while taking the gamma-quanta detection efficiency into account, by five
peaks (see Figure 6a) at the Qgg — ki, energy (m is the electron’s mass) due to the energy
deposition of the positrons plus the full deposition of energy of the detected annihilation 7’s;
and, k is the number of how many annihilation 7’s escape the detector. In the 2v28" mode,
the energy distribution is similar to the previous one, but with the following differences:
(i) the peak due to positron detection is broadened due to the energy fraction that is carried
out by the neutrinos; (ii) the peaks due to the annihilation photons show the same trend as
in the Ov mode, but shifted by a quantity of ~ (Q pp — 4m.) due to the lower mean energy
of the positrons.

In the case of ef™ decay, the energy distribution is mainly composed of three main
peaks (see Figure 6b). In the Ov mode, the average position of the peaks is at Qgp — 21,
Qpp — me, and Qpg. The 2v mode has a similar energy distribution, but with the following
important differences: (i) the peaks are enlarged due to the energy that is carried away
by the neutrinos; and, (ii) the peaks are shifted of ~ %(Qﬁﬁ — 2m, — Ep,) due to the lower
energy of the emitted positron; Ej, is the bounding atomic energy of the captured electron.

In the 2v2e mode, the emitted energy (Qps — 2Ey) is carried out by the two neutrinos.
On the contrary, in the Ov2e mode, the full energy is carried out by a single bremsstrahlung
gamma quanta. Besides this, the energy distributions show two peaks at E; and 2E, due
to the atomic shell re-organization (see Figure 6¢, the binding energies of the electrons on
the K and L shell are 24.4 keV and 3.2 keV, respectively).

Finally, the 2¢ transition from either KK or KL shells in which the released energy is
approximatively equal (taking the errors into account) to the two excited energy levels
of daughter 19Pd (in the present case, the energy levels are 2718 keV and 2741 keV,
respectively) can show the so-called resonant effect. As before, the lowest energy peak
is due to the X-rays/Auger electrons cascades. The peak shown at Qgg is given by the
absorption of all the energy of the decay. Instead, the intermediate structures are mainly
due to the photons coming out the excited state of 1%°Pd.

3. Status of Experimental Sensitivities

The most sensitive DBD experiments are 23~ decay experiments with the sensitivity at
the level of 10%* — 102° yr and, thus, a sensitivity for the effective Majorana neutrino mass in
the range (m,) < (0.1 —0.7) eV is achieved (see, e.g., References [27,28]). The uncertainties
are mainly due to the nuclear matrix elements calculations and the assumptions on the
nuclear model and the axial-vector coupling constant, as mentioned in Section 1. Instead,
the best present sensitivities of experiments for DBD in positive modes are more modest,
at the level of 102! — 10?2 yr.

The different experimental sensitivities reached are due, for example, to the progress
about the germanium detectors” developments often used in gamma spectroscopy and in
the screening of the materials. Historically, progress and efforts in improving the low-level
radioactivity measurements technique have favored studies on the double beta decay of
the 7°Ge isotope. This is the case, e.g., of the half-life limits achieved for the (2v + 0v)28~
of 76Ge to excited states of 7°Se deduced from the background screening of a passive
shield using an HP-Ge detector, as shown in Reference [166]. The present results have
profited from a long story of experimental technical improvements, new deep underground
laboratories, and an increase in researcher expertise in the sector. Most recently, important
efforts are in progress to increase the sensitivity on DBD+ to profit from the advantages
that are listed in Section 1.

In the following, the experimental limits and positive claims on half-life of some
DBD+ modes are given for both 2v and Ov modes. All of the measured transitions and the
experimental techniques are also reported.
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3.1. Positive Claims for Some 2v DBD+ Modes

In this Section, we briefly address the few positive claims for the detection of 21v2¢
decay in 78Kz, 24Xe, 13'Ba, and 13?Ba present in literature. These isotopes can decay to
the daughters 78Ge, 14T 130Xe and 132Xe, respectively, by 28", e, 2¢, and 2¢ tran-
sitions. In Table 1, we report the results, both positive claims and experimental limits,
for those isotopes.

Table 1. The present best half-lives limits or claims on 2v and Ov DBD+ in 78Kr, 130Ba, 132B4, and 124Xe (if not specified,
the C.L. of experimental limits is 90%). In the square bracket, the experimental technique is reported: Low background
Proportional Counter (LPC), High Pressure Ionization Chamber (HPIC), Geochemical method (GEO), Scintillator detector
(S), Liquid Xenon (LXe), and Time Projection Chamber (TPC).

Transition Qpp (keV) [165]  Natural Abundance (%) [167] Process Tyyz (yr)
2v Ov
78Kr — 78Se 2847.67(26) 0.355(3) KK = (92132 4ot T 13sys) x 102! [LPC] [168] >5.5 x 10?! [LPC] [168]
= (19503 oot + 03sys) x 102 [LPC] [169]
KK (0;, 1498.6) >5.4 x 10?1 [LPC] [168] -
KK ((2%),2838.5) (a) — >5.4 x 102! [LPC] [168]
KB+ >1.1 x 102 (68%) [LPC] [170] >5.1 x 10?1 (68%) [LPC] [170]
28+ >2.0 x 10%1(b) (68%) [LPC] [170]
124xe — 14T 2863.9(22) 0.095(5) 2¢ = (1.8 4 0.55¢4¢ * 0.1sys) x 102 [LXe (TPQ)] [171] -
KK >2.1 x 102 [LXe (S)] [172] -
KB+ >4.8 x 101 (68%) [Xe (HPIC)] [173] >1.2 x 108 (68%) [Xe (HPIC)] [173]
KB+ (21 602.7) >4.2 x 1017 (68%) [Xe (HPIC)] [173] -
28+ >2.0 x 10 (68%) [Xe (HPIC)] [173] >4.2 x 10'7 (68%) [Xe (HPIC)] [173]
130Ba — 130Xe 2618.9(26) 0.11(1) 2e +eBft +2p" = (2.16 +£0.52) x 10%! (b) [GEO] [174]
= (6.0 +1.1) x 102(b) [GEO] [175]
= 21730 x 10?! (b,¢)[GEO] [176]
>4 x 102 (68%) (b,c) [GEO] [176]
2¢e - -
ept - >1.4 x 10" [BaF; (S)] [93]
eft (2] 536.1) - >1.1 x 10" [BaF, (S)] [93]
ept (25 1122.1) - >1.4 x 107 [BaF; (S)] [93]
eft (41 1204.6) - >7.6 x 10'° [BaF; (S)] [93]
28+ - >7.6 x 10'° [BaF; (S)] [93]
2B+ (2] 536.1) >1.0 x 1017 [BaF; (S)] [93]
1323 — 132Xe 843.9(11) 0.10(1) 2¢ = (1.3+0.9) x 10?! (b,d) [GEO] [174]

>2.2 x 10?1 (68%) (b) [GEO] [174]
>3.0 x 1021(68%) (b,c) [GEO] [176]

(a) Resonant effect. (b) Ov + 2v double beta decay. (c) The result of Reference [176] has been inferred re-analyzing the geochemical
measurements of Reference [177]. (d) See the last paragraph of Section 3.1.

The natural abundance of 78Kr is 0.355(3)% [167] and its Q pp value is 2847.67(26) keV [165]
(Figure 7 presents a simplified decay scheme of 7®Kr). The theoretical half-life of DBD+
of 78Kr decay to the g.s. of 78Se spreads over a wide range [178-183]: 10%4-10% yr for
the 2v2B" case and 1021-10% yr for the 2veB™ and 2v2¢ cases. The first positive claim
of 2vDBD+ of 78Kr occurred in 2013 [168] using a low background proportional counter
(LPC). The adopted LPC was a cylinder with inner and outer diameters of 140 mm and
150 mm, respectively. A gold-plated tungsten wire of 10 um in diameter was stretched
along the LPC axis and it was used as anode. A potential of +2400 V was applied to
the wire, and the casing (the cathode) was grounded. The LPC volume was 9.159 L; it
was placed inside a shielding of 18 cm of copper, 15 cm of lead, and 8 cm of borated
polyethylene layers. The installation was located at the Baksan Neutrino Observatory,
INR RAS, (4700 m water equivalent depth), where the cosmic ray flux is lowered by ~10”
times as compared to the flux at sea level. The counter was filled with pure krypton gas
(enriched in 78Kr to 99.81%) up to 4.42 bar having no quenching or accelerating gaseous
additions. After a total exposure of 0.343 kg X yr, the authors of Reference [168] quotes
a possible hint at 2.5 ¢ of statistical significance with a half-life of 78Kr relative to 2v2K
capture: Ty /p = (9.21‘;:2 stat £ 1-3sys) x 10! yr [168]. Later, a comparative study on double

13
19705 ¢tat £ 0-3sys) x 1072

yr [169] (see Table 1). We also remind the previous limits at the level of 102°-10%! yr set
since 1994 [170,184,185].

electron capture re-estimated the previous value at Ty, = (
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Figure 7. The simplified decay scheme of 78Kr to the ground state and to the first excited levels of 78Se. The energies of the
levels (in keV) and relative main branching ratios (in %) are taken from Reference [186].

The natural abundance of 1?*Xe is 0.095(5)% [167] and its Q p value is 2863.9(22) keV [165]
enough to account for all of the DBD+ modes (Figure 8 presents a simplified decay scheme
of 124Xe). The theoretical half-life of the 2v2¢ transition in 1?*Xe to the g.s. of '?*Te spreads
over a wide range between 1020 — 1024 yr [178,179,187-190]. Assuming that the two vacan-
cies of the daughter atom are in the K-shell, the ?*Te relaxing emits X-rays and /or Auger
electrons with a total energy of Exx = 64.46 keV [191]. XENONIT is a detector exploiting
the primary scintillation in the liquid phase and the secondary proportional scintillation in
the gas phase with the limitations addressed in [147,148] and References therein. It uses
3.2 t of ultra-pure liquid xenon (LXe), and 2 t of them are within the sensitive volume of
the time projection chamber (TPC): a cylinder of ~96 cm diameter and height with walls
of highly-reflective PTFE that is instrumented with 248 photomultipliers (Hamamatsu
R11410-21, with 76.2 mm diameter) in two arrays (top and bottom). Both of the arrays
consist of a massive OFHC copper support plate with circular cut-outs for the PMTs. The
TPC is surrounded by 74 field-shaping electrodes with a cross-section of ~10 x5 mm?; they
are made from low-radioactivity oxygen-free high thermal conductivity (OFHC) copper.
The LXe-TPC is encapsulated in a stainless-steel cryostat that is installed inside a 740 m3
water shield equipped with 84 PMTs deployed on the lateral walls. A neutron gun is placed
close the side external layer of the stainless-steel cryostat. The neutrons, with energies
that are around 2.2 MeV and 2.7 MeV from a neutron generator exploiting the deuterium-
deuterium fusion, are used for routine calibrations despite their effects in the activation
of all the set-up’s materials. The collaboration quoted a signal due to the 2v2e decay in
124Xe with the half-life of (1.8 £ 0.5¢4¢ & 0.1sys) x 1022 yr [171]. However, the significance
of the effect is only 4.4 0, as addressed in the literature (see e.g., Reference [192]). To be
thorough, it should also be noted that a limit Ty, > 2.1 x 10?? yr was previously obtained
in Reference [172] (see Table 1). We are also reminded of the previous limits at the level of
(0.65-4.7) x 102! yr [193-195].
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Figure 8. A simplified decay scheme of 1?*Xe to the ground state and the first excited levels of 1*4Te. The energies of the
levels (in keV) and relative main branching ratios (in %) are taken from Reference [196].

Finally, the natural abundance of 13083 is 0.11(1)% [167] and its Qpp value is 2618.9(26)
keV [165] (a simplified decay scheme of '3°Ba is presented in Figure 9). The theoretical half-
life of DBD+ in 13%Ba to the g.s. of 13Xe spreads over a wide range [3,178-180,190,197]: 10?8~
103! yr for the 2v2B7 case, 1022-10%* yr for the 2ve™ case, and 1029~10%3 yr for the 2v2¢ case.
In 1976, an anomalous amount of 1*°Xe in a sedimentary barite sample (BaSO4) from South
Africa and Western Australia (3 x 10° years old) was found [177]. The adopted experimental
technique was the geochemical method that relies on the extraction of decay products (1**Xe
noble gas) from ancient minerals using mass spectrometer analysis. In Reference [176],
reanalyzing the data presented in Reference [177], the limit of T}, > 4 x 10*! yr was set
for all of the decay modes of DBD in !3°Ba. In the same work of Reference [176], but using
a different sample of barite in Reference [177], the authors set a DBD indication with
Ty/p = (2.1739) x 10?! yr. Later, in Reference [174], using the geochemical measurement
of 139Xe amount in natural barite (from the Belorechenskoe deposit in North Caucasus,
Russia), the half-life for 13°Ba for all of the DBD decay modes was set to (2.16 4 0.52) x 102!
yr. However, in a following geochemical experiment, a Ty, = (6.0 £ 1.1) x 102 yr [175]
was obtained in disagreement with the previous results. More recently, in Reference [198],
a summary of the previous measurements was attempted while considering a more reliable
value of Ty = (224+0.5) X 10! yr, as recommended in Reference [192] (see Table 1).

To be thorough, a possible claim also exists for the (2v + 0v)2e transitions in *?Ba to
the g.s. of 132Xe (see Table 1). In fact, in Reference [174], the apparent excess in one barite
sample of 132Xe (not evident in the other samples) can be used to estimate the half-life of
DBD+ in ¥2Ba Ty /, = (1.3 £0.9) x 10! yr. However, in the same work, the authors also
give a cautious lower limit: Ty, > 2.2 x 10?! yr. Moreover, a more stringent half-life limit
is also addressed (T7,, > 3.0 X 102! yr) in Reference [176]. The related theoretical half-life
prediction spans over a range of 102°~10%6 yr [190].
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Recently, several developments are aimed at increasing the performance of some
low radioactive Ba-based scintillation detectors, as in References [93,95], with the goal to
improve the experimental sensitivity to DBD+ in 13°Ba and !*?Ba by direct measurements.
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Figure 9. The simplified decay scheme of 13°Ba to the ground state and to the first excited levels of
130Xe, The energies of the levels (in keV) and the relative main branching ratios (in %) are taken from
Reference [199].

3.2. Experiments Using Solid Detectors as “Source = Detector”

The use of a solid detection medium, thanks, for example, to their high densities
and the possibility to implement a modularity approach, is of great advantage. Moreover,
when considering the “source = detector” approach, three kinds of solid detectors can be
addressed: semiconductor, scintillator, and bolometric detectors. Among them, the most
diffused detection method for DBD+ investigations uses the crystal scintillator detectors,
since almost all of the best limits of DBD+ transitions are achieved by their use (see the
Tables in this Section). In the following, we will first summarize some of the results of
bolometers and semiconductors and, later, those of scintillators.

The bolometer/scintillating-bolometers (B/SB) and the semiconductors (SC) (“source
= detector”) only obtained the best limits for a few DBD+ transitions in *8Ca, ®*Zn, 120Te,
and 8°W achieved by the CRESST (SB), COBRA (SC), CUORE (B), and CUPID (SB) collab-
orations. CUPID, the upgrade of CUORE, in turn the upgrade of CUORE-0 (B), which was
the upgrade of CUORICINO (B) experiment.

CRESST (SB, Cryogenic Rare Event Search with Superconducting Thermometers)
consists of scintillating bolometers that are based on CaWOj crystals. The detector volume
(installed deep underground at LNGS in Italy) is surrounded by a passive shield that
consists of 14 cm thick low background copper and 20 cm of lead. This inner shield is
entirely enclosed within a gas-tight radon box that is continuously flushed with N gas.
The data that were collected with the phase-II of the experiment (exposure of 2 kg X yr)
have been used to study some DBD+ transition in °Ca and 180\ [200] (also see Table 2).

COBRA (SC, Cadmium zinc telluride O-neutrino double-Beta Research Apparatus)
collaboration aims at using semiconductor detectors at room temperature, adopting CdTe
or CdZnTe crystals (mainly to explore the DBD- in 1°Cd and '3°Te decays). The experiment,
in the upgrading phase at LNGS, is composed by an array of 64 cubic CdZnTe detectors
that are arranged in four layers of 16 detectors each one (with 1 cm edge and mass of ~6 g),
and, in 2018, nine new crystals (with a size of 1.5 cm X 2 cm X 2 cm, mass of ~28 g) have
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been added [201]. The technology is not yet mature and, thus, the sensitivity for the DBD+
in 120Te is at the level of 101°-10'® yr. However, CdZnTe crystals have nine double-beta
emitters: %4Zn, 707n, 106Cd, 108Cd, 114Cd, 116Cd, 120Te, 128Te, and 139Te, but, as before,
the sensitivity that is reached for their DBD+ is often not competitive [202].

CUORE-0 (B, Cryogenic Underground Observatory for Rare Events, step 0) consisted
of 52 TeO, crystals with natural Te composition. The crystals were 5 cm cubes mounted in a
tower of 13 floors, with four crystals per floor (the total crystals array is named tower). They
were operated at a temperature of ~10 mK and read-out with neutron transmutation-doped
germanium thermistors. The total TeO, mass is 39 kg and the 120Te mass was 28 g, which
correponded to 1.3 x 10?® atoms of ?Te. At present, its upgrade, the CUORE experiment,
is running using 19 towers of CUORE-0 with an isotopic mass of '?°Te of 532 g. Different
layers of shielding, such as, e.g., an internal low-background Roman lead layer and an
external anti-radon box, surround the cryostat and the crystals [203-205].

CUPID (SB, CUORE Upgrade with Particle Identification [206]) aims at upgrading
the CUORE experiment, but using its infrastructure. The idea is to exploit the scintillator-
bolometers technique. For this purpose, the project has been testing a few crystal bolome-
ters. The first phase adopting ZnSe crystals was named CUPID-0 (B), and it uses the
CUORICINO cryostat.

The bolometric experiments have only achieved the best limits for only a few DBD+
transitions in 8Ca, ®4Zn, and 2Te, as previously mentioned. In particular, 40Ca has a
natural abundance of 96.941(156)% [167], and its Qgg value is 193.51(2) keV [165]; it can
decay via the 2¢ mode. The theoretical half-life for the DBD+ of 4°Ca to the g.s. of ’Ar
isTyp > 1.2 % 1033 yr [207]. The best limits currently established are at the level of
102! — 10?2 yr by the CRESST experiment (or by a based scintillator experiment using a
CaF,(Eu) crystal [208]), as reported in Table 2.

Table 2. The present best half-life limits on 2v and Ov DBD+ in 40Cq, %47n, 120Te, and 18OW (if not specified, the C.L. is at
90%). Only for such isotopes the bolometers (B) or scintillating-bolometers (SB) have achieved the best limits. In the square

bracket, the experimental technique and adopted crystal detector are reported: crystal Scintillator detector (S), High Pure

Germanium detector (HPGe), B, SB, and crystal semiconductors in CdTe and CdZnTe working at room temperature (SC).

Transition Qpp (keV) [165]  Natural Abundance (%) [167] Process Tyyz (yr)
2v Ov
0Ca — 9Ar 193.51(2) 96.941(156) 2K >9.92 x 102! [CaWO, (SB)] [200] -
2¢ >5.9 x 10%! [CaF,(Eu) (S)] [208] >1.40 x 10?2 [CaWOy (SB)] [200]
047Zn — #Ni 1094.9(7) 49.17(75) 2K >1.1 x 10 [ZnWOy (S)] [100] -
2¢ - >2.5 x 102 [HPGe] [209]
ept >9.4 x 102 (a) [ZnWOy (S)] [100] >1.2 x 102 [ZnSe (SB)] [210]
>2.7 x 102! (b) [HPGe] [209]
120 — 120G 1730(3) 0.09(1) 2¢ >9.4 x 105 [CdTe, CdZnTe (SC)] [211] -
KK/KL/LL - >(6.0/3.9/2.9) x 1077 [HPGe] [212]
2¢ (21 1171.3)  >7.5 x 10Y7 (b) [HPGe] [212] >1.8 x 10% [CdZnTe (SC)] [213]
ept >7.6 x 10 [TeO, (B)] [214] >2.7 x 102 [TeO, (B)] [203]
180y + _, 180pgf 143.23(28) 0.12(1) KK >3.1 x 10 [CaWOy (SB)] [200] -
2¢ - >9.4 x 108 [CaWOy (SB)] [200]

(t) The nucleus is unstable with respect to the « decay [51,78]. (a) We also remind a quoted claim with Ty, = 1.1(9) x 101 yr in
Reference [215]. (b) Ov 4+ 2v double beta decay.

The %*Zn nuclide has a natural abundance of 49.17(75)% [167], and its Qpp value is
1094.9(7) keV [165], and it can decay via €' and 2e modes. The half-life that is predicted
in the literature for the DBD+ in #*Zn to the g.s. of **Ni spreads over a range of [182,183]:
1034-103 yr for the 2veB™ case and 1026~10% yr for the 2v2¢ case. The best limit for the
transition OveB™ (g.s.) is achieved by the CUPID-0 with Ty, > 1.2 x 10?2 yr, while all of
the other transitions are measured by the DAMA-INR Kyiv collaboration with the help
of ZnWOy crystal scintillators [100]; the sensitivity reached is at the level of 1019-102! V.
To be thorough, a quoted claim with Ty, = 1.1(9) x 10'? yr [215] is present in the literature
while using a passive source approach.
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The 9Te nuclide has a natural abundance of 0.09(1)% [167], and its Qpp value is
1730(3) keV [165] and it can decay via €™ and 2e modes. The half-life that is predicted in
the literature for the DBD+ in 12Te to the g.s. of 29Sn spreads over a wide range [216]:
1026-10% yr for the 2veB™ case and 102>~10%* yr for the 2v2€ case. Instead, the theoretical
prediction for 2v2¢ decay of ?°Te to the first exited level of 12°Sn spans [216] in 10%3-
103* yr. The COBRA experiment [211] and a passive source approach, using an HP-Ge
detector [212], determined the best limits for the 2e transition to g.s. of daughter nucleus
and 2¢ to the 27 exited level of the daughter nucleus (see Table 2). Instead, the best
limits of e+ were achieved by the CUORICINO and CUORE-0 collaborations [203,214]
(see Table 2).

Finally, '8'W has a natural abundance of 0.12(1)% [167] and its Q pp value is 143.23(28)
keV [165], and it can decay via he 2e modes. The best limits currently established are at
the level of 10'8-10' yr by the CRESST experiment, as reported in Table 2 (or by a based
scintillator experiment using a H6CdWO, crystal scintillator, as in Reference [217]).

The most competitive crystal scintillators used to study the DBD+ are: CaMoOy,
ZnWOy, CakFy, Srlp, Csp;HfClg, CAWOy, BaF,, and CeCl3. Most of the listed crystal scintilla-
tors have been developed in the framework of DAMA and DAMA-INR Kyiv collaborations.
These scintillators contain DBD+ emitters that are of great interest in the sector: 40Ca, %47n,
84gy, 106, 108, 130B,, 132B,, 136Ce, 138Ce, and 174Hf. This motivated the DAMA and
DAMA-INR Kyiv efforts. Besides this, the intriguing possibility to either develop or im-
prove new low background crystal scintillators for both rare event investigations and
industrial/medical applications has further motivated different DAMA and DAMA-INR
Kyiv R&Ds [30,42,50,55,59]. Table 3 shows the best limits that are mainly achieved us-
ing crystal scintillator detectors, besides those already listed in Tables 1, 2 and 4. In the
following, as an interesting example, the experimental results on DBD+ in 1%°Cd will
be summarized.

Table 3. The present best half-lives limits on 2v and Ov DBD+ of 84gr 92Mo, 106y, 108C(, 126Xe, and 138Ce mainly obtained
by crystal scintillator detectors (if not specified, the C.L. is at 90%). In the square bracket, the experimental technique and
adopted crystal detector is reported: crystal Scintillator detector (S) and High Pure Germanium detector (HPGe). To be
thorough, some other best limits for transitions using S are also shown in Tables 1, 2 and 4.

Transition Qpp (keV) [165]  Natural Abundance (%) [167] Process Thyz (yr)
2v v
84gr 84Ky 1789.8(12) 0.355(3) KK/KL/LL - >(6.0/1.9/5.9) x 10 [SrI, (S)] [89]
2¢ (21 881.6) >2.6 x 10 [SrI, ()] [89] >3.1 x 10 [SrI, (9)] [89]
et >6.9 x 102 [Srl, (S)] [89] >6.9 x 101 [SrI, (S)] [89]
92Mo — 92Zr 1650.45(19) 14.649(2) 2¢ - >6.8 x 10! [HPGe + CaMoOy (S)] [218]
2¢ (21, 934.5) >8.9 x 102 (a)[HPGe] [219] >3.7 x 10'° [HPGe + CaMoOy (S)] [218]
2e (05, 1382.7) >8.1 x 102 (a)[HPGe] [219] >1.9 x 10! [HPGe + CaMoOy (S)] [218]
2 (47, 1495.5) >6 x 10'8 (a) [Ge(Li)] [220]
et >1.9 x 102 (a)[HPGe] [219] >2.3 x 1020 [CsI(T1) (S) + CaMoOQy (S)] [221]
106Cq — 106pq 2775.39(10) 1.245(22) 2¢ >4.2 x 102 [HPGe] [222] >1.0 x 102! [CdwOy (S)] [80]
2e 21 511.9) >9.9 x 1020 [CdwOy (S) + HPGe] [82]  >5.1 x 1020 [CAWOy (S)] [80]
2¢ (2 1128.0) >6.6 x 1020 [CAWOy (S)] [48] >5.1 x 102 [CAWOy (S) + HPGe] [82]
2¢ (0* 1133.8) >1.0 x 102! [CAWOy (S) + HPGe] [82]  >1.1 x 102! [CAWOy (S) + HPGe] [82]
2¢ (21 1562.3) >7.8 x 1020 [CAWOy (S)] [48] >1.4 x 102! [CAWOy (S)] [48]
2¢ (0 1706.4) >7.1 x 1020 [CAWOy (S) + HPGe] [82]  >2.0 x 10%! [CAWOy (S)] [48]
2e (0 2001.5) >1.5 x 102! [CAWOy (S)] [48] >1.2 x 102! [CAWOy (S) + HPGe] [82]
2¢ (01 2278.1) >3.1 x 1020 [CAWOy (S)] [48] >1.2 x 102! [CAWOy (S)] [48]
KK (2718) (b) - >29 x 1020 [CAWOy (S)] [48,80]
KL; (41 2741) b) - >9.5 x 1020 [CAWOy (S)] [48,80]
KL3 (2,3~ 2748) (b) — >14 x 1020 [CAWOy (S)] [48,80]
ept >2.1 x 102! [CAWOy (S)] [48] >1.4 x 102 [CAWOy (9)] [80]
et (2% 511.9) >2.7 x 10?1 [CAWOy (S)] [48] >9.7 x 10?1 [CAWOy (S)] [48]
efT (27 1128.0)  >1.3 x 10?! [CAWOy (S)] [48] >1.0 x 10?2 [CAWO, (S)] [48]
et (07 1133.8)  >8.5 x 102 [CAWOy (S)] [48] >1.9 x 102! [CAWOy (S) + HPGe] [82]
28* >2.3 x 102! [CAWOy (S) + HPGe] [82]  >5.9 x 102! [CAWOy (S)] [48]
28+ (2F 511.9) >2.5 x 1021 [CAWOy (S) + HPGe] [82]  >4.3 x 102} [CAWOy (S)] [48]
108Cq — 108pq 271.8(8) 0.888(11) 2K >1.1 x 10'8 [CAWOy (9)] [92] -
2¢ - >1.0 x 10'8 [CAWOy (S)] [92]
126X —, 126 918(4) 0.089(3) KK >1.9 x 102 [LXe] [172] -
138Ce — 138Ba 691(5) 0.251(2) KK/KL/LL >(44/ — /—) x 10" [CeCl3 (S)] [86]  >(5.5/8.3/42) x 10" [HPGe] [223,224]

(a) Ov + 2v double beta decay. (b) Resonant effect.
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In 2012, the result of a search for the double B processes in 1°°Cd was carried out at the
LNGS (Italy) with the help of a 1®CdWOQy crystal scintillator (215 g) enriched in 1%Cd up
to 66% [80]. After 6590 h of data taking, several half-life limits on the double beta processes,
including the possible resonant Ov2e transitions (see Section 2.1), in 1°°Cd were established
at the level of 101-10?! yr (Figure 10 presents a simplified decay scheme of 1°°Cd).
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Figure 10. The simplified decay scheme of 1%°Cd to the ground state and to the first excited levels of
106Pd. The energies of the levels (in keV) and the relative main branching ratios (in %) are taken from
Reference [225]. Reprinted from Reference [48].

The 1%CdWO; scintillator was placed inside a low background HPGe detector with
four Ge crystals to increase the experimental sensitivity to the 2 processes with emission
of v quanta. The final result of this stage, after 13085 h of data taking, with the °°CdWO,
scintillation detector operated in coincidence (anticoincidence) with the four crystals HPGe
7 detector, further improved the lower limits of several DBD+ [82]. The preliminary results
of the experiment have been presented in conference proceedings [81,226-228].

The third stage of the experiment, which was hosted in the DAMA /CRYS set-up at
LNGS, added two other low background CdWOy detectors to profit from the coincidences
with gammas emitted in the DBD+. After 26033 h of data taking, new improved half-life
limits were set on the different channels and modes of the °°Cd double beta decay at
alevel of lim 17,5 ~ 10%0-10%2 yr. The limit for the two neutrino electron capture with

"
positron emission in 106 to the ground state of 106pqg, le}/gﬁ > 2.1 x 102 yr, was set

by the analysis of the 1°°CdWO, data in coincidence with the energy release 511 keV in
both of the CAWO, counters [48]. The sensitivity approaches the theoretical predictions
for the half-life that is in the range of T/, ~ 1021-10?? yr [48]. The resonant neutrinoless
double-electron capture to the 2718 keV excited state of 1%°Pd is restricted at the level of

T{)%K > 2.9 x 102! yr (see Table 3). In particular, Figure 11 shows the energy spectrum of

the v and B events that were measured for 26033 h by the 1°°CdWO, detector in coincidence
with 511 keV events in at least one of the CdAWO, counters [48]. The fit of the data by the
background model and the excluded distributions for Ove* and 0v28 decays of 19°Cd to
the ground state of 19°Pd with the half-lives T} 1 =14x 10?2 yrand T} /2 =59 x 10?1 yr,
respectively, are also shown [48].
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Figure 11. The energy spectrum of the v and B events measured for 26,033 h by the 1°°CdWO,
detector in coincidence with events in at least one of the CAWO, counters with energy E = (511 & 20)
keV (crosses). The solid red line shows the fit of the data by the background model (see Reference [48]).
The excluded distributions of Ove* and 0v28" decays of 1°°Cd to the ground state of °°Pd with
the half-lives Ty /, = 1.4 x 10?2 yr and T/, = 5.9 x 10?! yr, respectively, are shown. Reprinted from
Reference [48].

Being aimed at the possibility to cover the theoretical predictions for the decay half-
life of 2vef™ in 1%°Cd, a new stage with an improved apparatus is in data taking in
the DAMA /R&D set-up. Figure 12 shows the scheme of the improved experimental
set-up. The two CdWOj crystal scintillators include a cylindrical cut-out to house the
196CdWOy crystal. The detector system is surrounded by four high purity copper bricks,
low radioactive copper and lead, cadmium, and polyethylene in order to reduce the
external background.

floor

Figure 12. The scheme of the experimental set-up with the 1°CdWO, crystal scintillation detector
(1), viewed through plastic scintillator (2) and a quartz light-guide (3) by a metallic PMT (4). The two
CdWOy crystal scintillators (5) are viewed through two quartz light-guides (6) by PMTs (7). The de-
tector system was shielded by copper, lead, cadmium, and polyethylene (not shown). Only part of
the copper details (8) is shown.
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Table 4. The present best half-lives limits on 2v and Ov DBD+ in 136Ce, 144gm, 1524, and 156Dy being mainly achieved
using the passive source approach (if not specified, the C.L. is at 90%). In the square brackets, the adopted detector is
reported: High Pure Germanium detector (HPGe) and Geochemical method (GEO). A few other best limits for transitions

using such approach are also listed in Tables 1-6.

Transition Qpp (keV) [165]  Natural Abundance (%) [167] Process Ty (y)
2v Ov
136Ce — 136Bg 2378.55(27) 0.186(2) KK/KL/LL >(3.2/ — /—) x 10 [CeCl3 (S)] [86] >(2.1/3.4/8.4) x 10'8 [HPGe] [224]

2¢ 2+ 818.5)
2¢ (2 1551.0)
2¢ (0F 1579.0)
2¢ (2+ 2080.1)
2e 2+ 2128.9)
2¢ (0+ 2141.4)
2e ((2)* 2222.7)
2¢ (0+ 2315.3)

>2.9 x 10'8 [HPGe] [224]
>3.4 x 1018 [HPGe] [224]
>2.5 x 1018 [HPGe] [224]
>2.8 x 1018 [HPGe] [224]
>1.4 x 10'8 [HPGe] [224]
>4.4 x 10'8 [HPGe] [224]
>2.0 x 10'8 [HPGe] [224]
>2.5 x 1018 [HPGe] [224]

>3.0 x 10'8 [HPGe] [224]
>2.9 x 10'8 [HPGe] [224]
>2.2 x 10'8 [HPGe] [224]
>2.6 x 1018 [HPGe] [224]
>1.6 x 10'8 [HPGe] [224]
>4.2 x 10'8 [HPGe] [224]
>2.0 x 10'8 [HPGe] [224]
>2.5 x 1018 [HPGe] [224]
[ [224]
[ [224]
[

et >2.7 x 10'8 (a) [HPGe] [224] >2.6 x 10'8 [HPGe] [224
et (27 818.5) >2.4 x 1018 [HPGe] [224] >2.3 x 10'8 [HPGe] [224
28+ >4.1 x 10'8 [HPGe] [224] >4.1 x 10'8 [HPGe] [224]
gy 1NQg T 1782.4(8) 3.08(4) KK/KL/LL - >(4.4/1.7/1.4) x 10" [HPGe] [56]
KK (21 696.6) >1.6 x 10! [HPGe] [56] >1.4 x 10! [HPGe] [56]
KK (2* 1560.9) >1.3 x 10! [HPGe] [56] >1.3 x 102 [HPGe] [56]
ept >3.6 x 10! [HPGe] [56] >3.5 x 102 [HPGe] [56]
eBt (2% 696.6) >3.2 x 10! [HPGe] [56] >3.2 x 102 [HPGe] [56]
152Gq t — 152gm * 55.69(18) 0.20(3) 2e >6.0 x 10° (b,c) [GEO] [229]
1%6py t — 156Gd * 2005.95(10) 0.056(3) KK/KL/LL >6.1 x 10 [HPGe] [230] >(1.7/1.7/2.2) x 1016 [HPGe] [230]
2¢ (2 89.0) >1.8 x 10! [HPGe] [230] >1.5 x 10! [HPGe] [230]
[ ]

2¢ (0+ 1049.5)
2e 2+ 1129.4)
2¢ 2+ 1154.2)
2¢ (0+ 1168.2)
2¢ (0 1715.2)
2e 2+ 1771.1)
2e 2+ 1827.8)
2¢ (0 1851.3)
KK (2* 1914.8) (d)
KL (1~ 1946.4) (d)
KL, (0 1952.4) (d)
2L, (2 1988.5) (d)
2Ls (2 2003.7) (d)
€ +
eft (27 89.0)

[
[
>7.1 x 10 [HPGe] [230
>1.4 x 1016 [HPGe] [230]
>4.7 x 10'° [HPGe] [230]
>8.9 x 10'° [HPGe] [230]
>3.0 x 106 [HPGe] [230]
>1.0 x 10% [HPGe] [230]
>1.9 x 10 [HPGe] [230]
>1.5 x 10'° [HPGe] [230]

>6.4 x 101 [HPGe]
>1.4 x 10 [HPGe]
>4.1 x 10'° [HPGe] [230]
>8.0 x 10'° [HPGe] [230]
>2.8 x 106 [HPGe] [230]
>8.9 x 10'® [HPGe] [230]
>1.9 x 10 [HPGe] [230]
>1.5 x 106 [HPGe] [230]

230]
230]

>1.1 x 10 (c) [HPGe] [230]

>0.96 x 10'° (c) [HPGe] [230]
>2.6 x 106 (c) [HPGe] [230]
>1.9 x 106 (c) [HPGe] [230]

>2.8 x 10 [HPGe] [230]

>1.8 x 10'8 [HPGe] [231]
>2.2 x 107 [HPGe] [231]
>9.5 x 1017 [HPGe] [231]
>6.7 x 1016 [HPGe] [231]

>1.9 x 10% (c) [HPGe] [230]
>1.9 x 10% (c) [HPGe] [230]

(1) The nucleus is unstable with respect to the & decay [78]. (a) The limit obtained in Reference [224] is erroneously swapped with the limit

of Reference [223]. (b) The limit takes all possible processes into account. (c) Ov 4- 2v double beta decay. (d) Resonant effect.

3.3. Experiments Based on the “Source # Detector” Approach

Despite the numerous efforts to implement the “source=detector” approach, since it
also offers a good detection efficiency, several DBD+ emitters can be investigated by the
passive source method. The isotopes that were studied by this technique, with the best
performance in terms of half-life for different DBD+ transitions, are: 50Cr, >4Fe, %8Ni, 74Se,
92Mo, %Ru, 102Pd, 1128n, 120Te, 136Ce, 133Ce, 1445m, 156Dy, 158Dy, 162y, 168y, 174Hf, 1840s,

190pt, and 1%Hg.

The most adopted passive-source experiments use the HPGe 7 spectrometers, as
shown in Tables 4-6. The DAMA-INR Kyiv collaboration holds the most stringent limits
for mostly all of the isotopes investigated by this technique. Thus, in this Section, we briefly
summarize the measurements that were carried out by the HPGe <y spectrometers at the
STELLA facility of LNGS [232] by the DAMA-INR Kyiv collaboration (also see [42,59] and

the References therein).
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Table 5. The present best half-lives limits on 2v and Ov DBD+ in 36 Ar, 50Cr, 54Fe, 38N, 74Se, 2Ry, 192Pd, and 112Sn mainly
achieved using the passive source approach (if not specified, the C.L. is at 90%). In the square brackets, the detector adopted

is reported: High Pure Germanium detector (HPGe). A few other best limits for transitions using such approach are also
listed in Tables 1-4 and 6.

Transition Qgpp (keV) [165]  Natural Abundance (%) [167] Process Ty (yr)
2v Ov
36Ar — 3Ge 432.58(19) 0.3336(210) 2¢ - >3.6 x 102! [HPGe] [233]
50Cy — 507§ 1169.6(5) 4.345(13) 2¢ >1.8 x 1017 (68%)(a) [HPGe] [234]
ept >1.3 x 108 (95%)(a) [HPGe] [235]
54Fe — %Cr 680.3(4) 5.845(105) KK/KL/LL - >(4.4/4.1/5.0) x 10% (68%) [HPGe] [236]
58Ni — 58Fe 1926.4(3) 68.0769(100) 2¢ - >4.1 x 10%2(b) [HPGe] [237]
2¢ (2], 810.8) >3.3 x 102 [HPGe] [237] -
2¢ (25, 1674.7) >3.4 x 1022 [HPGe] [237] -
ept >1.7 x 1022 [HPGe] [237] -
et (2, 810.8) >2.3 x 102 [HPGe] [237] -
74Se — 74Ge 1209.24(1) 0.86(3) 2e >1.5 x 10! (a) [HPGe] [238]
KK/KL/LL - >(4.83/3.48/6.47) x 10* [HPGe] [239]
KK/KL/LL (2,595.9) >1.83 x 10'° [HPGe] [239] >(1.57/4.37/4.58) x 10* [HPGe] [239]
2¢ (25, 1204.2) >4.3 x 10' (a,c) [HPGe] [240] >1.10 x 10% [HPGe] [239]
ept >2.3 x 10! (a) [HPGe] [239]
9%Ru — %Mo 2714.50(12) 5.54(14) KK/KL/LL - >(10/2.3/2.3) x 1020 [HPGe] [241]
KL (b)/LL (b) - >(2.0/3.6) x 1020 [HPGe] [241]
2¢ 2+ 778.2) >2.6 x 102 [HPGe] [241] >2.4 x 10%° [HPGe] [241]
2¢ (0 1148.1) >2.5 x 102 [HPGe] [241] >2.3 x 102 [HPGe] [241]
2¢ (271 1497.8) >1.7 x 102 [HPGe] [241] >1.6 x 102 [HPGe] [241]
2e (21 1625.9) >3.6 x 102 [HPGe] [241] >3.3 x 102 [HPGe] [241]
2¢ (27 2095.7) >2.4 x 102 [HPGe] [241] >2.2 x 102 [HPGe] [241]
2¢ (2 2426.1) >2.1 x 102 [HPGe] [241] >2.1 x 102 [HPGe] [241]
2¢ ((0)* 2622.5) >2.4 x 102 [HPGe] [241] >2.4 x 102 [HPGe] [241]
ept >8.0 x 1019 [HPGe] [241] >7.7 x 10! [HPGe] [241]
2¢ (21 778.2) >2.3 x 1019 [HPGe] [241] >2.3 x 10%° [HPGe] [241]
2¢ (0T 1148.1) >2.1 x 10'° [HPGe] [241] >2.1 x 10' [HPGe] [241]
2¢ (21 1497.8) >1.5 x 1019 [HPGe] [241] >1.5 x 10! [HPGe] [241]
2¢ (27 1625.9) >3.1 x 10! [HPGe] [241] >3.1 x 10! [HPGe] [241]
28+ >1.4 x 102 [HPGe] [241] >1.3 x 102 [HPGe] [241]
102pq — 102Ry 1203.3(4) 1.02(1) 2¢ - -
2¢ (21, 475.1) >7.6 x 10'8(a) [HPGe] [242]
2¢ (07, 943.7) >8.8 x 10'8(a) [HPGe] [242]
2¢ (257, 1103.0) >1.4 x 10'°(a) [HPGe] [242]
ept - -
ept (2], 475.1) >7.6 x 10'8(a) [HPGe] [242]
H2gy  12¢q 1919.80(16) 0.97(1) KK/KL/LL - >(10.63/8.15/6.43) x 102 [HPGe] [243]

2¢ (2} 617.5)
2¢ (07 1224.3)
2¢ (25 1312.4)
2¢ (47 1415.5)
2¢ (05 1433.3)
2¢ (27 1468.8)

>11.94 x 1020 [HPGe] [243]
>16.25 x 1020 [HPGe] [243]
>11.24 x 102 [HPGe] [243]
>9.57 x 1020 [HPGe] [243]
>8.64 x 102 [HPGe] [243]
>8.19 x 1020 [HPGe] [243]
2¢ (47 1870.7) >11.03 x 1020 [HPGe] [243] >11.03 x 1020 [HPGe] [243]
2¢ (05 1871.0) >13.43 x 1020 [HPGe] [243] >13.43 x 102 [HPGe] [243]
ept >9.7 x 10'° (a) [HPGe] [243]
ept (2] 617.5) >7.02 x 102 (a) [HPGe] [243]

>9.72 x 102 [HPGe] [243]
>12.86 x 1020 [HPGe] [243]
>8.89 x 102 [HPGe] [243]
>7.46 x 1020 [HPGe] [243]
>6.86 x 1020 [HPGe] [243]
>6.46 x 1020 [HPGe] [243]

(a) Ov + 2v double beta decay. (b) Resonant effect. (c) The value quoted in Reference [240] for the 2e (2;, 1204.2) transition was re-evaluated
in Reference [244] with Ty > 1.4 X 108 yr, and it further decreased to Ty, > 3.9 X 106 yr in Reference [245], as reported in [19]. Recently,
a new upper limit at Ty /; > 1.10 x 10! was reported in [239].

HPGe detectors can offer high performances in the measurements on samples at very
low radioactivity levels, being typically down to the uBq kg~!. The usual experimental
approach consists of two phases: in the first one, the sample (source) can be purified at
different stages to decease the background for the effect searched for; then, the DBD+
measurements can be done. Examples of purification technique include the evaporation of
the impurities from the melted sample, the sedimentation, the liquid-liquid extraction, or,
if possible, their combination. However, the protocol is strictly isotope/sample dependent.
Some details regarding the different adopted /developed purifications and protocols can
be found in [62,224,241,246] and the references therein. Besides this, the material contami-
nation can also be investigated by Inductively Coupled Plasma-Mass Spectrometry [247],
especially to evaluate the radio-isotopes concentration in the case their decay is not accom-
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panied with a 7y emission. For example, present studies on the purification protocol for
Gd;O3 are in progress at the STELLA facility of LNGS [232], due to the great interest in
the DBD+ of 1%2Gd (and DBD- of 1®9Gd). There is also great interest in the development of

purification techniques for lanthanide’s and rare-earth nuclides [57,62,230,247-249].

Table 6. The best half-lives limits on 2v and Ov DBD+ in 158Dy, 162, 164py 168y, 174Hf 1840g, 190Pt, and 196Hg mainly
achieved using the passive source approach (if not specified, the C.L. is at 90%). In the square brackets, the adopted detector
is reported, where HPGe means High Pure Germanium detector and GEO means the Geochemical method. A few other

best limits for transitions using such approach are also listed in Tables 1-4.

Transition Qpp (keV) [165]  Natural Abundance (%) [167] Process Ty (yr)
2v ov
138py t - 18G4 282.2(24) 0.095(3) KK >1.0 x 10'° [HPGe] [230] >4.2 x 101 [HPGe] [230]
2¢ 2+ 79.5) >3.5 x 10! [HPGe] [230] >2.6 x 10" [HPGe] [230]
2L (47 261.5) (a) >3.2 x 10 (b) [HPGe] [230]
102gp + 162Dy + 1846.96(30) 0.139(5) KK/KL/LL >(3.2/ — /—) x 10'° [HPGe] [62] >(10/9.6/13) x 10'7 [HPGe] [62]
2¢ (2 80.7) >1.2 x 10'® [HPGe] [62] -
2¢ (21 888.2) >4.2 x 107 [HPGe] [62] -
2¢ (07 1400.3) >1.3 x 1018 [HPGe] [62] -
2e (27 1453.5) >3.1 x 107 [HPGe] [62] -
2¢ (07 1666.3) >7.7 x 1077 [HPGe] [62] -
2e (2 1728.3) >9.4 x 1017 [HPGe] [62] -
KL (21 1782.7) >5.0 x 107 [HPGe] [62] -
KK (21 80.7) - >6.2 x 107 [HPGe] [62]
KK (21 888.2) - >5.9 x 107 [HPGe] [62]
KK (07 1400.3) - >1.3 x 1018 [HPGe] [62]
KK (21 1453.5) - >9.1 x 107 [HPGe] [62]
KK (07 1666.3) - >7.7 x 1077 [HPGe] [62]
KK (21 1728.3) - >9.3 x 107 [HPGe] [62]
KL; (a) (21 1782.7) - >5.0 x 107 [HPGe] [62]
ept >3.8 x 1017 [HPGe] [62] >3.7 x 1077 [HPGe] [62]
ept (27 80.7) >3.8 x 1017 [HPGe] [62] >3.7 x 107 [HPGe] [62]
164yt 164Dy 25.08(11) 1.601(3) 2¢ >1.0 x 10°(b,c) [GEO] [229]
168yp t — 168y * 1409.27(25) 0.123(3) KK/KL/LL >(8.7,—,—) x 1013 [HPGe] [57] >(7.3/6.9/12) x 10" [HPGe] [57]
2¢ (21 78.8) >2.3 x 10'° [HPGe] [57] >4.4 x 10 [HPGe] [57]
2¢ (21 821.2) >4.4 x 107 [HPGe] [57] >3.9 x 107 [HPGe] [57]
2¢ (01 1217.2) >1.5 x 10'8 [HPGe] [57] >1.5 x 10'8 [HPGe] [57]
2¢ (2 1276.3) >8.6 x 1017 [HPGe] [57] >8.6 x 107 [HPGe] [57]
M;M; ((2)~ 1403.7) (a) - >1.9 x 10'8 [HPGe] [57]
ept >2.8 x 1017 [HPGe] [57] >2.8 x 107 [HPGe] [57]
ept 2+ 78.8) >2.8 x 107 [HPGe] [57] >2.8 x 107 [HPGe] [57]
74HEt - 74yp * 1100.0(23) 0.16(12) KK/KL/LL >(7.1/4.2/—) x 10'® [HPGe] [250] >(5.8/19/7.8) x 1017 [HPGe] [250]
KK/KL/LL (2 76.5) >(5.9/3.5/3.9) x 1016 [HPGe] [250]  >(7.1/6.2/7.2) x 10" [HPGe] [250]
KB+ >1.4 x 10'°(b) [HPGe] [250]
Lt >1.4 x 10'8(b) [HPGe] [250]
1840g T 184 + 1452.8(7) 0.02(2) KK/KL/LL >(3.0/2.0/—) x 10'® [HPGe] [251] >(2.0/1.3/1.4) x 10" [HPGe] [252]
KK/KL/2e (2F 112.2) >(3.6/2.4/0.73) x 10'® [HPGe] [251] >(3.3/0.19/—) x 107 [HPGe] [251,252]
2¢ (2 903.3) >2.0 x 107 [HPGe] [251] >1.7 x 107 [HPGe] [251]
2e (0* 1002.5) >3.8 x 1017 [HPGe] [252] >3.5 x 107 [HPGe] [252]
2¢ (21 1121.5) >1.0 x 107 [HPGe] [251] >9.4 x 10 [HPGe] [251]
KK ((0)* 1322.2) >1.7 x 1077 [HPGe] [251] >1.7 x 10" (a) [HPGe] [251]
KL (21 1386.3) >3.0 x 10 [HPGe] [251] >6.7 x 10 (a) [HPGe] [252]
LL ((3)* 1425.0) >8.4 x 101 [HPGe] [251] >8.4 x 101 [HPGe] [251]
LL (2* 1431.0) >4.4 % 10'° [HPGe] [251] >8.2 x 10 (a) [HPGe] [252]
eft (27 112.2) >1.0 x 107 [HPGe] [251] >1.0 x 107 [HPGe] [251]
et 2+ 112.2) >1.0 x 107 [HPGe] [251] >9.9 x 10'° [HPGe] [251]
190pt t 5 1900g * 1401.3(4) 0.012(2) KK/KL/LL >(8.4,—,—) x 10 [HPGe] [253] >(5.7/17/31) x 10" [HPGe] [253]
KK (2% 186.7) >8.8 x 10! [HPGe] [253] -
KK (2* 558.0) >5.6 x 10'° [HPGe] [253] -
KK (0% 911.8) >4.5 x 10'% [HPGe] [253] -
KK (27 1114.7) >1.0 x 101 [HPGe] [253] -
2¢ (21 186.7) - >6.9 x 10 [HPGe] [253]
2¢ (2* 558.0) - >4.5 x 10'° [HPGe] [253]
2¢ (07 911.8) - >3.6 x 10'° [HPGe] [253]
2¢ (27 1114.7) - >9.8 x 10'° [HPGe] [253]
MM/MN/NN (0, 1, 2+ 1382.4) (a) >2.9 x 10'8(b) [HPGe] [253]
€ >9.2 x 10'° [HPGe] [253] >9.0 x 10'° [HPGe] [253]
ept (21 186.7) >8.4 x 10%(b) [HPGe] [253]
196pg * — 19%pt * 818.6(30) 0.15(1) KK - >9.6 x 107 [HPGe] [254]

KK (2* 355.7)

>2.5 x 10'8(b) [HPGe)] [254]

(t) The nucleus is unstable with respect to the a decay [49,51,78]. (a) Resonant effect. (b) Ov 4- 2v double beta decay. (c) The limit takes in
account all the possible processes.

The experimental set-ups, in the STELLA facility of LNGS [232], are placed in an
air-tight poly-methyl-methacrylate box and then flushed with high purity nitrogen gas to
remove the environmental radon (some set-ups are also covered by borated polyethylene
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of ~10 cm). Inside this box, the detectors are surrounded by a passive shield made of low
radioactivity copper (5-10 cm) and low radioactivity lead (20-25 cm). The samples are
typically enclosed in a polystyrene box on the HPGe detector end-cap. The most commonly
used HPGe detectors are: (i) GeCris, it is a 465 cm® with 120 % relative efficiency with
respect to a 3” x 3” sodium iodine detector [232]. (ii) GeMultj, it is made of four HPGe
detectors inside the same cryostat with ~225 cm® volume each one. (iii) GeBer with a
244 cm3 volume. The typical energy resolution of the detectors is 2.0 keV at the 1332.5keV ¢
peak of ®*Co. Other HPGe detectors are also used for radio-purity measurements [232]. The
detection efficiencies of the DBD+ that are searched for are estimated while using dedicated
Monte-Carlo simulations: EGSnrc [255] and GEANT4 toolkits [161,162], with initial
kinematics being provided by the DECAY0 event generator [163,164].

Thanks to these efforts, the DAMA and DAMA-INR Kyiv collaborations have obtained
samples with very high-purity levels and high sensitivities to many DBD+ transitions with
levels up to 10?! yr (see Tables 4-6), even with small-scale experiments. In particular, as an
example, Figure 13 shows the results of the first direct search for 2¢ and e+ of *4Sm
to the ground state and the excited levels of 14Nd [56]. The experiment was realized
by measuring—over 1899 h—a 342 g sample of highly purified samarium oxide (Sm;O3)
with the ultra-low background HPGe < spectrometer GeCris. No effect was observed,
and the half-life limits were estimated at the level of Ty /» ~ (0.1-3.6) x 1020 yr (90% C.L.)
(see Table 4).
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Figure 13. An example: part of the energy spectrum accumulated with a SmyO3 sample of 342 g over 1899 h [56], where

the y peaks from the OvKL and OvLL processes in 1%4Sm to the 1#*Nd g.s. are expected. The fit (green on-line line) of the
background data (a straight line plus the 1729.6 keV and 1764.5 keV Gaussian -y peaks from 214Bi and 1770.2 keV peak from
207Bj) is shown [56]. The constant fit (dashed blue on-line) of the data with the SmyOj3 60 far from the mentioned v lines
of 24Bi and 207Bi is also reported. The boxes (transparent pink on-line) indicate the energy range (E, & 307,) expected for

the OvKL and Ov2L decay processes to the g.s. of 1¥4Nd in the energy spectra that were measured with Sm,O3 sample [56].

Reprinted from Reference [56].

4. Perspectives and Conclusions

The current interest and status of the experimental searches for DBD+ to the ground
state and excited states of daughter nuclei have been outlined. An introduction regarding
the theoretical aspect and interests to the DBD+ studies has been addressed. The great
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interest in the field is clearly evident: it is aimed at studying the important nuclear processes
predicted from the SM or its extensions; crucial theoretical tests can be inferred. Moreover,
very important complementary information in nuclear and interaction theoretical models
can be achieved with respect to the DBD- modes (as widely discussed in Section 1). The case
of Ov mode involves the neutrino mass and new specific theoretical scenarios; but, in some
models, one can consider the 2v nuclear matrix element as a test case for the Ov modes,
which is crucial in studying, as much as possible, all of the DBD+ emitters. Another relevant
aspect, concerning the Ov modes, is that the mutual information from the contemporary
study of positive and negative DBD can strongly constrain the theoretical parameters with
very high confidence (as discussed in Section 1). In addition, a remarkable new effect is
the possible so-called “resonant effect" on the Ov2e decay, if the initial and final states are
energetically degenerate. Besides this, continuous efforts in this field push an evident
progression in new or more performing detectors, which can also be profitable in many
other fields. Thus, the experimental methods that are used in the field and the status of art
have been summarized. Some claims, which are present in literature, have been reviewed.
Many other experimental results using different detector types, sizes, and materials have
been discussed.

In the future, improvements in the purification protocol, growing materials, and new
detector concept can strongly increase the experimental sensitivity on DBD+ transitions.
In particular, dedicated efforts are enlarging the number of DBD+ emitters that can be
studied using the “source=detector” approach. In fact, among the other existing efforts
(such as, e.g., attempts to use crystal bolometers), the DAMA-INR Kyiv collaboration
works to purify several compounds aiming at improving the sensitivity in the passive
source approach and enhancing the growing procedure of crystal scintillators with the
DBD+ emitters.

Moreover, some positive claims on 2v DBD+ need further experimental investigation.
Some other DBD+ emitters are poorly investigated, such as 1°2Gd and '*Er. Thus, these latter
deficits push the experimentalists to improve new related detectors and methods. In addi-
tion, the sensitivity that is reached for a few 2vDBD+ emitters is in the range of theoretical
expectations (as some DBD+ transition in 106Cq), which could allow their observations.
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