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Abstract: Detecting neutrino-less double beta (0vBg) decay with high-sensitivity OvBp detectors is
of current interest for studying the Majorana neutrino’s nature, the neutrino mass (v-mass), right-
handed weak currents (RHCs), and others beyond the Standard Model. Many experimental groups
have studied OvBp decay with v-mass sensitivities on the order of 100 meV and RHC sensitivities on
the order of 10~°-10~°, but no clear OvBp signals have been observed so far in these v-mass and RHC
regions. Thus, several experimental groups are developing higher-sensitivity detectors to explore a
smaller v-mass region around 15-50 meV, which corresponds to the inverted hierarchy v-mass, and
smaller RHC regions on the order of 10~10-10~7 in the near future. Nuclear matrix elements (NMEs)
for v-mass and RHC processes are crucial for extracting the v-mass and RHCs of particle physics
interest from Ov BB experiments. This report briefly reviews detector sensitivities and upper limits on
the v-mass and right-handed currents for several current OvBp detectors and the v-mass and RHC
sensitivities expected for some near-future ones.

Keywords: neutrino-less double beta (OvBp) decay; OvBp detector sensitivity; neutrino mass;
right-handed weak current; present and future OvBp detectors

1. Introduction

Neutrino-less double beta (0vBp) decay, which violates the lepton-number (L) con-
servation law by AL = 2, is a sensitive and realistic probe for studying the neutrino’s
nature (Majorana or Dirac), the neutrino mass (v-mass) and mass hierarchy, the neutrino
CP phases, right-handed weak currents (RHCs), and others beyond the Standard Model
(SM) [1-5].

OvpBp decay is a second-order weak process beyond the SM. Thus, the transition rate
is on the order of 10~%-10~%"/y, depending on the v-mass and RHCs and also on their
nuclear matrix elements (NMEs). The energy signal is only a few MeV, which is of the
same order of magnitude as radioactive RI backgrounds. Accordingly, one needs large,
ultra-low-background detectors to search for the neutrino’s nature, the v-mass, RHCs, and
others.

Ovpp-decay rate is proportional to the square of the nuclear matrix element NME
(|M®]) [5-10]. Thus, an NME is crucial for extracting the effective v-mass, RHCs, and other
quantities of particle physics interest from the experimental Ov 5 3-decay rates, once they are
measured. An NME is also needed to design detectors for OvB-decay measurements since
the number of B isotopes required to measure the v-mass is inversely proportional to the
square of the NME. In fact, the backgrounds in the Ov B signal region and NME greatly
depend on B detectors and B nuclei to be used to search for the Ov 38 signal. Accordingly,
it is crucial to carry out high-sensitivity ff experiments for several B isotopes with
several types of B detectors. Recent OvBp experiments and near-future plans are reviewed
in [11,12], and theoretical and experimental studies of NMEs are given in reviews [5,13].

The present report aims to briefly review the current status and future prospects
of OvBB detectors in the search for the v-mass and RHCs by measuring S decays on
medium-heavy nuclei of current interest.
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2. Neutrino Mass and RHC Sensitivities

The Ovpp rate, in the case of the left-right symmetric model, is conventionally given
using the half-life T{)}’z, as shown in review articles and references therein [1-7]. It is noted
that high-sensitivity 8 detectors are very powerful in exploring possible RHCs beyond
the SM as well as the v-mass in the framework of the left-right symmetric models [1-7].
The rate is given as
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where (myg,), (1), and (1) are the effective v-mass, the effective A-RHC, and the effective
#-RHC, respectively. The right-handed (A) and () terms are expressed in terms of the
square of the mass ratio of the left-handed weak boson to the right-handed weak boson
and their mixing angle, respectively. The C coefficient of C;;, with i and j being (moy), (1)
and (1), is expressed by the product of the phase-space factor and the NME. In the case of
the light v-mass process, T{’l/’z is expressed as [1,4,6]
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where g4 = 1.27 is the weak axial-vector coupling for a free nucleon in units of the weak
vector coupling, G} is the phase-space factor, |MY"| is the NME for the light v-mass
process, and 1, is the electron mass. Here, the quenching effect on the weak coupling
of g4 is included in the NME since the effect is due to nuclear effects, as discussed later.
One experimentally obtains
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i.e., the square of the product of |[MY| and (my, ). Here, the left-hand side is the value to be
measured, and the right-hand one is the value of nuclear particle physics interest.
In the case of A-RHC Ovpf decay, the rate is approximately expressed as [1,4,6]
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where G} is the phase-space factor [14], [MY;| is the Gamow-Teller NME for the v-mass
term, x,_ is the A-NME, and €, is for the contributions from other terms. The value for €,
is around 10-30%, depending on the individual nucleus.

In the case of the #-RHC 0vBp, the rate is approximately expressed as [1,4,6]
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- — ~GOV-|MOV’2~< >2
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where Gg‘g’ is the phase-space factor [14], and xR is the #-NME. Here, we consider the
main term with the phase-space factor of Gy since the other terms are around 2 orders of
magnitudes smaller than the main term.



Universe 2024, 10, 247

30f10

The mass sensitivity, (g, ), is defined as the minimum effective v-mass to be mea-
sured experimentally [5,13]. Then, in the case of the current non-zero-background experi-
ments, the minimum |MY|(mg,) to be studied is expressed as

UL(B) A

MY S o= kpy- : ,

| m‘<m01/> m N-T \/g‘}ng‘l’
ky, = m,-15x10"8

= 7.8meV

where UL(B) is the upper limit for OvpS events in the region of interest (ROI). N is the
total mass of the B isotopes in units of tons, and T is the exposure time in units of
years. A is the mass number of the B nucleus. G}/ is in units of 1074, as shown in
Table 1. Here, we assumed for simplicity that the detector efficiency is 1. When the
background rate (B - N - T) statistics follow a Gaussian distribution, UL(B) is given as
VB - N - T, where B is the background rate (/ton-year) in the ROI On the other hand, in
“background-free measurement”, the background rate statistics do not follow a Gaussian
distribution, and UL(B) is proportional to N - T due to the properties of the Poisson
distribution. All future experiments given here are not “background-free measurement”
but aim at background rates of B ~ 1, which is called “quasi-background-free measurement
in [12], i.e., backgrounds around 10 in the case of a 2 ton x 5 years run.

”

Table 1. Phase-space factors Gg‘l’ , Ggg , and Ggg in units of yr_l. As shown in table 1 in [15], the
s-wave electron phase-space factors (PSFs) (Gg'l/ ) are from [16], and the p-wave electron PSFs (G812’ and
Gg‘g’ ) are from [14].

48, 76Ge 82Gge 967, 1001 16Cq 130Te Boxe 150Nd

G(é{ 10" 2465 02372 1.014 2.048 1584 1.662 1424 1454 6.194
Gy 10" 16229 0391 3529 8959 5787 5349 3761 3.679 29.187
Ggg 1019 16246 1223 4779 8.619 6540 6.243 4972 4956 19.454

Here, \/UL(B)/(N - T) stands for the detector sensitivity, and g% - GJ! for the atomic
one. In real B experiments, backgrounds are on the order of 10 or so, the signal rate
depends on the detector and analysis efficiencies, and the limits are evaluated at the 90%
confidence level. The sensitivities in these real cases are discussed in [12]. The v-mass
sensitivity in real experiments is discussed in terms of the nuclear sensitivity and the
detector sensitivity with the efficiency € in [12].

Similarly, the RHC sensitivities are given by GJy in units of 10~!* and G} in units of

10~ as
UL(B A
IMY[(A) = k- NFT)-\/4 o .
8a G2 (7)
ky = 15x10°8
UL(B) A
(MY () = k- : ,
! TYNT \ 4Gl (8)
ky = 15x1078

In the case of a large background rate of B- N - T >> 1, the coefficient of 1/ UL(B) /(N - T)

is rewritten as /B/(N - T), because the background fluctuations adopt a Gaussian dis-
tribution. Thus, the minimum v-mass (mg,) and the minimum RHCs of (A) and (1) to
be measured are inversely proportional to NMEs and v/N - T. They are very sensitive to
NMEs, but not to N and T. In other words, one is forced to require 5 times more B isotopes
or 5 times longer run time if the NME is 32% smaller.
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3. Sensitivities of Current and Near-Future B Detectors

Many high-sensitivity OvBp experiments have been carried out so far and/or are being
run using higher-sensitivity OvBp detectors. Many experimental groups are developing
higher-sensitivity OvBp detectors. Some of them plan to build ton-scale detectors to study
OvpBB in the half-life region on the order of 10 y.

Figure 1 shows the current experimental results and proposed projects’ sensitivities
for |MY|(mg, ). The figure shows the sensitivities of CANDLES (*¥Ca) [17], GERDA-II
(7°Ge) [18], CUPID-0 (82Se) [19], NEMO-3 (*Zr) [20], CUPID-Mo (%Mo) [21], Aurora
(16Cd) [22], CUORE (*3Te) [23], KamLAND-Zen (13¢Xe) [24], and NEMO-3 (**°Nd) [25],
which have a status of data taking/completed. In addition, we list the sensitivities of
LEGEND-1000 ("°Ge) [26], SuperNEMO (32Se) [27], CUPID (1°°Mo) [28], SNO+II (13°Te) [29],
and nEXO (13¢Xe) [30] for proposed projects for each nucleus. Here, the half-life sensi-
tivities for future projects are the values given in table IV of [12]. Although many OvpBp
decay experiments, such as MAJORANA ("°Ge) [31], AMoRE (**Mo) [32], KamLAND2-
Zen (136Xe) [33], EXO-200 (13¢Xe) [34], NEXT (130Xe) [35], PandaX-III-200 (3¢Xe) [36], LZ
(136Xe) [37], DARWIN ('*Xe) [38], and others, have been carried out and are proposed for
future projects, here, we list one experiment for each nucleus for reference.

20 60 80 100 120 140 160
Mass Number A

Figure 1. Sensitivities for current experiments and proposed projects. Black dots are for current exper-
iments and red dots are for proposed projects. The plotted points show the sensitivity | MY |(mq, )* in
units of meV.

In the present report, we mainly discuss calorimetric OvBp detectors for future projects
with high discovery potential. Accordingly, the angular and energy correlations of the two
B rays from Ovff events are not measured. Then, it is hard to identify individual v-mass
and RHC processes involved in Ov S events.

OvBp detectors such as ELEGANT V [39], MOON [40,41], NEMO-III [42], and Super
NEMO [43] measure individual B tracks as well as their energies and thus are useful in
verifying BB events and identifying the processes, mass, A, and/or # processes once 0v3f
events are observed by calorimetric detectors. Other projects are described in detail in
reference [12].

The OvBp decays to be discussed are mainly double B~ decays of ground-state to
ground-state transitions of ‘éX —>‘§ JrzX, with A and Z being the mass and proton number,
for medium-heavy nuclei with high sensitivity [13]. We note that |M}"| is more or less
close to |[M}"| and |M2V\ in pnQRPA model calculations. In this case, the v-mass sensitivity
in units of m, and the (1) and (1) sensitivities are proportional to the square roots of the

phase-space factors /GQY, /GJ and 1/ GQy. As shown in Table 1, the value for the phase-
space factor of G} is larger than that for GJ! by a factor of 3-6, and thus, the (1)® sensitivity
is higher (smaller) than the mass sensitivity by a factor of around 2, while the value for

GJy is larger than that for GJy by 4 orders of magnitude, and thus, the (17) sensitivity is
higher than the (A)* sensitivity by 2 orders of magnitude. In other words, high-sensitivity
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BB detectors with an (mg,)* sensitivity of 1077 ( i.e., 50 meV) are used to search for the
RHCs of (A)* and (17)° in the regions of 5 x 1078 and 5 x 10717, respectively.

The current limits and the proposed projects’ sensitivities | M%"|(1)® and |M2V| (n)° are
shown in Figures 2 and 3.

) °
ey -5
<o ;
S : !
= ;
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,7 ° .
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40 60 80 100 120 140 160
Mass Number A

Figure 2. Sensitivities for current experiments and proposed projects. See the Figure 1 caption. The
plots are shown for the sensitivity |[MJ/[(A)S.
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Figure 3. Sensitivities for current experiments and proposed projects. See the Figure 1 caption. The
plots are shown for the sensitivity |M2" [(n)°.

4. BB Sensitivities and NMEs

The v-mass and RHC sensitivities defined in Equations (6)—(8) include their NMEs for
BB nuclei. Actually, the values of the effective v-mass and RHCs are inversely proportional
to their NMEs of |[MY/|, [M}"|, and |M2V |, which reflect the nuclear structures involved in
the v-mass and RHC processes. Then, NMEs are indispensable for deriving the v-mass and
the RHCs of particle physics interest from the Sf rates, once observed, and for designing
B detectors to search for the effective v-mass and RHCs in the given regions.

As shown in Figures 1-3, the most sensitive measurement in the proposed projects
is in the experiment using '**Xe. This is because 1**Xe is easily enriched, and thus, large
numbers of BB decay nuclei can be used. '**Te can realize the high-sensitivity measurement
as well because '3°Te has a high natural isotope ratio, which makes it possible to use a
large number of BB decay nuclei. The merit of 7°Ge is the high energy resolution, which is
important for low-background measurements. These current high-sensitivity experiments
have used 0.5-5 kmol 8 decay nuclei, and in future experiments, ~50 kmol S8 decay
nuclei will be used. For %Mo, future projects using 1-2 kmol B8 decay nuclei are proposed.
100Mo has good nuclear sensitivity, and thus, the measurement sensitivity is relatively
good for the number of BB decay nuclei. **Ca, %°Zr, and '®°Nd have larger phase-space
factors. However, unfortunately, large-scale isotope separation systems have not yet been
constructed. When the system is constructed, it will be possible to make highly sensitive
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BB decay measurements with a relatively small number of 55 nuclei if their NMEs are not
much smaller than those for others.

Recently, a Ovp experiment for the v-mass process was extensively discussed because
the effective mass is expected to be a finite value of around 15-50 meV in the case of an
inverted mass hierarchy, depending on the phase. This is the region to be studied by future
ton-scale detectors. The effective mass decreases below around 5 meV in the case of the
normal mass hierarchy. The NME |MY | for the v-mass process has been evaluated using
various kinds of nuclear models. The OvBB-NME for the light v-mass process is given as [5]

geff 2 geff 2
1= (5] o+ (2 o
8A 8A

where M%"T, M%V, and Mg‘” are the axial-vector (GT: Gamow-Teller), tensor (T), and vector
(F: Fermi) BB-NMEs, respectively, and giff and g“*/ff are introduced to incorporate quenching
effects [44—48].

The B transitions are axial-vector spin-isospin (cT) and vector isospin (T) transitions.
Thus, the NMEs greatly depend on nucleonic and non-nucleonic ¢t and 7 interactions
and their correlations. The proton-neutron Quasi-particle Random Phase Approximation
(pnQRPA) model, which explicitly includes the nucleonic o7 and T interactions and their
correlations, is widely used for OvB8-NME calculations. Then, NMEs MY with « = GT, T,
F are given by the pnQRPA model NMEs, and then ¢/ ¢4 and g%ff/ g4 represent effects
due to such non-nucleonic ot and 7 correlations and nuclear medium effects that are not
explicitly included in the pnQRPA model [5].

The NMEs for RHC processes are also expressed as NMEs for light v-mass processes
in terms of the axial-vector and vector NMEs with nuclear spin-isospin and multipole op-
erators. Thus, they are very sensitive to nucleonic and non-nucleonic ¢t and T correlations
and nuclear medium effects. Then, one has to use the effective weak couplings of gi{f and
¢¢ff to incorporate such spin—isospin effects, which are not explicitly included in the model
calculations [5].

So far, many theoretical calculations for B3-NMEs have been made using various
kinds of theoretical models, as discussed in review articles and references therein [5-10].
The models are pnQRPA, ISM (Interacting Shell Model), IBM-2 (Interacting Boson Model),
and others. In fact, the calculated NMEs greatly depend on the theoretical models and the
nuclear parameters used in the models. Accordingly, the calculated values for |[MJ| scatter
over a region of an order of magnitude, depending on the models and the parameters.
Among them, the critical nuclear parameters are the effective axial weak coupling of g5t
Note the GT NME | MY, | in Equation (9) with (g¢ff)? is the major component in the NME
|MY|. The accurate evaluation of gi{f is extremely hard since it stands for non-nucleonic
(mesons, isobars, etc.) effects and nuclear medium effects, which are hard to calculate
accurately in most nuclear models based on nucleons only. In particular, the A isobar
effect is very important for the GT and o7 components of the NME. This effect is known to
quench many single axial-vector NMEs and thus is considered to do so for the axial-vector
components of [M})!'], |[M}"|, and |M"|.

There are no direct experimental methods for measuring Ov3-NMEs. On the other
hand, several experimental inputs are effective in performing theoretical calculations for
BB-NMEs.

Recently, single B decay, single charge-exchange reactions (CERs), and ordinary muon
capture (OMC) reactions have been extensively studied to provide Bp theory models
with useful NMEs associated with f3-NMEs, as discussed in [5,11,13]. The GT and SD
(spin dipole) NMEs for single B decays of X — 4 ;X and 4, ;X — 4., X have been used
to obtain the NMEs associated with the f3-NME éX — 9 o X via the intermediate state
in4 11X The (*He, t) CER with medium-energy *He from the RCNP cyclotron has been
extensively used to obtain the single GT and SD NMEs associated with the B3-NMEs for
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medium-heavy nuclei. The OMC of 4 XU = 4 41X has been well studied using the
u-beam at RCNP to measure the NMEs associated with p via the intermediate nucleus
4 11X These experimental axial-vector NMEs are shown to be quenched with respect to
the pnQRPA model NMEs by a factor of around gquf /ga ~ 0.6 [5,13]. The double-charge-
exchange reaction (DCER) is of potential interest for studying OvBB-NMEs, as discussed
in [49]. DCERs are studied using heavy-ion projectiles, and thus, they include various
reaction processes and various nuclear interactions and are also sensitive to distortions of
the projectile and the ejectile. Extensive DCER programs are ongoing, as given in [49].

Recently, NMEs for the light v-mass process have been well studied by fully using
the experimental NMEs for single  decays, single CERs, and OMCs, as well as theoretical
pnQRPA NMEs [50]. They are shown to be given by a smooth function of the mass number
Aas |MY| =52 — 0.023A for medium-heavy nuclei of A = 76-136 [50].

The RHC-NMEs evaluated by QRPA model calculations are not much different from
the v-mass NME evaluated by the same QRPA model calculations [6]. Then, RHC-NMEs
are considered to be given by a similar expression as a function of A. Then, using the simple
expression M/ | ~ |M{’| ~ [M}"| =~ 5.2 — 0.023A, one obtains f-NMEs of 3.5, 3, and 2
for B nuclei with A of around 80, 100, and 130. Then, the Ov detector sensitivities for
the v-mass and RHCs are not sensitive to A. Thus, the selection of Ov 8 nuclei to be used
among medium-heavy nuclei may be made on the basis of experimental requirements
such as ton-scale Ov B isotopes, a large G* (large Qpp) value, low background, and high
energy resolution.

The v-mass and RHCs to be studied by near-future g detectors are evaluated using
NMEs ~ 5.2 — 0.023 A. The effective v-masses are around 15, 100, 25, 50, and 15, all in units
of meV, in the cases of the 7°Ge, 8Se, 100Mo, 130Te, and 130Xe experiments, respectively.
Thus, the inverted mass hierarchy mass region will be well studied with near-future g
detectors. The effective RHCs to be studied are around 1, 10, 3, 5, and 1, all in units of 108
for (A) and 1019 for (57), in the cases of the 7°Ge, 82Se, 1"Mo, 130Te, and '3*Xe experiments,
respectively.

5. Summary and Concluding Remarks

The present report briefly reviews the Ovff sensitivities in recent experiments and
near-future plans for typical Ov5S nuclei on the basis of the left-right symmetric model.
The sensitivities discussed are the v-mass sensitivity | MY |(mo,)* and the RHC sensitivities
|MJ¥|(A)* and |M2V|<17>5, where [MY|, IMY"|, and |M2V| are the NMEs for the light v-
mass process and the RHC A and # processes, respectively. The sensitivities in recent
experiments are based on the reported half-life limits, and those for planned experiments
are evaluated using the phase-space factors, the estimated background, and the total
number of g isotopes.

Near-future ton-scale projects on Ovf are all encouraged to explore new regions of
v-masses and weak RHCs. Experimental studies on several B8 nuclei are crucial since
the NMEs and backgrounds depend on the nuclei and the detectors to be used. Among
them, for future OvBB detectors with 76Ge, 100Mp, 130Te, and 130Xe, it will be interest-
ing to study the regions around (mg,) = 10 — 55 meV, (A) =12 x 1078 — 0.7 x 107,
and (17) =1.0 x 1071% — 0.6 x 10~ by assuming 2-3 for |[MY'|, [MJ"|, and |M2V|. The
NME:s for the v-mass and RHC processes are crucial for extracting the effective v-mass and
the effective RHCs of particle physics interest beyond the SM. They are calculated using
various theoretical models but are actually very sensitive to the nuclear models and nuclear
parameters used in the models. Thus, experimental studies using single  decays, CERs,
and OMCs are very valuable in helping theories evaluate reliable Ov33-NMEs.
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It is noted that the Ovp signal yield (the number of counts) is considered to be so small,
depending on the v-mass and the RHCs, that one has to know if it is NOT an unknown
background <y peak or a quasi-peak due to a fluctuation in the background that happens to
be located in the ROI of the Qgg value. Accordingly, it is crucial to observe similar Ovpf
peaks in different ROIs for several S nuclei.

Here, we have exclusively discussed 0vfg to the 0" ground state, but B to the 2
excited state is of interest for studying the RHC (A) process in the case where the 2" state
is located in the relatively low-excitation region. 0vfp experiments for the excited 2 state
will be discussed separately elsewhere.

Finally, we thank Prof. S. Stoica for great contributions to the progress of S nu-
clear physics.
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