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We consider the possibility of several different mechanisms contributing to the (83),,-decay amplitude
in the general case of CP nonconservation: light Majorana neutrino exchange, heavy left-handed and
heavy right-handed Majorana neutrino exchanges, lepton charge nonconserving couplings in supersym-
metry theories with R-parity breaking. If the (88)y, decay is induced by, e.g., two “noninterfering”
mechanisms (light Majorana neutrino and heavy right-handed Majorana neutrino exchanges), one can
determine |7;|* and |n;|%, n; and n; being the two fundamental parameters characterizing these
mechanisms, from data on the half-lives of two nuclear isotopes. In the case when two ‘“‘interfering”
mechanisms are responsible for the (88)y, decay, |n;|* and |7;|* and the interference term can be
uniquely determined, in principle, from data on the half-lives of three nuclei. Given the half-life of one
isotope, the “positivity conditions™ |n;|* = 0 and |n;]|* = 0 lead to stringent constraints on the half-lives
of the other (Bp),,-decaying isotopes. These conditions, as well as the conditions for constructive
(destructive) interference are derived and their implications are analyzed in two specific cases. The
experimental limits on neutrino masses obtained in the >H B-decay experiments can constrain further the
multiple mechanisms of (88),, decay if one of the mechanisms involved is the light Majorana neutrino
exchange. The measurements of the half-lives with rather high precision and the knowledge of the relevant
nuclear matrix elements with relatively small uncertainties is crucial for establishing that more than one
mechanism are operative in (83),, decay. The method considered by us can be generalized to the case of
more than two (88),,-decay mechanisms. It allows us to treat the cases of CP conserving and CP

nonconserving couplings generating the (83),, decay in a unique way.
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I. INTRODUCTION

If neutrinoless double beta ((88),,) decay will be ob-
served, it will be of fundamental importance to determine
the mechanism which induces the decay. We know that
neutrinos have mass and mix, and if they are Majorana
particles they should trigger the decay at some probability
level. The fundamental parameter which controls the
(BB)y,-decay rate in this case is the effective Majorana
mass:

light

(m)y =N (U,;’m, (all m; = 0), (1.1)
J

where U is the Pontecorvo, Maki, Nakagawa and Sakata
(PMNS) neutrino mixing matrix [1-3] and m; are the light
Majorana neutrino masses, m; < 1 eV. The (3/3),,-decay
rate depends on the type of neutrino mass spectrum
which can be hierarchical, with partial hierarchy or
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quasidegenerate (see, e.g., [4]). Using the data on the
neutrino oscillation parameters it is possible to show (see,
e.g., [5]) that in the case of the normal hierarchical
spectrum one has [(m)| = 0.005 eV, while if the spectrum
is with inverted hierarchy, 0.01 eV < [(m)| < 0.05 eV. A
larger value of |[(m)| is possible if the light neutrino mass
spectrum is with partial hierarchy or of a quasidegenerate
type. In the latter case |(m)| can be close to the existing
upper limits.

The most stringent upper limits on [{m)| were set by the
IGEX [6], CUORICINO [7] and NEMO3 [8] experiments
with 7°Ge, ''Te and '"Mo, respectively." The IGEX
collaboration has obtained for the half-life of °Ge, T?/Vz >
1.57 X 10%° yr (90% confidence level (C.L.)), from which
the limit [(m)| < (0.33—1.35) eV was derived [6]. Using
the recent more advanced calculations of the correspond-

ing nuclear matrix elements (including the relevant uncer-
tainties) [9] one finds: [{m)| < (0.22-0.35) eV. The

'The NEMO3 collaboration has searched for (83),, decay of
82Se and other isotopes as well.
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FIG. 1. Feynman diagrams for the (8),, decay, generated by
the light and heavy LH Majorana neutrino exchange (left panel)
and the heavy (RH) Majorana neutrino exchange (right panel).

NEMO3 and CUORICINO experiments, designed to
reach a sensitivity to [(m)| ~ (0.2-0.3) eV, set the limits:
[(m)| < (0.61-1.26) eV [8] and |[(m)| < (0.19-0.68) eV [7]
(90% C.L.), where estimated uncertainties in the nuclear
matrix element (NME) are accounted for. The two upper
limits were derived from the experimental lower limits on
the half-lives of '“Mo and "*Te, 77, > 5.8 X 10> yr
(90% C.L.) [8] and T(l)/V2 > 3.0 X 10** yr (90% C.L.) [7].
With the NMEs and their uncertainties calculated in [9], the
NEMO3 and CUORICINO upper limits read, respectively:
[(m)] < (0.50-0.96) eV and  [(m)| < (0.25-0.43) eV.
The best lower limit on the half-life of 7°Ge, T?}’2>
1.9X10% yr (90% C.L.), was found in the Heidelberg-
Moscow °Ge experiment [10]. It corresponds to the
upper limit [9] [(m)| < (0.20-0.35) eV. A positive
(BB)o,-decay signal at >3¢, corresponding to T%:
(0.69—4.18) X 10%° yr (99.73% C.L.) and implying |[(m)| =
(0.1-0.9) eV, is claimed to have been observed in [11],
while a later analysis reports evidence for (83),, decay at
60 corresponding to [(m)| = 0.32 = 0.03 eV [12].

Most importantly, a large number of projects aim at
a sensitivity to [(m)| ~ (0.01-0.05) eV [13]: CUORE
(13Te), GERDA ("°Ge), SuperNEMO, EXO (3¢Xe),
MAJORANA (®Ge), MOON (%Mo), COBRA ('!°Cd),
XMASS (1*Xe), CANDLES (*¥Ca), KamLAND-Zen
(13Xe), SNO+ ('Nd), etc. These experiments, in
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particular, will test the positive result claimed in [12].
Let us note that the measurement of |(m)| can provide
unique information on the absolute scale of neutrino
masses, the type of neutrino mass spectrum and the
Majorana phases in the PMNS matrix [14].

The light Majorana neutrino exchange can be called the
“standard” mechanism of the (88), decay. The observa-
tion of (BB)y, decay would imply that the total lepton
charge L is not conserved. This would also imply that the
massive neutrinos get a Majorana mass [15] and therefore
are Majorana particles (see, e.g. [16]). However, the latter
does not guarantee that the dominant mechanism inducing
the (B8),, decay is the light Majorana neutrino exchange
since the Majorana mass thus generated is exceedingly
small. The (88),, decay can well be due to the existence
of interactions which do not conserve the total lepton
charge L, AL = *=2. A number of such interactions have
been proposed in the literature: heavy Majorana neutrinos
coupled to the electron in the V — A charged current weak
interaction Lagrangian, supersymmetric (SUSY) theories
with R-parity breaking terms which do not conserve the
total lepton charge L, L-nonconserving couplings in
the left-right symmetric theories, etc. At present we do
not have evidence for the existence of AL # 0 terms in
the Lagrangian describing the particle interactions.
Nevertheless, such terms can exist and they can be opera-
tive in the (88),, decay. Moreover, it is impossible to
exclude the hypothesis that, if observed, the (8),, decay
is triggered by more than one competing mechanisms.

The possibility of several different mechanisms contrib-
uting to the (88)y,-decay amplitude was considered re-
cently in [17] assuming that the corresponding AL = *2
couplings are CP conserving. By exploiting the depen-
dence of the nuclear matrix elements on the decaying
nucleus, it was shown that, given the experimental obser-
vation of the (83),, decay of a sufficient number of nuclei,
one can determine and/or sufficiently constrain the funda-
mental parameters associated with the lepton charge non-
conserving couplings generating the (88),, decay.

The present work is a natural continuation of the study
performed in [17]. We consider the possibility of several
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FIG. 2. Feynman diagrams for the (83),, decay due to the gluino exchange mechanism.
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different mechanisms contributing to the (8.3),-decay
amplitude in the general case of CP nonconservation: light
Majorana neutrino exchange, heavy “left-handed” (LH)
and heavy “right-handed” (RH) Majorana neutrino ex-
changes, lepton charge nonconserving couplings in
SUSY theories with R-parity breaking. If the (88),, decay
is induced by, e.g., two ‘“‘noninterfering” mechanisms
(light Majorana neutrino and heavy RH Majorana neutrino
exchanges), one can determine the absolute values of the
two fundamental parameters, characterising these mecha-
nisms, from data on the half-lives of two nuclear isotopes.
In the case when two “‘interfering” mechanisms are
responsible for the (88)y, decay, the absolute values of
the two relevant parameters and the interference term can
be uniquely determined from data on the half-lives of
three nuclei. In the specific examples considered of two
“noninterfering”” and two interfering mechanisms, namely,
the light Majorana neutrino and the heavy RH Majorana
neutrino exchanges, and the light Majorana neutrino and
the dominant gluino exchanges, we present illustrative
examples of determination of the relevant fundamental
parameters and of possible tests of the hypothesis that
more than one mechanism is responsible for the (83)o,
decay, using as input hypothetical half-lives of °Ge, '3Te
and '“°Mo. The effects of the uncertainties in the values of
the NMEs on the results of the indicated analyses are also
discussed and illustrated.

The method considered by us can be generalized to the
case of more than two (88),-decay mechanisms. It also
has the advantage that it allows us to treat the cases of CP
conserving and CP nonconserving couplings generating
the (B8)o, decay in a unique way.

II. DIFFERENT MECHANISMS OF (88),, DECAY

We will consider in the present article the following
mechanisms of (B883),, decay: the exchange of light
Majorana neutrinos; the exchange of heavy LH Majorana
neutrinos; the exchange of heavy RH Majorana neutrinos;
and two mechanisms associated with possible R-parity
breaking in SUSY theories. Below we discuss briefly the
lepton number violating (LNV) parameters and the nuclear
matrix elements associated with each of the indicated
mechanisms.

Assuming the dominance of a single LNV mechanism
characterized by a parameter n.NV, where the index «
denotes the mechanism, the inverse value of the
(BB)o,-decay half-life for a given isotope (A4, Z) can be
written as

1
o = 1NV EGO (B, 2) M,
1/2

(2.1)

where G"(E,, Z) and M'®” are, respectively, the known
phase-space factor (E, is the energy release) and the nu-
clear matrix element of the decay. The latter depends on
the mechanism generating the decay and on the nuclear
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structure of the specific isotopes (A, Z), (A, Z + 1) and
(A, Z + 2) under study.

The phase-space factors G*(E,, Z), which include the
fourth power of the standard value of the axial-coupling
constant g, = 1.25, are tabulated in Ref. [18]; for °Ge,
823e, 190Mo and '3°Te, they are given in Table I. For a given
isotope (A, Z), G°(E,, Z) contains the inverse square of
the nuclear radius R(A) of the isotope, R™%(A), compen-
sated by the factor R(A) in M’?”. The assumed value of the
nuclear radius is R(4) = roA'/? with ry = 1.1 fm.

The nuclear matrix element M%0” is defined as

2
M/OV — ( 84 ) MOV‘
“ 1.25 “

This definition of M, [19] allows us to display the
effects of uncertainties in g, and to use the same phase
factor G%(E,, Z) when calculating the (8),,-decay rate.

(2.2)

A. Light Majorana neutrino exchange

In the case of the light Majorana neutrino exchange
mechanism of (8),, decay (see Fig. 1), the LNV parame-
ter is given by:

_(m)

'r’l/ ’

m,

(2.3)

where (m) is the effective Majorana mass (see, e.g., [16]).
Under the assumption of 7 light massive Majorana neutri-
nos coupled to the electron in the weak charged lepton
current, the effective Majorana mass is given in Eq. (1.1).
Thus, (m) depends on the elements of first row of the
PMNS neutrino mixing matrix, U,;, j = 1,2,3,.... The
PMNS matrix U is not assumed to be CP conserving and at
least two of the elements U, ; contain physical CP violating
phases [20,21] (see also, e.g., [5]). In the case of 3 light
neutrinos and the standard parametrization of U [5], the
elements U,, and U3 contain the two physical CP violat-
ing Majorana phases [20] and U 3 contains the Dirac phase
as well.

The expression for (m), Eq. (1.1), corresponds to the
contribution from the standard (V — A) charged current
(CC) weak interaction. The nuclear matrix element MY”
for different isotopes (A, Z) is given in [18,22] (see also
Table I).

B. Heavy Majorana neutrino exchange mechanisms

We assume that the neutrino mass spectrum includes, in
addition to the three light Majorana neutrinos, heavy
Majorana states NV, with masses M; much larger than the
typical energy scale of the (88),, decay, M;, > 100 MeV;
we will consider the case of M, = 10 GeV. Such a possi-
bility arises if the weak interaction Lagrangian includes
RH sterile neutrino fields which couple to the LH flavor
neutrino fields via the neutrino Yukawa coupling and pos-
sess a Majorana mass term. The heavy Majorana neutrinos
N, can mediate the (83),, decay [23] similar to the light
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TABLE 1. The phase-space factor G%(E,, Z) and the nuclear matrix elements M’%”, (light Majorana neutrino exchange mechanism),
M’ (heavy Majorana neutrino exchange mechanism), M’ ) (mechanism of gluino exchange dominance in SUSY with a trilinear
R-parity breaking term) and M"” ; (squark-neutrino mechanism) for the (88),, decays of °Ge, 'Se, Mo and '**Te. The NMEs
were obtained within the SRQRPA. See text for details.

Nuclear transition G"(Ey, Z) (M0 [My| |M£8V |M:20V|
] 84 = g4 = g4 = g4 =
NN pot. m.s. 1.0 1.25 1.0 1.25 1.0 1.25 1.0 1.25
76Ge — 7°Se 7.98 X 10713 Argonne intm. 3.85 4.75 172.2 232.8 387.3 587.2 396.1 594.3
large 4.39 5.44 196.4 264.9 461.1 699.6  476.2 717.8
CD-Bonn  intm. 4.15 5.11 269.4 351.1 339.7 514.6  408.1 611.7
large 4.69 5.82 317.3 411.5 392.8 595.6 4827 727.6
82Se — 82Kr 3.53 x 10714 Argonne intm. 3.59 4.54 164.8 225.7 374.5 574.2 379.3 577.9
large 4.18 5.29 193.1 262.9 454.9 697.7 465.1 710.2
CD-Bonn  intm. 3.86 4.88 258.7 340.4 3287  503.7 3904 5945
large 4.48 5.66 3124 408.4 388.0 5944  471.8 719.9
100Mo — 100RYy 5.73 X 10714 Argonne intm. 3.62 4.39 184.9 249.8 412.0 629.4  405.1 612.1
large 391 4.79 191.8 259.8 450.4 690.3 449.0 682.6
CD-Bonn  intm. 3.96 4.81 298.6 388.4 356.3 543.7 415.9 627.9
large 4.20 5.15 310.5 404.3 384.4 588.6 4548 690.5
130Te — 130Xe 5.54 x 10714 Argonne intm. 3.29 4.16 171.6 234.1 385.1 595.2 382.2 588.9
large 334  4.18 176.5 239.7 405.5 6260  403.1 620.4
CD-Bonn  intm. 3.64 462 276.8 364.3 3358 5188 396.8  611.1
large 3.74 4.70 293.8 384.5 350.1 540.3 416.3 640.7
Majorana neutrinos via the V — A charged current weak Mo, \4Deawy
interaction. The difference between the two mechanisms is nk = ( i U ) Z Vezk ﬁp. (2.5)
WR k k

that, unlike the light Majorana neutrino exchange which
leads to a long-range internucleon interaction, in the case
of M, = 10 GeV of interest, the momentum dependence
of the heavy Majorana neutrino propagators can be ne-
glected (i.e., the N, propagators can be contracted to
points) and, as a consequence, the corresponding effective
nucleon transition operators are local. The LNV parameter
in the case when the (83),, decay is generated by the
(V — A) CC weak interaction due to the exchange of N,
can be written as:

2.4)

where m,, is the proton mass and U, is the element of
the neutrino mixing matrix through which N; couples to
the electron in the weak charged lepton current. We
note that [n%| is suppressed by both the ratio m,/M; and
the magnitude of U, (see, e.g., [24]).

If the weak interaction Lagrangian contains also
(V + A) (i.e., right-handed) charged currents coupled to a
RH charged weak boson Wrp, as, e.g., in the left-right
symmetric theories, we can have also a contribution to
the (B8)y,-decay amplitude generated by the exchange
of virtual N; coupled to the electron in the hypothetical
(V + A) CC part of the weak interaction Lagrangian (see
Fig. 1) [25]. In this case, the corresponding LNV parameter
can be written as:

Here V,; are the elements of a mixing matrix by which N,
couples to the electron in the (V + A) charged lepton
current,” My, is the mass of the standard model charged
weak boson, My, = 80 GeV, and My is the mass of Wy.
It follows from the existing data that [26] My, = 2.5 TeV.
Thus, | 9% | is suppressed by the factor (My,/Myg)*.

If CP invariance does not hold, which we will assume to
be the case in what follows, U, and V., will contain
physical CP violating phases at least for some k and thus
the parameters 7% and 1% will not be real.

As can be shown, the nuclear matrix elements corre-
sponding to the two mechanisms of (88),, decay with
exchange of heavy Majorana neutrinos N, described in the
present subsection, are the same and are given in [18]. We
will denote them by MY (and MY").

Finally, it is important to note that the current factor in
the (88),-decay amplitude describing the two final state
electrons, has different forms in the cases of (83),, decay
mediated by (V — A) and by (V + A) CC weak interac-
tions, namely, (1 + y5)e¢ = 2¢&,(e)g and (1 — y5)e€ =
2ég(e),, respectively, where e¢ = C(&)", C being the
charge conjugation matrix (see, e.g., [16]). The difference
in the chiral structure of the two currents leads to a specific

>We have neglected the contributions to 1%, and, more gen-
erally, to the (8)y,-decay amplitude due to the possible but
small mixing between W and Wy bosons.
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phase-space factor of the interference term in the rate of
(BB)y, decay, triggered by two mechanisms whose respec-
tive contributions to the (8.8),,-decay amplitude involve
the two different electron current factors. The phase-space
factor of the interference term under discussion is signifi-
cantly smaller than the phase-space factors of the contri-
butions to the (8/8),,-decay rate due to each of the two
mechanisms, which leads to a relatively strong suppression
of the interference term [27] (see further).

C. SUSY models with R-parity nonconservation

The SUSY models with R-parity nonconservation in-
clude LNV couplings which can trigger the (83),, decay.
Let us recall that the R-parity is a multiplicative quantum
number defined by R = (—1)>5"38*L where S, B and L
are the spin, the baryon and lepton numbers of a given
particle. The ordinary (standard model) particles have
R = +1, while their superpartners carry R = —1. The
LNV couplings emerge in this class of SUSY models
from the R-parity breaking (R,) part of the superpotential

WR/,, = AjikLiLEy + /\f.jkLinDg + w;L;H,, (2.6)
where L, Q stand for lepton and quark SU(2); doublet left-
handed superfields, while E¢, D¢ for lepton and down
quark singlet superfields. Here we concentrate only on
the trilinear A’-couplings. The A’-couplings of the first
family of particles and sparticles relevant for (83),, decay
are given in terms of the fields of the LH electron, electron
neutrino v,;, LH selectron é; and sneutrino 7,;, LH and
RH u- and d-quarks, u; g and d; g, and LH and RH u- and

d-squarks, ii; g, d; g, by:
, - eqr \- - iy,
L, = /\ml:(uLdL)< . )dR + (€LVeL)dR< o )
P _VER _dL

~si

—+ (ﬁLc?L)dR< _ef* )] + H.c.

VerL

2.7)

At the quark-level there are basically two types of R,
SUSY mechanisms of (88)y, decay: a short-range one
with an exchange of heavy Majorana and scalar SUSY
particles (gluinos and squarks, and/or neutralinos and se-
lectrons) [28-33], and a long-range mechanism involving
the exchange of both heavy squarks and light Majorana
neutrinos [34-38]. We will call the latter the ‘“squark-
neutrino”” mechanism.

1. The case of gluino exchange dominance

Assuming the dominance of the gluino exchange in the
short-range mechanism (see Fig. 2), one obtains the fol-
lowing expression for the corresponding LNV parameter:

_may MRy mpl L (M T
R 6 GZm* m; m; ‘
F™%a 8 ur

R

(2.8)
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Here, Gy is the Fermi constant, a; = g3/(47), g3 being
the SU(3), gauge coupling constant. mg,, m; and m; are
masses of the LH u-squark, RH d-squark and gluino,
respectively.

The nuclear matrix element associated with the gluino
exchange mechanism, M(;,”, was calculated in [39,40]. The
electron current factor in the term of the (8.8)y,-decay
amplitude corresponding to the gluino exchange mecha-
nism under discussion has the form é&(1 + ys)e¢ =
2¢&;(e)g, i.e., it coincides with that of the light (or heavy
LH) Majorana neutrino exchange. Thus, when calculating
the (88)y,-decay rate, the interference between the two
terms present in the (88),,-decay amplitude, correspond-
ing to the indicated two mechanisms, has the same phase-
space factor as the contributions due to each of the two
mechanisms. As a consequence, the interference term will
not suffer from phase-space suppression.

2. The squark-neutrino mechanism

In the case of squark-neutrino exchange [38], the
(BB)o,-decay amplitude does not vanish in the limit of
zero Majorana neutrino mass, in contrast to the case of the
standard light (LH) Majorana neutrino exchange. This is a
consequence of the chiral structure of the corresponding
R, SUSY couplings. The contribution due to the squark-
neutrino exchange to the (B88)y,-decay amplitude is
roughly proportional to the momentum of the virtual neu-
trino, which is of the order of the Fermi momentum of the
nucleons inside of the nucleus, py = 100 MeV. The cor-
responding LNV parameter is defined as [38]

n; = ZM sin264 (L — ;) (2.9)
q W\ ,,,2 2 ’ ’
T 2V26r Maw ™

Here we use the notations d(;) = d, s, b and assume that
there are 3 light Majorana neutrinos. This LNV parameter
vanishes in the absence of d;; — d;z-mixing, i.e., when
67 = 0. The nuclear matrix element for the squark-
neutrino mechanism, Mg”, is given in [38].

III. NUCLEAR STRUCTURE CALCULATIONS

In what follows the (88),,-decay nuclear matrix ele-
ments M), My, M)” and M%OV are evaluated for 7°Ge,
82Ge, 100Mo and '3°Te. These nuclei are considered as the
most probable candidate sources for the next generation of
experiments searching for (88),, decay.

We used the Self-consistent Renormalized Quasiparticle
Random Phase Approximation (SRQRPA) [41] to calcu-
late the nuclear matrix elements (NMESs) of interest. The
SRQRPA takes into account the Pauli exclusion principle
and conserves the mean particle number in the correlated
ground state.

For each of the four nuclei, two choices of single-
particle basis are considered. The intermediate size model

113003-5
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space has 12 levels (oscillator shells N = 2—4) for 7°Ge
and ¥Se, 16 levels (oscillator shells N = 2—4 plus the
f + h orbits from N = 5) for '%’Mo and 18 levels (oscil-
lator shells N = 3, 4 plus f + h + p orbits from N = 5)
for 130Te. The large size single-particle space contains 21
levels (oscillator shells N = 0-5) for 7°Ge, %2Se and
10Mo, and 23 levels for '3°Te (N = 1-5 and i orbits
from N = 6). In comparison with previous studies [19],
we omitted the small space model which is not sufficient to
describe realistically the tensor part of the (83),,-decay
nuclear matrix elements.

The single-particle energies were obtained by using a
Coulomb—corrected Woods—Saxon potential. Two-body
G-matrix elements we derived from the Argonne and the
charge dependent Bonn (CD-Bonn) one-boson exchange
potential within the Brueckner theory. The schematic pair-
ing interactions have been adjusted to fit the empirical
pairing gaps [42]. The particle-particle and particle-hole
channels of the G-matrix interaction of the nuclear
Hamiltonian H are renormalized by introducing the pa-
rameters g,, and g, respectively. The calculations have
been carried out for g,, = 1.0. The particle-particle
strength parameter g,, of the SRQRPA is fixed by the
data on the two-neutrino double beta decays [19,22]. In the
calculation of the (88)y,-decay NMEs, the two-nucleon
short-range correlations derived from same potential as
residual interactions, namely, from the Argonne or CD-
Bonn potentials, were considered [43].

The calculated NMEs M"”,, M7, M"",, and M’O”q
are listed in Table I. We see that a significant source of
uncertainty is the value of the axial-vector coupling con-
stant g . Further, the NMEs associated with heavy neutrino
exchange are also sensitive to the choice of the Nucleon-
Nucleon interaction, the CD-Bonn or Argonne potential.
These types of realistic Nucleon-Nucleon interaction differ
mostly by the description of the short-range interactions.

Finally, we notice that all NMEs given in Table I are real
and positive.

IV. ANALYSIS

We illustrate the possibility of getting information
about the different LNV parameters when two or more
mechanisms are operative in (88),, decay, analysing the
following two cases. First we consider two competitive
“noninterfering” mechanisms of (88),, decay: light left-
handed Majorana neutrino exchange and heavy right-
handed Majorana neutrino exchange. In this case the
interference term arising in the (B88)q,-decay half-life
from the product of the contributions due to the two
mechanisms in the (88)y,-decay amplitude, is strongly
suppressed [27] as a consequence of the different chiral
structure of the final state electron current in the two
amplitudes. The latter leads to a different phase-space
factor for the interference term, which is typically by a
factor of 10 smaller than the standard one (corresponding
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to the contribution to the (8 3),-decay half-life of each of
the two mechanisms). More specifically, the suppression
factors for 7°Ge, 82Se, '"°Mo and '*°Te read, respectively
[27]: 0.13; 0.08; 0.075 and 0.10. It is particularly small
for “8Ca: 0.04. In the analysis which follows we will
neglect the contribution of the interference term in the
(BB)o,-decay half-life. The effect of taking into account
the interference term on the results thus obtained, as our
numerical calculations have shown, does not exceed ap-
proximately 10%.

In the case of the negligible interference term, the
inverse value of the (88),,-decay half-life for a given
isotope (A, Z) is given by:

1

TGP )

= |, PIMG P + [ PIM 1, @)
where the index i denotes the isotope. The values of the
phase-space factor G*(E, Z) and of the NMEs M"”, , and
M", for 7°Ge, #2Se, Mo and '’Te are listed in
Table 1. The parameters |7,| and |ng| are defined in
Egs. (2.3) and (2.5).

In the second illustrative case, we consider (83),, decay
triggered by two active and interfering mechanisms: the
light Majorana neutrino exchange and the gluino exchange.

In this case, for a given nucleus, the inverse of the
(BB)o,-decay half-life is given by:

1

79 GY(E, Z)

— |77v|2|M/0V,;V|2 + |7’A'|2|M/0Vi,)t’|2
1/2,i

+ 2cosalM™, NIM™; ln,lImpl.
(4.2)

Here |7/ is the basic parameter of the gluino exchange
mechanism defined in Eq. (2.8) and « is the relative phase
of n, and n,. The values of the NMEs of the mechanisms
considered are listed in Table I.

In the illustrative examples of how one can extract
information about |7,|, |ngl, etc., we use as input, hypo-
thetical values of the (88),,-decay half-life of 7°Ge sat-
isfying the existing lower limits and the value claimed in
Refs. [10,12], as well as the following hypothetical ranges

for T?/Vz(IOOMo) and T?}’z(BOTe):
T?72(76Ge) = 19X 107y,
T77,(°Ge) = 223703} X 107y, 4.3)

5.8 102 y = 7%, (%Mo) = 5.8 X 10* y,
3.0 X 10% y = T%,(%0Te) = 3.0 X 107 y.

Let us note that 5.8 X 10%} y and 3.0 X 10?* y are the
existing lower bounds on the half-lives of Mo and
130Te [7,8].

In the analysis which follows we will present numerical
results first for g4 = 1.25 and using the NMEs calculated
with the large size single-particle basis (‘‘large basis’’) and
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the CD-Bonn potential. Later results for g, = 1.0, as well
as for NMEs calculated with the Argonne potential, will
also be reported.

As we will see, in certain cases of at least one more
mechanism being operative in (88),, decay beyond the
light neutrino exchange, one has to take into account the
upper limit on the absolute scale of neutrino masses set by
the 3H B-decay experiments [44,45]: m(p,) < 2.3 eV. In
the case of (B8), decay, this limit implies a similar limit
on the effective Majorana mass > [(m)| < 2.3 eV. The latter
translates into the following limit on the conveniently
rescaled parameter |7, |*:

Im,12 X 1010 < 0.21. (4.4)

A more stringent limit on the absolute neutrino mass
scale and therefore on |(m)]| is planned to be obtained in the
KATRIN experiment [45]: [(m)| <0.2 eV (90% C.L.).
This corresponds to the following prospective limit on

7,1

Im,12 X 1010 < 1.6 X 1073, 4.5)

As the results presented in Section VI indicate, if the limit
of 0.2 eV will be reached in the KATRIN experiment, this
will lead to severe constraints on some of the solutions for
|7, |* obtained in the case of two interfering mechanisms,
one of which is the light neutrino exchange.

V. TWO “NONINTERFERING” MECHANISMS

In the case of two active “noninterfering” (88),,-decay
generating mechanisms, which we will assume to be the
light LH and heavy RH Majorana neutrino exchanges [27],
it is possible to extract the absolute values of the corre-
sponding two LNV fundamental parameters |7, | and [ngl,
using the ““data” on the half-lives of two different nuclei
undergoing the (B)o, decay. Indeed, using Eq. (4.1) we
can set a system of two linear equations for two unknowns
using as input the two half-lives:

1

= |77V|2|1V1/0V1,y|2 + |77R|2|Ml0V1,N|2’

T1161 5.1)
T2G2 — |77V|2|M/0V2,V|2 + |77R|2|MIOV2,N|2'
The solutions read:
= |M"7, J12/T,Gy — M 12/ T,G,

v |MIOV1,V|2|M/OV2,N|2 _ |M/OV1,N|2|M/OV2,V|2’ (5 2)
Il = (M /TGy — M, 12/ TG, '

|MIOV1,V|2|M/0V2,N|2 _ |MIOV1,N|2|M/0V2 |2'

WV

3We remind the reader that for my,3 = 0.1 eV the neutrino
mass spectrum is quasidegenerate, m; = m, = m3 = m, mf >
Am3,, |Am3,|. In this case we have m(7,) = m and [(m)| = m.
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Obviously, solutions giving |7, |> < 0 and/or |ng|> < 0 are
unphysical. Given a pair of nuclei (A}, Z,), (A,, Z,) of the
three 7°Ge, Mo and '*Te we will be considering, and
T,, and choosing (for convenience) always A; < A,, posi-
tive solutions for |7,|> and |ng|*> are possible for the
following range of values of T5:

0y 2
T,G|M" _

0 2
" _TGiIM"™ |
G2|MIOV2,N|

=~ 5.3
2 Gle/OVZV|2 ( )

where we have used the fact that [M"" [>/|M"", |* >
|M7O, J12/IM7, |2 (see Table 1).* Using the values of the
phase-space factors and the two relevant NMEs given in
Table I in the columns “CD-Bonn, large, g4, = 1.25”, we
get the ““positivity” conditions for the ratio of the half-lives
of the different pairs of the three nuclei of interest:

797, (1Mo)

015 = ~Lt——
(76Ge)

o =0.18,

1/2
017 < D2LTO)
A= (5Ge)

TV,
TOI/ (]30Te)

Ll4= 12 <124
797, (1%Mo)

= 0.22, (5.4)

In the case of g4 = 1.0 we find:

15 < T MO

=
TOV (76G6)

1/2
017 < aCTe)
. - TOV (76G ) -
1/2 €
TOV (130"1"e
1.16 = NpTe) 1.30.

C 1Y, ("Mo)

(5.5)

It is quite remarkable that the physical solutions are pos-
sible only if the ratio of the half-lives of all the pairs of the
three isotopes considered take values in very narrow inter-
vals. This result is a consequence of the values of the
phase-space factors and of the NME for the two mecha-
nisms considered. In the case of the Argonne potential,
large basis and g4, = 1.25(1.0) (see Table I) we get very
similar results:

“This condition will exhibit a relatively weak dependence on
the value of g, in the cases of mechanisms in which the Gamow-
Teller term in the NMEs dominates (as in the gluino exchange
dominance and the squark-neutrino exchange mechanisms).
Indeed, the factor (1.25)* (corresponding to g, = 1.25)
and included in the definition of the phase-space terms G ,,
cancels in the ratio G,/G,, and [M', V(N)|2/|M/2 V(N)lz =
|M0V1,V(N)|2/|M0V2,V(N)|2 (see Eq. (22)). '
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o.15 = 12 7Mo)

—= < 0(.18,
7%, (°Ge)
T{7,(1%Te)

(76Ge)

v,
Ov (130
7?7, (1Mo)

0.18 = = 0.24(0.25), (5.6)

= 1.36(1.42).

If it is experimentally established that any of the three
ratios of half-lives considered lies outside the interval of
physical solutions of |7,|*> and |ng|?, obtained taking into
account all relevant uncertainties, one would be led to
conclude that the (88),, decay is not generated by the
two mechanisms under discussion. In order to show that
the constraints given above are indeed satisfied, the rele-
vant ratios of (88)q,-decay half-lives should be known
with a remarkably small uncertainty (not exceeding ap-
proximately 5% of the central values of the intervals).

Obviously, given the half-life of one isotope, constraints
similar to those described above can be derived on the half-
life of any other isotope beyond those considered by us.
Similar constraints can be obtained in all cases of two
“noninterfering” mechanisms generating the (83),, de-
cay. The predicted intervals of half-lives of the various
isotopes will differ, in general, for the different pairs of
“noninterfering” mechanisms. However, these differences
in the cases of the (88),, decay triggered by the exchange
of heavy Majorana neutrinos coupled to (V + A) currents
and (i) the gluino exchange mechanism, or (ii) the squark-
neutrino exchange mechanism, are extremely small. One
of the consequences of this feature of the different pairs of
“noninterfering”” mechanisms considered by us is that if it
will be possible to rule out one of them as the cause of
(BB)o, decay; most likely one will be able to rule out all
three of them. The set of constraints under discussion will
not be valid, in general, if the (88),, decay is triggered by
two interfering mechanisms with a non-negligible interfer-
ence term, or by more than two mechanisms with signifi-
cant contributions to the (B88),-decay rates of the
different nuclei.

Evidently, if one of the two solutions is zero, for ex-
ample [ng|> = 0, then only one of the two (88),,-decay
mechanisms is active. Since for the two mechanisms
considered we have (M, )2 (M"”, \)? — (M"", \)* X
(M, ,)* # 0, the condition that [7g|* = 0 reads:

|MIOV1,V|2T1G1 = |MlOV2,V|2T2G2y |77R|2 =0. (57)
The condition that |7,|*> = 0 has a similar form:
|MIOV1,N|2T1G1 =|M/OV2,N|2T2G2y |T]V|2=0' (5.8)

If only the light neutrino exchange mechanism is present
and the NMEs are correctly calculated, the (83),,-decay
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effective Majorana mass (and |7,|?) extracted from all
three (or any number of) (8),,-decay isotopes must be
the same (see, e.g., [46,47]). Similarly, if the heavy RH
Majorana neutrino exchange gives the dominant contribu-
tion, the extracted value |ng|> must be the same for all
three (or more) (B8)y,-decay nuclei.

We analyze next the possible solutions for different
combinations of the half-lives of the following isotopes:
76Ge, Mo and '*°Te. Assuming the half-lives of two
isotopes to be known and using the physical solutions for
|9,]> and |79g|* obtained using these half-lives, one can
obtain a prediction for the half-life of the third isotope. The
predicted half-life should satisfy the existing lower limits
on it. In the calculations the results of which are reported
here, we fixed the half-life of one of the two isotopes and
assumed the second half-life lies in an interval compatible
with the existing constraints. We used the value of

T?}’z(%Ge) and values of T?/VZ(IOOMO) and T?}’z(”OTe)

from the intervals given in (4.3). The system of two equa-
tions is solved and the values of |7,|> > 0 and |9g|> >0
thus obtained were used to obtain predictions for the half-
life of the third isotope. The results for NMEs correspond-
ing to the case “CD-Bonn, large, g, = 1.25” (see Table I)
are given in Table II. We note that the experimental lower
bounds quoted in Eq. (4.3) have to be taken into account
since they can further constrain the range of allowed values
of |,|? and | ng/|*. Indeed, an inspection of the values in
Table II shows that not all the ranges predicted for the third
half-life using the solutions obtained for |ng|> and |7, |?
are compatible with the lower bounds on the half-lives of
the considered nuclear isotopes, given in (4.3). In this case,
some or all “solution” values of |ng|> and/or |n,|* are
ruled out. In Table II these cases are marked by a star.

The results reported in Table II are stable with respect to
variations of the NME:s. If we use the NMEs corresponding
to the case “CD-Bonn, large, g4, = 1.0” (see Table I), the
limits of the intervals quoted in Table II change by =5%. If
instead we use the NMEs corresponding to the Argonne
potential, large basis and g4 = 1.25 (g4 = 1.0), the indi-
cated limits change by =10% ( = 14%).

These results and considerations are illustrated in
Figs. 3—7. The horizontal dashed line in these figures cor-
responds to the prospective limit planned to be obtained in
the upcoming KATRIN experiment [45]. In Fig. 3 we show
the solutions for | ng|? and/or | ,|? (conveniently rescaled),
obtained for two values of T?}’z("’Ge) =223 X 10% yand
10° y, assuming 777,('*Mo) has a value in a certain inter-

the case of T?72(76Ge) =223 X 10® and

17,("°Ge) = 10°° y, the derived physical values of ||
and |7,|* lead to predictions for 777,('"’Te) which are
compatible with the existing lower limit (Fig. 3, left and
right panel). We get similar results using as input in the
system of two equations for |9z|? and |5, |? the half-lives of
different pairs of isotopes, and the lower limit of the half-life

val. In
T()V
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TABLE II. The predictions for the half-life of a third nucleus (A, Z3), using as input in the system of equations for |1, |? and | 9|2,
Eq. (5.1), the half-lives of two other nuclei (A, Z,) and (A,, Z,). The three nuclei used are °Ge, '“°Mo and '3°Te. The results shown
are obtained for a fixed value of the half-life of (A;, Z;) and assuming the half-life of (A,, Z,) to lie in a certain specific interval. The
physical solutions for |7,|> and |9|? are then used to derive predictions for the half-life of the third nucleus (A5, Z5). The latter are
compared with the lower limits given in Eq. (4.3). The results quoted are obtained for NMEs given in the columns “CD-Bonn, large,
g4 = 1.25” in Table I. One star beside the isotope pair whose half-lives are used as input for the system of equations (5.1), indicates

predicted ranges of half-lives of the nucleus (A3, Z3) that are not compatible with the lower bounds given in (4.3).

T?VZ[Az, Z5] [yr]

Prediction on [Aj3, Z3] [yr]

Pair TV, (A, Zy) [yr]
76Ge — "0Mo T(Ge) = 2.23 X 10%
76Ge — 130Te T(Ge) = 2.23 X 10%
76Ge — 190Mo T(Ge) = 10%
76Ge — 130Te T(Ge) = 10%

IOOMO _ 130'1"e *
IOOMO _ 130'1'*e
IOOMO _ 13OTe
IOOMO _ 130Te *
lOOMO _ 130Te
IOOM0 _ 130"[*e

T(Mo) = 5.8 X 10?3
T(Mo) = 4 X 10%
T(Mo) = 5.8 X 10*
T(Te) = 3 X 10*
T(Te) = 1.65 X 10%
T(Te) = 3 X 10%

3.23 X 10** = T(Mo) = 3.97 X 10**
3.68 X 102 = T(Te) = 4.93 X 10**
1.45 X 10® = T(Mo) = 1.78 X 10%
1.65 X 10 = T(Te) = 2.21 X 10%
6.61 X 103 = T(Te) = 7.20 X 107
4.56 X 10** = T(Te) = 4.97 X 10**
6.61 X 10** = T(Te) = 7.20 X 10**
2.42 X 10 = T(Mo) = 2.63 X 10**
1.33 X 10% = T(Mo) = 1.45 X 10%
2.42 X 10% = T(Mo) = 2.63 X 10%

3.68 X 102 = T(Te) = 4.93 X 10%*
3.23 X 10 = T(Mo) = 3.97 X 10**
1.65 X 10 = T(Te) = 2.21 X 10%
1.45 X 10% = T(Mo) = 1.78 X 10%
3.26 X 10** = T(Ge) = 4.00 X 10**
2.25 X 10% = T(Ge) = 2.76 X 10%
3.26 X 10% = T(Ge) = 4.00 X 10%
1.36 X 10 = T(Ge) = 1.82 X 10%
7.47 X 10% = T(Ge) = 1.00 X 10%
1.36 X 10% = T(Ge) = 1.82 X 10%

of the third as an additional constraint. They are presented
in Figs. 4-6. In Fig. 7 we show the solutions for |7,|* and
[9g|* for T?/VZ(BOTe) =3X10*y and T?}’z(IOOMo) =
(2.42-2.63) X 10** y. In contrast to the cases illustrated
in Figs. 3-6, most of the solution values of |7,|> and
| 9g|* are excluded by taking into account the lower bound

dashed line in these two figures corresponds again to the
prospective limit from the upcoming KATRIN experiment
[45]. We note that in the cases studied by us, changing the
value of g4 from 1.25 to 1.0 for a given potential (CD-Bonn
or Argonne) does not lead to a significant change of the
solutions for |n,|? and |9g|?: the change is smaller than

approximately 10%. The solutions exhibit a larger varia-
tion when for a given g, and basis, the NMEs calculated
with the CD-Bonn potential are replaced by the NME’s
obtained with the Argonne potential (Fig. 9, upper right
and lower left panels). In this case, as we have mentioned
earlier, given T, the interval of allowed values of the
half-life of the second nucleus T, changes somewhat. In

on T?72(76Ge) given in Eq. (4.3).

We have also studied the dependence of the results
discussed above on the value of g, and the NMEs used.
This was done using the large basis NMEs, obtained with
the CD-Bonn and Argonne potentials for the two values of
ga = 1.25, 1.0. Some of the results of this study are
presented graphically in Figs. 8 and 9. The horizontal

76 25 100
Ge (T1/,=2.23x10") and """Mo
10 / "6Ge (T1,=10%) and Mo
10

x = S PP |
= i 107!
% =
S g
— 2 L
& 10
S =
= =
1073
104 1074
3.3x10* 3.6x10% 3.9x10% 14x10%  1.5x10%  1.6x10% 1.7x10® 1.8x10%

T12(*""Mo) [y] T12("""Mo) [y]

FIG. 3. The values of the rescaled parameters |7,|> (solid line) and |ng|* (dashed lined), obtained as solutions of Eq. (5.1) for two
values of 777,("Ge) and values of T{7,('®Mo) lying in a specific interval. The physical (positive) solutions are delimited by the two

vertical lines. The lower bound on T1072(130Te) given in (4.3) does not lead to further constraints on |1,|> and |5z|?. The horizontal

dashed line corresponds to the prospective upper limit from the upcoming *H B-decay experiment KATRIN [45]. See text for further
details.
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"8Ge(Ty2= 2.23x10*) and *'Te

10 76Ge (T, /2=1026) and 'Te
10
1
1
R
X —1
o 10 -1
= 10
=
K
X 1072 10-2
=
=
1073 10-3
1074 -4

37x10%  41x10*  45x10*

T1(""Te) [yl

4.9x10* 1.5x10%  1.7x10®  1.9x10%

Ty("'Te) [y]

2.1x10%  23x10%

FIG. 4. The same as in Fig. 3, but using as input hypothetical values of the half-lives of 7°Ge and '°Te, T97,("*Ge) and T}/, ('**Te).
The physical (positive) solutions are delimited by the two vertical lines. The lower bound on 1;’Z(IOOMO) given in (4.3) does not lead to
further constraints on |7, g[*.

100 24 130
Mo (T'1/2=5.8x10"") and ~"Te
100Nfo (T},,=4x10%*) and '*'Te Ti )

10
10
1
1
ER
< 107
=
=
R
X 107
=
=
103
1074 4

4.6x10* 4.8x10%

T12(**Te) [y]

5.x10% 6.6x10% 6.8x10% 7.0x10%*

T12(***Te) [y]

7.2x10%

FIG. 5. The same as in Fig. 3, but using as input two values of the half-life of '°°Mo and values of the half-life of *°Te lying in a
specific interval. The physical (positive) solutions are delimited by the two vertical lines. The lower bound on T?}’z ("°Ge) given in (4.3)
does not lead to further constraints on |7,|> and |5z|>.

1307e (T/,=3x10%) and '"’Mo 130Te (T,/,=1.65x10*°) and '*Mo

10 10
1 1
o o
< 107! KATRIN 107!
= i =
% I o e
E === S
x 1072 LT x 1072
= e =
= K4 =
!
1073 H 1073
a
1074 1074 - -
2.4x10% 2.5x10% 2.6x10% 1.35x10% 1.4x10% 1.45x10%
T(*Mo) [y] T("Mo) [y]

FIG. 6. The same as in Fig. 5, but using as input two values of the half-life of '*Te and values of the half-life of Mo lying in a
specific interval. The physical (positive) solutions are delimited by the two thick vertical lines. The lower bound on T?}’z(%Ge) does not
lead to further constraints on |7,|* and |ng|>.
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1307e (T1/,=3x10**) and """Mo
10

107!

1072

11k [Px 106, [, Px10"

103

104
2.4x10%

2.5%10% 2.6x10%

T(*"Mo) [y]

FIG. 7. The values of the rescaled parameters |7,|? (solid line)
and |79|? (dashed lined), obtained as solutions of Eq. (5.1) for
the minimum value of T?}’Z(BOTe) specified in Eq. (4.3). The
physical (positive) solutions are delimited by the two vertical
lines. The gray region is an excluded due to the lower bound on
T?/VZ(%Ge) quoted in (4.3).

Ge (T1,,=2.23x10*°) and Mo

10 .
1
E
< 107!
S
E
< 1072
[l
=
=
10-3
1074
3.3x10% 3.6x10% 3.9%10%
T12(*"Mo) [yl
10 8Ge (T1/2=2.23x10%) and '"Mo

3.6x10% 3.9x10*

T12(*"Mo) [y]

33x10%
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the specific cases shown, e.g., in Fig. 9 (upper right and
lower left panels), T = T77,("°Ge) = 2.23 X 10* y and
the interval of interest of values of T, = T?;’Z(IOOMO) shifts
to larger values. Obviously, the solution values of the
parameters |1, |? and | |2, obtained with the two different
sets of the NMEs, can differ drastically in the vicinity of
the maximum and minimum values of 75, as is also seen in
Figs. 8 and 9. If a given extreme value of T, say max(75),
obtained with one set of NMEs, belongs to the interval of
allowed values of T,, found with a second set of NMEs,
one of the fundamental parameters, calculated at max(7,)
with the first set of NMEs can be zero, and can have a
relatively large nonzero value when calculated with the
second set of NMEs. Moreover, there are narrow intervals
of values of T, for which there exist physical solutions for
[9,1> and |ng|? if one uses the NMEs obtained with the
CD-Bonn potential and there are no physical solutions for
the NMEs derived with the Argonne potential. If the

10 Ge (Ty,,=2.23x10%) and '""Mo

10~
3.6x10%

T12("""Mo) [y]
Ge (T1/,=2.23x10%) and "’ Mo

33x10% 3.9x10%

10

107!

1072

Inex 10|15, ]?x10"

1073

10

3.6x10* 3.9x10%

T12(*""Mo) [y]

3.3x10%

FIG. 8. Solutions for |n,|?> (thick lines) and |79g|* (thin lines), obtained by fixing 7; = T(l’;’z(%Ge) =223X10% yr and T, =
Tlo;’z(lOOMo) and using the sets of NMEs calculated using the large basis and (i) CD-Bonn potential, g, = 1.25 (solid lines) and g4, = 1
(dashed lines) (upper left panel); (ii)) CD-Bonn (solid lines) and Argonne (dashed lines) potentials with g, = 1.25 (upper right panel);
(iii) CD-Bonn (solid lines) and Argonne (dashed lines) potentials with g4, = 1.0 (lower left panel); (iv) Argonne potential with
g4 = 1.25 (solid lines) and g4, = 1 (dashed lines) (lower right panel). The physical (positive) solutions for | 1,|> and | ng|*> shown with
solid (dashed) lines are delimited by two vertical solid (dashed) lines. The horizontal dashed line corresponds to the prospective upper

limit [45] [(m)] < 0.2 eV.
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8Ge(Ty 2= 2.23x10%) and **Te
10

107!

1072

[z [2x 10,17, ?x10'2

1073

10~

3.7x10* 4.1x10* 4.5%x10*
T12(%Te) [y]

Ge(Tyr= 2.23x10%) and '*Te

4.9%10*

10

107!

1072

nePx 1016 15, Px10™2

1073

1074

37x10%  42x10%*  4.7x10*

Ty2("Te) [y]

5.2x10%

FIG. 9. The same as in Fig. 8, but for T

measured value of 7, falls in such an interval, this can
imply that either the two mechanisms considered are not at
work in (88),, decay, or one of the two sets of NMEs does
not describe correctly the nuclear transitions. As Figs. 8
and 9 indicate, the data from the KATRIN experiment can
help limit further the solutions for |7n,|?, obtained with
NMEs calculated with the CD-Bonn potential and g, =
1.0 or with the Argonne potential.

Let us note finally that Figs. 8 and 9 were obtained using
hypothetical half-lives of 7°Ge and '“°Mo. We get similar

TABLE III.

= T?;2(76Ge) =223X10® yrand T, = T?/VZ(BOTe).
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results if we use as input hypothetical half-lives of a differ-
ent pair of nuclei, 7°Ge and 3°Te, 13Te and Mo, etc.

VI. TWO INTERFERING MECHANISMS

Neutrinoless double beta decay can be triggered by two
competitive mechanisms whose interference contribution
to the (88),-decay rates is non-negligible. In this Section
we analyze the case of light Majorana neutrino exchange
and gluino exchange. From Eq. (4.2) it is possible to extract

Ranges of half-lives of 73 in the case of two interfering mechanisms: the light

Majorana neutrino exchange and gluino exchange dominance.

707, Iyl (fixed)

707, [yl(fixed)

Allowed

T(Ge) = 2.23 X 10%
T(Ge) = 2.23 X 10%

T(Ge) = 10%°
T(Ge) = 102
T(Ge) = 2.23 X 10%
T(Ge) = 10%°

T(Mo) = 5.8 X 10**
T(Te) = 3 X 10*
T(Mo) = 5.8 X 10**
T(Te) = 3 X 10*
T(Te) = 3 X 10%
T(Te) = 3 X 10%

5.99 X 10%* = T(Te) = 7.35 X 10%*
2.46 X 10** = T(Mo) = 2.82 X 10**
6.30 X 10%* = T(Te) = 6.94 X 10**
2.55 X 10 = T(Mo) = 2.72 X 10%*
2.14 X 10 = T(Mo) = 3.31 X 10%
2.38 X 10% = T(Mo) = 2.92 X 10%
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76Ge(2.23%10%),1Mo(5.8x10**) and **Te (free)
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FIG. 10 (color online).
system of equations (4.2) for fixed values of 79
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76Ge(2.23%10%),3%Te (3%x10**) and '"’Mo (free)
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% 10! Mlainz SCoW
NX
S
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The values of the rescaled parameters |7, |? (thick line) and |7 ,/|*> (dashed lined), obtained as solutions of the
| /2(7°Ge) and T?}’Z(IOOMO) and values of T?}’Z(BOTe) lying in a specific interval. The

physical allowed regions correspond to the areas shown in white, while the areas shown in gray are excluded. The horizontal solid
(dashed) line corresponds to the upper limit [44,45] |[(m)| < 2.3 eV (prospective upper limit [45] [(m)| < 0.2 eV). See text for details.

the values of |1,]%, |ny|?> and cosa setting up a system
of three equations with these three unknowns using as input
the data on the half-lives of three different nuclei. The

solutions are given by:

D D D

2 =1 2=22 =2 =23
(7, D (7] o c cosa|n,||nul D
6.1)

where D, D, D, and D5 are the following determinants
oz
(5
( Mé(,),f 2
1/T,G,
1/T,G,
1/T5G5

MM
My} My
My My

My

M/OV
10v
M2,V

oy
3
s
o127
037
37

6.2)

LA

0v
MZ, Y

0y
M3,)\’

10v
M3,V

10v
M],)\/

10v
MZ,)\/

%
1/T,G,
1/T,G,
1/T5G;

(7
(3
5y
(7
(13
5y

1/T,G,

10 Y2
(M5,

10v \2
(MZ,)\’

o

10v
Ml,V

10v
M2,V

10v
M%

5V

D,
(6.3)

Ds

We must require that |, |? and |n,/|*> be non-negative and
that the factor 2cosa|n,||n,| in the interference term
satisfies:

2|, Iyl = 2cosaln, gyl = 2|9, llnpl.  (6.4)

If we fix (i.e., have data on) the half-lives of two of the
nuclei and combine these with the condition in Eq. (6.4),
we can obtain the interval of values of the half-life of the

third nucleus, which is compatible with the data on the
half-lives of the two other nuclei and the mechanisms
considered. The minimal (maximal) value of this interval
of half-lives of the third nucleus is obtained for cosa = +1
(cosa = —1). Examples of the intervals of half-life values
of the third nucleus obtained using the half-life values of
the other two nuclei > for the (8/)y,-decay mechanisms
discussed are listed in Table III. The results reported in
Table III are obtained with NMEs corresponding to the
CD-Bonn potential, the large basis and g4, = 1.25.

We show in a few illustrative figures (Figs. 10-13) the
results of the determination of |1, |2, |9 /|? and cosa using
different values of half-lives of the three nuclei 7°Ge,
10Mo and '3Te from the intervals given in Eq. (4.3).
The lower bounds of the half-lives quoted in Eq. (4.3) are
taken into account. In these figures the physical allowed
regions correspond to the areas shown in white, while the
areas shown in gray are excluded. The allowed interval of
values of the half-life of the 3rd nucleus, corresponding to
the white areas, are listed in the 3rd column of Table III.
The results presented in Figs. 10—13 are derived using the
NMEs, calculated with the CD-Bonn potential, the large
basis and g, = 1.25.

It is interesting to note that for the two fixed half-life
values used to obtain Figs. 10-12, the interference between
the contributions of the two mechanisms considered is
destructive: one finds using these values that for most of
the physical (positive) solutions for |n,|> and |n,|?
cosa is negative. Moreover, the rescaled parameters

s

>Technically this is done in the following way. Fixing the half-
lives of two isotopes, T, and T, and varying the half-life of the
third isotope T3 in a certain interval, we obtained |7,|?, |,|?
and z = 2cosa|n,||n,| as a function of T;. Requiring that
I7,1> >0, Ipy]* > 0 and that —27,|Iny| = z = 27,[|ny| de-
termines the interval of physically allowed values of T3 (given
T, T, and the mechanisms of (B/3),, decay considered). This
interval of physically allowed values of 75 is shown in Table III.
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FIG. 11 (color online). The same as in Fig. 10 for a different set of values of the three half-lives used as input in the
analysis.

76Ge(2.23%10%),3Te(3%10%) and *’Mo (free)
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T _ — N
S 10! | Mainz/Mostow —=--~ 1 2 10t} Mainz/Moscow —
) - 1 === -
o Xl ==
< =
= 10 = 107
= >
X X
o [ L o e I
= 10—3 - N: -3 B {5 T
= £ 10 KATRIN
10 . . . 10 . . . .
2.x10%  25x10® 3.x10® 3.5x10% 2.4x10% 2.6x10% 2.8x10% 3.x10%
T12(***Mo) [y T;,2(""Mo) [y]

FIG. 12 (color online). The same as in Figs. 10 and 11 for a different set of values of the three half-lives used as input in the
analysis.

Ge(2.23x10%),1°Mo(3.7x10**) and 3'Te (free)
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FIG. 13 (color online). Left Panel: the values of | 1,|> X 10'° (thick line), | 17/|*> X 10'* (dashed line) and z = 2 cosa|n, ||7 /| X 1012
(dot-dashed line) corresponding to the half-lives of 7°Ge, '“°Mo and '*°Te indicated on the figure. The interval of values of
T77,(1*°Te) between the two vertical lines corresponds to physical (positive) solutions for |7,|* and |7,/|* as well as to a positive
z (i.e., to a constructive interference between the contributions due to the two mechanisms). The horizontal solid (dashed) line

corresponds to the upper limit [44,45] [{m)| < 2.3 eV (prospective upper limit [45] [(m)| < 0.2 eV). See text for details. Right Panel:
the phase «.
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[9,1> X 10! and |n,|> X 10* in most of the solution
regions have very close values. This is due to the fact
that for most of the physically allowed values of |n,|?
and |ny|?, each of the two terms including |7,|?
[nx]? as a factor in the right hand side of Eq. (4.2) is
much larger than the free term in the left hand side of
Eq. (4.2). As a consequence, in order to explain the data
(i.e., the chosen values of the half-lives of the three iso-
topes) there should be a strong mutual compensation be-
tween the contributions due to the two mechanisms. This is
possible only if |7, [*(M[/)* and |9 [*(M%)* have close
values and cosa = —1.

In the case of destructive interference between the two
contributions, |{m)| can have values which exceed the limit
on the absolute scale of neutrino masses set by the *H
[B-decay experiments [44,45], Eq. (4.4). This limit is in-
dicated as a horizontal solid line in Figs. 10-12. It leads to
further constraints on the physical solution for |7,|?, and
thus for |7 ,/|%.

As we have already indicated, a more stringent limit on
the absolute neutrino mass scale and therefore on [(m)|
is planned to be obtained in the KATRIN experiment
[45]:itis given in Eq. (4.5). The KATRIN prospective upper
bound is shown as a horizontal dashed line in Figs. 10—12.
As the results presented in Figs. 10-12 indicate, if the limit
of 0.2 eV will be reached in the KATRIN experiment, it will
lead to severe constraints on the solutions for | 1,,|? obtained
in the cases we have considered, strongly disfavoring (if not
ruling out) essentially all of them.

In Fig. 13 we illustrate the possibility of constructive
interference between the light neutrino and the gluino
exchange contributions. The solutions shown in Fig. 13
are not constrained by the limits obtained in the 3H

AT G, MA, G
roh<h=g5eh

A) (MZAZ MZAZ)

1772 (3 2 < T’; <

(MIN3=MEAD+ZMIN-M3AD) -
MA; Gl M; G,
M)A, G Tl <T) < M2 G, Ty,

B)

202172 A2)82
(MZA] [:IIGAZ)(;3T2
QA2 A2 A2+ 292 a2 A2 M2 A2
(M3A7 M1A3)+T101(M2A3 M3A3)
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B-decay experiments [44,45]; they also satisfy the pro-
spective upper limit from the KATRIN experiment.

It is not difficult to derive from Egs. (6.1), (6.2), and (6.3)
the general conditions under which |7,|> and |n,|?* are
positive and the interference between the light neutrino and
gluino exchange contributions is constructive (destructive),
i.e., cosa (or z) is positive (negative). We will illustrate
them later using again the NMEs calculated with the
CD-Bonn potential, the large basis and g4, = 1.25.

Consider first the conditions for constructive interfer-
ence. We will introduce a somewhat simplified notation in
this part of the article: T}, G;, M; and A; fori = 1, 2, 3 will
denote, respectively, the half-life, phase-space factor, light
neutrino and dominant gluino exchange NMEs for 7°Ge
(i =1),'“Mo (i = 2) and *°Te (i = 3). The first thing to
notice is that it follows from Table I that the ratios of NMEs
M;/A,; satisfy the inequalities:

— >—=> 6.5
Al A2 A3 ( )
This implies that the determinant D, defined in Eq. (6.2), is
negative:

M MN\/M M \/M M
D= A2A2A2<_2 — _1><_3 — _1)(_3 — _2) X
OMNE LA T N\R ) @0

Consequently, in order to have |7,|> >, |[yy|> >0 and
constructive interference between the two contributions,
i.e., z > 0, all three determinants D, D, and D5, defined in
Egs. (6.2) and (6.3), have to be negative: D, <0,a = 1, 2,
3. Given the half-life T| and the NMEs M; and A;, these
three conditions are satisfied if each of the two half-lives T,
and T} lies in specific intervals®:

(My Ay A2 =M A AZ)(ZTZ

(M3A3 A =M A A3+

;zgf(MzAzAz MzAzAZ)

(My Ay M3 =My A ME)ET, (6.7)

T; < 5
3 (M ASM2 =M A M)+

T2°7(M2A2M2 M3AsM2)

For the NMEs calculated with the CD-Bonn potential, the large basis and g4, = 1.25 and given T} # 0, the conditions for

constructive interference, z > 0, read:

0.147, < T, = 0.16T},
z>0:

0.16T, < T, < 0.18T,

4.44T,T,
3.74T,—0.93T,

4.44T,T,
3.74T, —0.937T,

2107, T,

1787, —0.47T, °
4.107,T,

3.44T,— 0817, *

=T, = s
=Ty < 9

5The quoted solutions are valid, as can be shown, provided M5/A; < M,/A, < 0.5(1 + \/§)M3 /A5, which is fulfilled for the NMEs

given in Table L.
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These conditions imply that given T, a constructive inter-
ference is possible only if 7, lies in a relatively narrow
interval and 75 has a value in extremely narrow intervals,
the interval for 7, being determined by the value of T},
while that for 73—by T and the interval for T,. The fact
that both the intervals for 7, and 75 are so narrow is a
consequence of the values of the NMEs used, more pre-
cisely, of the fact that, for each of the two mechanisms
discussed, the NMEs for the three nuclei considered differ
by relatively little: we have |M;— M;| <M, M,
A, = Ajl <A, Ay, i#j=1, 2, 3, and typically
|M; — MI/(OS(M +M))~10 1 [A; = A;1/(0.5(A; +
A ))~(10 —1071). We get 51m11ar results for the other

PHYSICAL REVIEW D 83, 113003 (2011)

sets of NMEs, quoted in Table I and calculated with the
large basis. In order to have a constructive interference in a
much wider interval of values of 75, i.e., to have the
minimal value of 7, much smaller than the maximal value
of T, in case A) in Eq. (6.7), for instance, the following
inequality has to be satisfied: A;/A, < M;/M,. An in-
spection of Table I shows that this inequality is not satisfied
by any of the relevant sets of NMEs. Numerically, the
intervals of values of 7, and T3 given in Eq. (6.8), for
which z > 0, are very similar to those quoted in Eq. (5.4).

For the value of T("®Ge) = 2.23 X 10? vy, for instance,
the conditions for a constructive interference are given
by:

318 X 102 y < T, = 3.55 X 10% y, 1'19T2_26 - <T5< 1‘19T2_26 —
1.00-1.12 X 10720 y I T, 1.00-1.18 X 10720 y=IT, ©9)
11867, 1.1897, '

3.55 X 10%* y < T, <3.97 X 10*y,

<
1.00-1.117 X 1026 y~IT,

T, < .
3 T 1.00-1.059 X 10726 y~ 1T,

Given the fact that 3.18 X 10** y < T, = 3.97 X 10** y and that T, enters in the denominators of the limiting values of

T5 multiplied by 10~2°
2.23 X 10%

y~ !, the interval of values of T of interest is extremely narrow. We have z > 0 for, e.g., T("°Ge) =
y, T(1Mo) = 3.7 X 10** y and T(3°Te) = 4.58 X 10%* y, as is also illustrated in Fig. 13.

There are cases in which one has |7, |> = 0 or |,/|> = 0. The general conditions for having |1,|*> = 0 or [ /|> = Ocan

be derived from Egs. (6.1), (6.2), and (6.3) and read:

A
T=3gh
2 2
[n,1>=0,Iny|* #0, (M AL A2 MIAA)G T,
T
37 (M3A3 A2 =M, A A2)+T2GZ(M2A2A2 M3A3A)
> 6.10
I, = % % T, (©-10)
2 _ 2
|77)\/| - 0; |77V| #0 T (M2A7M M A MZ)GZTZ
3T MMM —MA M2)+TZGZ(M2A2M2 M3AsM2)
They correspond to some of the limiting values of 7, and T. — 0.18T T, — 4.10T T, ~ 0.22T
T; in Eq. (6.7). We will illustrate them below numerically 2 o0k 373441, - 0817, F
using the NMEs calculated with the CD-Bonn potential, (6.12)
the large basis and g4 = 1.25. If, for instance, one fixes ’
= T("°Ge) = 2.23 X 10%, we have (i) |n,|> = 0 (and
3.91 X 10?* y; (ii) |9 y|*> = 0 (and zero interference term) I7,> # 0 or [ny|* # 0, read:
for T, =3.97 X 10** y and T; = 4.93 X 10** y, where
T, and T; denote the half-lives of '’Mo and '*°Te, re- A G, T < Ty < _m Lo 7
- : 2 1 2 b
spectively. In general, given T, we have |n,|*> =0,
Ipul? # 0 if (21— Mz AZ)GZTZ (6.13)

2.10T,T,

T,=014T, T3=-—0 12
2 ! 3 1.78T, — 0.47T,

= (0.187},

(6.11)
and [9,|> =0, |9,|> # 0 provided

T3 =

(M2A2— M2A2)+TZ"(M2A’ M2A2)

Given T, the general conditions for destructive interfer-
ence, i.e., for z <0, can be derived in a similar way. They
read:
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26,
0<T,= 5 7,
A) 0= T < (My Ay A2 =M\ A ADT,
3T (MyASA2 M, A A2)+T202(M2A2A2 M3A3A2)

(6.14)

A” G G
ah<hh=3pal,
B) O < T (MZAZ MZAZ)GZT2
3< (M2 =M AY)+ 2 22(M3AS - SMEAY)
(6.15)

M3 G, M A My~ A3 M3 G,

M2 G, Ih<T,< MyAyM;— A;MZ G, Ty,
C)

(MyAsM2 =M A M2)ST.
0<r73< i 26 2

(M3 AsM2 =M, A M2)+T2(2(M2A2M2 M;A;MZ)

(6.16)

T — M A M- AsM; G,
D) 2= My A My =AM Gy
T > 0.

Obviously, one has to take into account the existing ex-
perimental lower limits on 7, and 75 in Egs. (6.14), (6.15),
(6.16), and (6.17). We will give next the ‘“‘numerical”
equivalent of the conditions (6.14), (6.15), (6.16), and
(6.17), obtained with NMEs calculated with the
CD-Bonn potential, the large basis and g4, = 1.25:

T,.
(6.17)

PHYSICAL REVIEW D 83, 113003 (2011)

T, = 0.14T,, Ty = =01, .

— 1.78T,—0.47T, °
4.44T,T. .
<0 0.14T, <T, = 0.18T), Ts = 3357 b7
0.187, < T, <4.23T,, T;= 343;0%
T, = 4.23T,, T > 0.
(6.18)

The intervals of values of 7, and 75 in Egs. (6.14), (6.15),
(6.16), (6.17), and (6.18) are very different from those
corresponding to the case of two ‘noninterfering”
(BB)o,-decay mechanisms given in Eq. (5.4), the only
exception being the second set of intervals in Eq. (6.18),
which partially overlap with those in Eq. (5.4). This dif-
ference can allow us to discriminate experimentally be-
tween the two possibilities of (83),, decay being triggered
by two “noninterfering”” mechanisms or by two ‘““‘destruc-
tively interfering”” mechanisms. We have checked how the
intervals of values of the half-life 75 given in Table III,
corresponding to NMEs derived with the CD-Bonn poten-
tial, g4 = 1.25 and the large basis, change when one uses
the NMEs obtained with the same potential and basis, but
using g4 = 1.0, as well as the NMEs found with the
Argonne potential for g, = 1.25, 1.0 and the large basis.
The results are shown in Tables IV, V, and VI. We see that
for certain values of the hypothetical half-lives of the two
nuclei, the interval of allowed values of the half-life of the
third nucleus becomes noticeably larger when calculated
with NME:s, corresponding to g4 = 1.0 or to the Argonne
potential. This is due to a relatively deep compensation
between the three terms in the (83),,-decay rate of the
third nucleus in the case of a negative interference term
(destructive interference).

TABLE IV. CD-Bonn potential and g4 = 1.

TV, [yl (fixed)

TV, [yl (fixed)

Allowed

T(Ge) = 2.23 X 10%
T(Ge) = 2.23 X 10%
T(Ge) = 2.23 X 10%

T(Ge) = 10%
T(Ge) = 10%°
T(Ge) = 10%°

T(Mo) = 5.8 X 10*
T(Te) = 3 X 10*
T(Te) =3 X 10%

T(Mo) = 5.8 X 10*
T(Te) = 3 X 10*
T(Te) =3 X 10%

3 X 10** = T(Te) = 8.62 X 10**
2.55 X 10** = T(Mo) = 6.18 X 10**
1.33 X 10 = T(Mo) = 3.88 X 10%
3.62 X 10%* = T(Te) = 6.04 X 10*
3.11 X 10** = T(Mo) = 4.70 X 10*
2.15 X 10 = T(Mo) = 8.29 X 10%

TABLE V. Argonne potential and g, = 1.25.

707, Iyl (fixed)

7%, [y (fixed)

Allowed

T(Ge) = 2.23 X 10%
T(Ge) = 2.23 X 10%
T(Ge) = 2.23 X 10%

T(Ge) = 10?°
T(Ge) = 10?°
T(Ge) = 10%°

T(Mo) = 5.8 X 10*
T(Te) = 3 X 10*
T(Te) = 3 X 10%

T(Mo) = 5.8 X 10*
T(Te) = 3 X 10*
T(Te) = 3 X 10%

3 X 10% = T(Te) = 9.22 X 10%
2.55 X 10** = T(Mo) = 7.92 X 10**
1.19 X 10% = T(Mo) = 2.55 X 10%
3.15 X 10%* = T(Te) = 5.85 X 10**
3.25 X 10 = T(Mo) = 5.49 X 10%*
2.08 X 10% = T(Mo) = 1.20 X 10%
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TABLE VL

PHYSICAL REVIEW D 83, 113003 (2011)

Argonne Potential and g4 = 1.

7Y, [yl (fixed) 1Y, [y] (fixed)

Allowed

T(Ge) = 2.23 X 10%
T(Ge) = 2.23 X 10%
T(Ge) = 2.23 X 10%

T(Ge) = 10% T(Mo) = 5.8 X 10*
T(Ge) = 102 T(Te) = 3 X 10*
T(Ge) = 10% T(Te) =3 X 10%

T(Mo) = 5.8 X 10**
T(Te) = 3 X 10*
T(Te) = 3 X 10%

3 X 10* = T(Te) = 1.11 X 10%
2.63 X 10** = T(Mo) = 2.04 X 10%
9.19 X 10%** = T(Mo) = 2.36 X 10%

3 X 10** = T(Te) = 5.07 X 10*
3.82 X 10 = T(Mo) = 9.44 X 10%*
1.96 X 10% = T(Mo) = 6.54 X 10%

Similar analysis can be performed for any other pair of
interfering mechanisms assumed to be operative in (88),
decay. We note also that the extension of the analysis to
more than two mechanisms generating the (88),, decay is
rather straightforward.

Finally, we would like to point out one additional con-
sequence of the positivity conditions and the condition the
interference term should satisfy when two interfering
mechanisms are responsible for the (83),, decay. Let us
denote the two fundamental parameters characterizing the
two mechanisms by 74 and 7,. Then, given the half-life
of one isotope, say of %Ge (T,), and an experimental
lower bound on the half-life of a second isotope, e.g., of
30Te (T3), the conditions [ngl*>0, |n,/*>0 and
—Ingllnd = Inglln.l cosag, = Inglln.l, imply a con-
straint on the half-life of any third isotope, say of '““Mo
(T5). This latter constraint depends noticeably on the type
of the two interfering mechanisms generating the (8.3),
decay and can be used, in principle, to discriminate be-
tween the different possible pairs of interfering mecha-
nisms. Below we illustrate this result by deriving the
constraint one obtains on the half-life of '°°Mo, T,, assum-
ing that the half-life of 7°Ge is T; = 2.23 X 10% y and
taking into account the current experimental lower bound
on the half-life of 13Te, T > 3.0 X 10?* y. Using these
data as input, the NMEs calculated with the CD-Bonn and
Argonne potentials, the large basis and g, = 1.25, we get
the following constraint on 7, for the different pairs of
interfering mechanisms discussed by us (the numbers in
brackets are obtained with the NMEs corresponding to the
Argonne potential, unless otherwise indicated).

Light Neutrino and gluino exchange mechanisms:

T, = T%,(%Mo) > 2.46(2.47) X 10* y.  (6.19)

Increasing the value of 777, ("°Ge) leads to the increasing of

the value of the lower limit.
Light Neutrino and LH Heavy neutrino exchange
mechanisms:

T?/Vz(lOOMo) > 2.78(2.68) X 10** y. (6.20)

The value of the lower limit increases with the increasing
of the value of the half-life of "°Ge.
LH Heavy neutrino and gluino exchange mechanisms:

136 X 102y <T%,(1"Mo) <3.42 X 10*y.  (6.21)

Increasing the value of T?}’z(%Ge) leads to a shift of the

interval to larger values, and for a sufficiently large
T ?72(76Ge) > 10?° y—even just to a lower bound on

T?/Vz(moMo)' For T, =10y, for instance, we find

419 X 10* y < T?}’Z(IOOMO) <339 X107 y.

Using the NMEs derived with the Argonne potential we
find a very different result—only a lower bound:
177,(""Mo) > 5.97 X 10> y. The difference between the

results obtained with the two sets of NMEs can be traced to
the fact that the determinant D in Egs. (6.1) and (6.2),
calculated with the second set of NMEs, has the opposite
sign to that calculated with the first set of NMEs. As a
consequence, the dependence of the physical solutions for
In%|? and |9 |? on T}, T, and T3 in the two cases of NMEs
is very different.
Squarks-neutrino and gluino exchange mechanisms:

7%, (1Mo) > 7.92(22.1) X 103 y. (6.22)

For larger values of T?}’2(76Ge), this lower bound assumes

larger values.

We see that the two sets of NMEs lead to quite different
results in the cases of the LH heavy neutrino and gluino
exchange and squarks-neutrino and gluino exchange
mechanisms. Nevertheless, the constraints thus obtained
can be used, e.g., to exclude some of the possible cases of
two interfering mechanisms inducing the (88)y, decay.
Indeed, if, for instance, it is confirmed that T?}’z(%Ge) =
2.23 X 10% y, and in addition it is established, taking all
relevant uncertainties into account, that T?}’z(]OOMo) =
10%* y, that combined with the experimental lower limit
on T?}’Q(‘”Te) would rule out (i) the light neutrino and
gluino exchanges, and (ii) the light neutrino and LH heavy
neutrino exchanges, as possible mechanisms generating

the (88),, decay.

VII. SUMMARY AND CONCLUSIONS

In the present article we have considered the possibility
of several different mechanisms contributing to the
(BB)o,-decay amplitude in the general case of CP non-
conservation. The mechanisms discussed are light
Majorana neutrino exchange, exchange of heavy
Majorana neutrinos coupled to (V — A) currents, exchange
of heavy Majorana neutrinos coupled to (V + A) currents,
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lepton charge nonconserving couplings in SUSY theories
with R-parity breaking. Of the latter we have concentrated
on the so-called ““dominant gluino exchange” mechanism.
Each of these mechanisms is characterized by a specific
fundamental lepton number violating parameter. The latter
are defined in Sec. II. We have investigated in detail the
cases of two ‘“noninterfering”” and two interfering mecha-
nisms, generating the (883)y, decay. In the analysis we
have performed, we have used hypothetical (83),,-decay
half-lives of the following three isotopes: 7°Ge, '’Mo and
130Te. They are denoted as T, T, and T, respectively. Four
sets of nuclear matrix elements of the decays of these three
nuclei were utilised: they were obtained with two different
nucleon-nucleon potentials (CD-Bonn and Argonne) and
two different values of the axial-coupling constant g, =
1.25, 1.0 (see Table I).

If the (B88),, decay is induced by two “noninterfering”
mechanisms, which for concreteness we have considered
to be the light LH Majorana neutrino exchange and the
heavy RH Majorana neutrino exchange with (V + A) cur-
rents, one can determine the squares of the absolute values
of the two LNV parameters, characterising these mecha-
nisms, |1,|? and |ng|?, from data on the half-lives of two
nuclear isotopes. We have done that using as input all three
possible pairs of half-lives of 7Ge, '"Mo and !*Te,
chosen from the intervals given in Eq. (4.3) and satisfying
the existing experimental lower limits, as well as the half-
life of the (88),, decay of 7°Ge, claimed to be observed in
[12]: T{7,("Ge) = 2.237(3} X 10* y. We find that if the
half-life of one of the three nuclei is measured, the require-
ment that [7,|> = 0 and |79g|?> = 0 (positivity condition)
constrains the other two half-lives (and the (88),,-decay
half-life of any other (8.),,-decaying isotope for that
matter) to lie in specific intervals, determined by the mea-
sured half-life and the relevant NMEs (see Egs. (5.3), (5.4),
(5.5), and (5.6)). This feature is common to all cases of two
“noninterfering”” mechanisms generating the (88),, de-
cay. The indicated specific half-life intervals for the various
isotopes, are stable with respect to the change of the NMEs
(within the sets of NMEs considered by us) used to derive
them. The intervals depend, in general, on the type of the
two ‘“‘noninterfering”” mechanisms. However, these differ-
ences in the cases of the (88),, decay triggered by the
exchange of heavy Majorana neutrinos coupled to (V + A)
currents and 1) the light Majorana neutrino exchange, or ii)
the gluino exchange mechanism, or iii) the squark-neutrino
exchange mechanism, are extremely small. One of the
consequences of this feature of the different pairs of
“noninterfering”” mechanisms considered by us is that if
it will be possible to rule out one of them as the cause of
(BB)y, decay, most likely one will be able to rule out all
three of them. Using the indicated difference to get infor-
mation about the specific pair of “noninterfering” mecha-
nisms possibly operative in (88),, decay requires, in the
cases considered by us, an extremely high precision in the
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measurement of the (B88)y,-decay half-lives of the
isotopes considered. The levels of precision required
seem impossible to achieve in the foreseeable future.
If it is experimentally established that any of the indicated
intervals of half-lives lies outside the interval of physical
solutions of |7,|> and |9g|?, obtained taking into account
all relevant uncertainties, one would be led to conclude
that the (88),, decay is not generated by the two mecha-
nisms considered. The constraints under discussion will
not be valid, in general, if the (83),, decay is triggered by
two interfering mechanisms with a non-negligible (de-
structive) interference term, or by more than two mecha-
nisms none of which plays a subdominat role in (88),
decay.

We have studied also the dependence of the physical
solutions for |1, |?> and |ng|* obtained on the NMEs used.
Some of the results of this study are presented graphically
in Figs. 8 and 9. We found that the solutions can exhibit a
significant variation with the NMEs used. Given the half-
life T';, the interval of allowed values of the half-life of the
second nucleus 7,, determined from the positivity condi-
tions, |9,|> = 0, |9gl*> = 0, changes somewhat with the
change of the NMEs. The solution values of the parameters
[79,12 and |9g|?, obtained with the two different sets of the
NMEs, can differ drastically in the vicinity of the maxi-
mum and minimum values of 7, (Figs. 8 and 9). If a given
extreme value of T,, say max(7T,), obtained with one set of
NMEs, belongs to the interval of allowed values of T,,
found with a second set of NMEs, one of the fundamental
parameters, calculated at max(7,) with the first set of
NME:s can be zero, and can have a relatively large nonzero
value when calculated with the second set of NMEs.
Moreover, there are narrow intervals of values of 7, for
which there exist physical solutions for |7, |? and |ng|? if
one uses the NMEs obtained with the CD-Bonn potential
and there are no physical solutions for the NMEs derived
with the Argonne potential. If the measured value of 7,
falls in such an interval, this can imply that either the two
mechanisms considered are not at work in (8 8),, decay, or
one of the two sets of NMEs does not describe correctly the
nuclear transitions.

Neutrinoless double beta decay can be generated by two
competitive mechanisms whose interference contribution
to the (88)y,-decay rates is non-negligible. In the case
when two interfering mechanisms are responsible for the
(BB)y, decay, the squares of the absolute values of the two
relevant parameters and the interference term parameter,
which involves the cosine of an unknown relative phase of
the two fundamental parameters, can be uniquely deter-
mined, in principle, from data on the half-lives of three
nuclei. We have analyzed in detail the case of light
Majorana neutrino exchange and gluino exchange. In this
case the parameters which are determined from data on the
half-lives are |7,|?, [yy|?> and z = 2cosa|n,||n,]. The
physical solutions for these parameters have to satisfy
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the conditions [7,]> =0, [yy|> =0 and —2|n,||yy] =
z = 2|n,|Im|. The latter condition implies that given the
half-lives of two isotopes, 7 and T,, the half-life of any
third isotope 75 is constrained to lie is a specific interval, if
the mechanisms considered are indeed generating the
(BB)o, decay. If further the half-life of one isotope T is
known, for the interference to be constructive (destructive)
the half-lives of any other pair of isotopes 7, and T3,
should belong to specific intervals. These intervals depend
on whether the interference between the two contributions
in the (88),-decay rate is constructive or destructive. We
have derived in analytic form the general conditions for
(i) constructive interference (z > 0), (ii) destructive inter-
ference (z < 0), (iii) |7,12 = 0, Iy [2 # 0, Giv) |9, 12 # 0,
Inyl*>=0and (v) =0, [n,[* # 0, [nu]|* # 0.

We have found that, given 7', a constructive interference
is possible only if 75, lies in a relatively narrow interval and
T; has a value in extremely narrow intervals, the interval
for T, being determined by the value of 7', while that for
Ts;—by T, and the interval for T,. The fact that both the
intervals for 7, and 75 are so narrow is a consequence of
the fact that, for each of the two mechanisms discussed, the
NMEs for the three nuclei considered differ relatively
little: the relative difference between the nuclear matrix
elements of any two nuclei does not exceed 10%.

The intervals of values of T, and T3 corresponding to
destructive interference (Eqgs. (6.14), (6.15), (6.16), (6.17),
and (6.18)) are very different from those corresponding to
the cases of constructive interference and of the two
“noninterfering” (88),-decay mechanisms we have con-
sidered (Eq. (5.4)). Within the set of (88),,-decay
mechanisms studied by us, this difference can allow to
discriminate experimentally between the possibilities of
the (BB)y, decay being triggered by two destructively
interfering mechanisms or by two ““constructively interfer-
ing” or by two “noninterfering” mechanisms.

We have shown also that further significant constraints
on the physical solutions for the fundamental parameter
[79,1? in the case of the light Majorana neutrino exchange
mechanism and the gluino exchange (or any other interfer-
ing) mechanism can be obtained by using the current and
the prospective upper bounds on the absolute scale of
neutrino masses from the past [44,45] and the upcoming
KATRIN [45] 3H B-decay experiments of 2.3 eV and
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0.2 eV, respectively. Our results show that the KATRIN
prospective upper bound of 0.2 eV, if reached, could imply
particularly stringent constraints in the cases of destruc-
tively interfering mechanisms one of which is the light
neutrino exchange, to the point of strongly disfavoring (or
even excluding) some of them. The KATRIN prospective
upper bound could be used to constrain also the fundamen-
tal parameters of two ‘“‘noninterfering”’ mechanisms, one
of which is the light Majorana neutrino exchange. This
bound could eliminate, in particular, some parts of the half-
life solution intervals where there is a significant depen-
dence of the values of |7,|> obtained on the set of NMEs
used.

The measurements of the half-lives with rather high
precision and the knowledge of the relevant nuclear matrix
elements with relatively small uncertainties is crucial for
establishing whether more than one mechanisms are op-
erative in (83),, decay. The method considered by us can
be generalized to the case of more than two (83),,-decay
mechanisms. It allows to treat the cases of CP conserving
and CP nonconserving couplings generating the (88)o,
decay in a unique way.
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Note Added.—The possibility of several mechanisms
being operative in (83),, decay is also discussed in an-
other recent preprint [48], where the sets of nuclear matrix
elements given in Table I are also used. However, the
aspects of the problem of multiple mechanisms generating
the (B8),, decay investigated in the present article and in
the preprint [48] are very different and, apart from the
description of the nuclear matrix elements, the two studies
practically do not overlap.
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