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Employing the projected-Hartree-Fock-Bogoliubov (PHFB) approach, nuclear transition
matrix elements (NTMEs) have been calculated to study the three complementary
modes of B~ B~ decay, namely two neutrino 8~ 8~ (2v8~ B ™) decay, neutrinoless B~ 8~
(OvB~ B~) decay within mass mechanism and Majoron accompanied OvB~ 8~ (OvB~ B~ x)
decay. Reliability of HFB wave functions generated with four different parametrizations of
the pairing plus multipolar type of effective two-body interaction has been ascertained
by comparing a number of nuclear observables with the available experimental data.
Specifically, the calculated NTMEs M®@¥) of 208~ B~ decay have been compared with
the observed data. Effects due to different parametrizations of effective two-body
interactions, form factors and short-range correlations have been studied. It has also
been observed that deformation plays a crucial role in the nuclear structure aspects of
OvB~— B~ decay. Uncertainties in NTMEs calculated with wave functions generated with
four different parametrizations of the pairing plus multipolar type of effective two-body
interaction, dipole form factor and three different parametrizations of Jastrow type of
short-range correlations within mechanisms involving light Majorana neutrinos, heavy
Majorana neutrinos, sterile neutrinos and Majorons have been statistically estimated.

Keywords: double beta decay, nuclear transition matrix elements, Majoron models, short range correlations,
Majorana neutrino mass

1. INTRODUCTION

The story of neutrinos as well as weak interaction is rather checkered and quite exciting due to
their enigmatic nature. Presently, a number of projects, namely **Ca (CANDLES), 7°Ge (GERDA,
MAJORANA, LEGEND), 82Se (SuperNEMO, Lucifer), 1Mo (MOON, AMoRE), 1'6Cd (COBRA),
130Te (CUORE, CUPID, SNO+), 1**Xe (XMASS, EXO, KamLAND-Zen, NEXT), '*°Nd (SNO++,
SuperNEMO, DCBA/MTD) are dedicated (already designed/planned) [1, 2] to observe the possible
occurrence of neutrinoless double beta (0v88) decay for establishing the Majorana nature of
neutrinos. In addition, information on the lepton number violation, possible hierarchies in the
neutrino mass spectrum, the origin of neutrino mass and CP violation in the leptonic sector
can be inferred [3, 4]. Over the past years, the four experimentally distinguishable modes S8
decay, namely two neutrino double beta (2v88) decay, neutrinoless double beta (0v88) decay,
single Majoron accompanied neutrinoless double beta (0OvBS¢) and double Majoron accompanied
neutrinoless double beta (OvBB¢¢) decay have been studied extensively both experimentally [1, 2]
and theoretically [3, 4].
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The possible occurrence of 0v8p decay has been investigated
within a number of mechanisms, namely the exchange of light
as well as heavy neutrinos, and the right handed currents
in the left-right symmetric model (LRSM), the exchange
of sleptons, neutralinos, squarks, and gluinos in the R,-
violating minimal super symmetric standard model, existence
of heavy sterile neutrinos, Majoron models, compositeness,
the exchange of leptoquarks, and extradimensional scenarios.
Arguably, the observation of OvBf decay due to any mechanism
would imply the Majorana nature of neutrinos/sneutrinos [5,
6]. The main objective of the nuclear structure calculations
is to provide reliable nuclear transition matrix elements
(NTMEs) for extracting gauge theoretical parameters with
minimum uncertainty.

In the conventional nuclear models, there are three basic
ingredients, namely the model space, the single particle energies
(SPEs) and the effective two body interaction. Usually, they are
chosen on the basis of practical considerations albeit a consistent
procedure is available for their choice. Due to the rare nature of
nuclear S8 decay, strongly suppressed channels play a crucial role
in the evolution of NTMEs and hence, NTMEs are quite sensitive
to the details of wave functions of the parent, intermediate
and daughter nuclei. Remarkably, the observed suppression of
M®") was first explained in the quasiparticle random phase
approximation (QRPA) approach [7, 8]. Over the years, the
QRPA as well as its extensions [9-11], and QRPA with isospin
restoration [12] have emerged as the most successful models. In
spite of the impressive success of shell-model approach [13-26],
presently available numerical facilities highly limit its application
to the description of medium and heavy mass nuclei.

In deformed QRPA formalism, the effect of suppression of
NTMEs for the 2v8~ B~ aswell as 0vB~ B~ decay due to different
deformations of parent and daughter nuclei has been reported in
Rodriguez et al. [27], Simkovic et al. [28], Pacearescu et al. [29],
Yousef et al. [30], and Fang et al. [31]. In the shell model [16-18],
the effect of deformation on the NTMEs has been investigated
and it has been shown that the NTMEs are the largest for equal
deformation of parent and daughter nuclei. Proper consideration
of nuclear deformation in the evaluation of NTMEs has resulted
in the implementation of deformed QRPA [32-36], projected
Hartree-Fock-Bogoliubov (PHFB) model [37-39], energy density
functional (EDF) approach [40], covariant density functional
theory (CDFT) [41, 42], and interacting boson model (IBM) [43-
46] with isospin restoration [47]. By adjusting the free parameters
of the models, the observed half-lives of 2v8~ 8~ decay have
been reproduced in all models. However, different predictions
are obtained for other observables. Specifically, the calculated
NTMEs M) differ by a factor of 2-3.

In the theoretical study of OvB~f decay, three different
approaches have been adopted sofar to estimate the uncertainties
in NTMEs. The spread between all the calculated NTMEs for
a particular BB emitter [48] has been translated to theoretical
uncertainty by estimating the average and standard deviation of
NTMEs [49, 50]. As a model independent approach to check
the accuracy of NTMEs, the ratios of calculated NTMEs-squared
have been compared with the ratios of observed half-lives T?}’z
[51]. With the consideration of two models, namely QRPA

and RQRPA, three sets of basis states and three realistic two-
body effective interactions based on the charge dependent Bonn,
Argonne, and Nijmen potentials, theoretical uncertainties have
been estimated by Rodin et al. [52]. Interestingly, the results
of QRPA and RQRPA are not only close but the variances are
also substantially smaller than the average values. Further, the
approach of Rodin et al. [52] has been preferred in Hyvirinen
et al. [53] following an extensive analysis by Suhonen [54]
and Rodin et al. [55]. In addition, uncertainties in NTMEs
due to short range correlations (SRC) have been estimated
using the unitary correlation operator method (UCOM) [56,
57], self-consistent coupled cluster method (CCM) [58] and
PHFB approach [38]. Recently, it has been suggested by Engel
[59] that the systematic errors can be reduced by including all
physics known to be important in the error analysis following
Reference [60].

In addition to successfully reproducing experimental data
on the yrast spectra, reduced B(E2:07 — 27) transition
probabilities, quadrupole moments Q(21), gyromagnetic factors
g(2™), the PHFB approach was employed to study the effect of
deformation on the 07 — 0% [61] and the 07 — 27 [62]
transitions of 2v8~ B~ decay in '°°Mo. In conjunction with the
summation method [63-65], the PHFB model has already been
applied to study the 0t — 0% [66, 67] and 07 — 27 transition
[68] of 2v8~ B~ decay of nuclei in the mass range 90 < A < 150
as well as 2ve™ B decay modes of *°Ru, 192Pd, 19Cd and '%8Cd
isotopes [69, 70]. The effects of nuclear deformation inhibiting
2vBB decay [67, 71], 0vB~ B~ decay [72] and Ove™ BB modes
[73, 74] in the Majorana neutrino mass mechanism have been
reported. The influence of hexadecapolar interaction on the g8
decay matrix elements has also been analyzed [75].

Uncertainties in NTMEs calculated with the PHFB approach
using four different parametrizations of a nuclear Hamiltonian
and three different short-range correlations, was first performed
for the OvB~ B~ decay in the light Majorana neutrino mass
mechanism [37]. Including pseudoscalar and weak magnetism
terms in the nucleonic current, uncertainties in the NTMEs of
O0vB~ B~ decay have been estimated in the mechanisms involving
light Majorana neutrinos, sterile neutrinos, classical Majorons
[38], heavy Majorana neutrinos [39], and new Majorons [76]. In
Rath et al. [38], no difference has been observed in the effects
due to finite size of nucleons (FNS) either by employing dipole
form factors or form factors taking the structure of nucleons into
account. In addition, uncertainties in the NTMEs of Ove™ g+ g+
modes [74] due to the exchange of light and heavy Majorana
neutrinos have been reported.

2. RELIABILITY OF HFB WAVE FUNCTIONS

With the assumption that the nucleus consists of non-
relativistic point nucleons and neglecting many-nucleon forces,
the conventional nuclear many-body Hamiltonian H in an
appropriate model space M is given by

1
H=>"(a|Ho| B) ajag + i > (@B |Veg| v8)alajasay,
apf aBys
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where the effective two-body interaction Vg is usually derived
from nucleon-nucleon force by the use of Brandow’s linked
cluster diagram expansion [77] and the energy dependence of
the V.5 can be eliminated by Kuo’s folded diagram expansion
[78]. Usually, the “realistic interactions” obtained from the above
theoretical procedure are not quite successful in reproducing
spectroscopic properties of nuclei. Hence, “empirical effective
interactions” and “schematic effective interactions” are used quite
often in reproducing the observed spectroscopic data [79, 80].
An effective operator Oy is also to be defined such that the
same observable are obtained in a finite dimensional model
space M as reproduced by a bare operator O acting in an
infinite dimensional Hilbert space. The problems associated
with the numerical implementation of such effective operators
in perturbative approach have been discussed by Haxton and
Lau [81].

In the HFB theory [82], the HF field and the pairing
interaction are treated simultaneously and on equal footing.
Further, the particle coordinates are transformed to quasiparticle
coordinates through general Bogoliubov transformation

%= (”aﬂ“; + Uaﬂﬂﬂ) , (1)
B

o = Z (u;ﬂaﬁ + U;ﬂa;) , )
B

such that the interaction between quasiparticles is relatively weak.
Essentially, the Hamiltonian H is expressed as

H=H, + qu + qu—qp, (3)

where Hp is the energy of the quasiparticle vacuum, Hyp, is
the elementary quasiparticle excitations and Hgy—gp is a weak
interaction between the quasiparticles. In the HFB theory, the
interaction between the quasiparticles is usually neglected and
the Hamiltonian H is approximated by independent quasiparticle
Hamiltonian. In TDHFB and QRPA, the effects of quasiparticle
interaction are included to certain extent.

In the PHFB model, a state with good angular momentum J
is obtained from the HFB intrinsic state |®g) using the standard
projection technique [83].

%) = Pig190)
_ [(21+ 1)

= } [th@r@ieaa @

The axially symmetric HFB intrinsic state |®¢) with K = 0 can
be formulated as

1©0) = [T (1t + vinb},b3) 10) 5)

im

1 -
= Nexp 3 Zfa,gaz;a;g [0) |, (6)
ap

where the creation operators bfm and b% are given by

and b= > (=pHim Cianyy >

bjm = Z Cia,mﬂlm
o o
(7)

with

s
Jop = Z Cimgjo, Cimpgjp ( lma) Smg—myg> (8)
i

Uima

and N is a normalization constant.

In Rath et al. [37], Chandra et al. [66], Singh et al. [67],
and Chandra et al. [75], the model space, SPE’s, parameters of
pairing plus multipolar type of effective two-body interaction
have already been discussed. Specifically, the wave functions are
obtained by minimizing the expectation value of the effective
Hamiltonian consisting of single particle Hamiltonian Hyp, and
pairing V(P) plus multipolar (quadrupole-quadrupole V(QQ)
and hexadecapole-hexadecapole V(HH) parts) type of effective
two-body interaction [75]

H = Hy, + V(P) + V(QQ) + V(HH). )

In the V(QQ), the strengths of proton-proton, neutron-neutron
and proton-neutron interactions are denoted by x2pp, x2nn and
X2pn» respectively. By reproducing the experimental excitation
energy Ep+ either by taking x2pp = xaun and varying xapu
or by considering xapp = Xamm = X2pn/2 and adjusting
the three parameters together, two different parameterizations
of V(QQ), namely PQQl1 and PQQ2 [75] were obtained.
Additional consideration of the hexadecapolar V(HH) part of
the effective interaction provided two more parametrizations,
namely PQQHH1 and PQQHH?2 [37].

In Rath et al. [37] and Chandra et al. [75], the reliability of
wave functions generated with four different parametrizations
of the effective two-body interaction, namely PQQ1, PQQHH]1,
PQQ2, and PQQHH?2 has been established by comparing the
theoretically calculated results for a number of spectroscopic
properties, namely the yrast spectra, reduced B(E2:0" — 27)
transition probabilities, deformation parameters 8,, quadrupole
moments Q(2¥) and g-factors g(2F) of 496 Zr, 9496.100) [, 100Ry,
110pq, 110, 128.130¢, 128,130X e 150Nd, and 1>Sm isotopes with
the available experimental data.

By adjusting the strength parameter xzp, or xapp, the
experimental excitation energies E,+ [84] have been reproduced
to about 98% accuracy. With respect to PQQ1 interaction,
the maximum change in excitation energies E4+ and Eg+
is about 8 and 31%, respectively [66, 67]. The reduced
B(E2:0" — 27) transition probabilities, deformation parameters
B2, static quadrupole moments Q(27) and gyromagnetic factors
g(2*) differ by about 20%, 10% (except for **Zr and PQQ2
interaction), 27 and 12% (except for 94967 and PQQ2

Frontiers in Physics | www.frontiersin.org

May 2019 | Volume 7 | Article 64


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Rath et al.

Nuclear Transition Matrix Elements

TABLE 1 | Theoretically calculated deformation parameters B» of nuclei
participating in g8 decay with PQQ1, PQQ2, PQQHH1, and PQQHH?2
parametrizations of effective two-body interaction along with experimental
recommended values [85].

Nuclei PQQ1 PQQHHA1 PQQ2 PQQHH2 Experiment [85]
94zr 0.100 0.110 0.192 0.102 0.090 + 0.010
%Mo 0.161 0.161 0.164 0.163 0.1509 + 0.0015
96zr 0.085 0.087 0.085 0.087 0.080 + 0.017
%Mo 0.191 0.186 0.192 0.188 0.1720 + 0.0016
10Mo  0.231 0.226 0.230 0.233 0.2309 + 0.0022
10Ry 0214 0.214 0.215 0.214 0.2148 + 0.0011
0pd 0216 0.214 0.217 0.215 0.257 + 0.006
0cd 0.196 0.191 0.201 0.208 0.1770 + 0.0039
1287¢ 0.136 0.136 0.135 0.136 0.1363 + 0.0011
128%e 0.192 0.181 0.187 0.182 0.1836 + 0.0049
1307 0.117 0.120 0.117 0.120 0.1184 + 0.0014
130xe 0.166 0.163 0.167 0.163 0.169 + 0.007
1%0Nd  0.276 0.279 0.276 0.279 0.2853 + 0.0021
1%0sm  0.238 0.241 0.236 0.240 0.1931 + 0.0021

interaction), respectively, and there is an overall agreement
between the theoretically calculated and experimentally observed
data [85, 86]. Employing wave functions generated with the
above mentioned four parametrizations of effective two-body
interaction, the calculated [75] and experimental deformation
parameters 8, [85] of parent and daughter nuclei involved in the
BB decay of ¥+96Zr, 190Mo, 110pd, 128130Te, and *°Nd isotopes
have been presented in Table 1. Interestingly, the experimentally
observed deformation parameters 8, have been well reproduced.

3. TWO NEUTRINO DOUBLE BETA DECAY

Incorporating the summation method [63-65], the PHFB model
has already been applied to study the 0T — 0% [66, 67] and
0+t — 2% [68] transitions of 2v8~ B~ decay. The inverse half-
life for the 07 — ]f',f transition of the 2v8~ B~ decay can be
written as
-1 2
(705 (0% = 1)) = 6o () M0

(10)

and the integrated kinematical factor G,,,( ];') has been calculated
with good accuracy employing the exact Dirac wave functions in
conjunction with finite nuclear size and screening effects [87-89].
Further, the model dependent NTME M @) (71) is defined as

1 Ui ot [ 1) (1% Jlo=*] o)
M) () = F N/ N Lo
Ue) JF+1 %: (Eo + En — EfJ/F 7! ()
where
1 1
Ey = 5 (Er — Ep) = EQﬁ—ﬁ— + me. (12)
Further, O;F), ];> and |11J\§) are the initial, final and virtual

intermediate states, respectively. By performing the summation

over intermediate states using the summation method [63-65],
the NTME M (2")(];:) is written as

i iz @17 e of)

[Eo + Ap(0]*H

M® G = Tr+3)

with Ag(k) = e(nz, Iy, jz) —&(ny, L, ji). Notably, this expression
is same as reported by Hirsch et al. [90].

In the energy denominator, the difference in single particle
energies Ag(k) of protons in the intermediate nucleus and
neutrons in the parent nucleus is mainly due to the difference
in Coulomb energies. Hence

) Ac for ny, = ng,l, =z, jy = jx
Aplb) = { Ac + AEs o splitting for ny = nz,ly = Ir,jy # jr
(14)
where the Coulomb energy difference Ac is given by Bohr and
Mottelson [91].

c= % [@Z+1) — 076 {(Z+ 1)*? — 2**}] MeV. (15)
Presently, each proton-neutron excitation is treated according to
its spin-flip or non-spin-flip nature and the spin-orbit splitting is
explicitly included in the energy denominator. Hence, the use of
summation method goes beyond the closure approximation and
previously employed summation method in the pseudo SU(3)
model [90, 92].

In the PHFB model, the NTMEs corresponding to a transition
operator Oka)(]) (k =2v or Ov) for the 07 — ; transition of
B~ B~ decay are obtained using

J X
MPUE) = (whlloPmet )
s
i -1/
= [n(lZ,N)n(§+2,N—2)j| n(z,N),(z+2,N-2)(0)
0

x Z[]_iu L ﬂdﬁo @ Y (a8 |0Lmetet|ys)
H afys
<[+ 0B, (),

<[(1 +F(Z‘jl)\](0)fé‘2§)N_2)];; (F%‘)w sinodo.  (16)

In Chandra et al. [66] and Singh et al. [67], the required
expressions to evaluate amplitudes (ujy,vin) and expansion
coefficients Cj;, of axially symmetric HFB intrinsic state |®)
with K = 0, #/, nzN)z+2,N—2)(0), fzn and Fz n(6) have been
presented.

In Table 2, the theoretically calculated NTMEs M@ (0+)
using wave functions generated with PQQ1, PQQ2, PQQHH1
and PQQHH2 parameterizations of effective two-body
interaction, along with their averages Mff”)(oﬂ = gﬁM(zv)(OJr)
(ga = 1.2701) and recommended values of Barabash [93] have
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TABLE 2 | Theoretically calculated NTMEs M©@Y) with four different
parametrizations of the effective two-body interaction along with experimental
recommended values [93].

=20

Nuclei Mo, Mgx Exp. [93]
PQQ1 PQQHH1 PQQ2 PQQHH2

%zr 0058 0.059 0055 0.055 0.09240.003 0.080+0.004

100Mo  0.104 0104 0105  0.093  0.164+0.009 0.185+0.005

128Te 0.033 0.033 0.040 0.037 0.058+£0.005 0.046+0.006

180Te 0042 0031 0042 0.032 0.059+0.010 0.031+0.004

1%0Nd  0.033 0027 0032 0.027 0.048+0.005 0.058+0.004

been displayed. With different parametrizations, the theoretically
calculated NTMEs M®") for the 0% — 0% transition change up
to approximately 11% except *4Zr, 128130Te, and 1>'Nd isotopes,
for which the changes are approximately 42, 21, 26, and 18%,
respectively.

With the observation that the inclusion of deformation in
the mean field can suppress the NTMEs MV (2%) calculated
employing pnQRPA by about a factor of 341 [94], the 07 —2T
transition of 2vB~ B~ decay has been studied in the PHFB
approach [68]. With respect to NTMEs M@ ( 2% calculated

using pnQRPA, the average NTMEs M 2+) estimated
employing the PHFB model are further reduced by a factor
between 1 and 150 corresponding to *°Zr and 28Te isotopes,
respectively. Further, the compiled theoretical and experimental
results [68] suggest that the observation of the 07 —2%
transition of 2v8~ B~ decay may be possible in *°Zr, 1Mo,

110pq, 130Te and 13°Nd isotopes.

4. NEUTRINOLESS DOUBLE BETA DECAY

In the left-right symmetric model [95-97], the possible
mechanisms of Ov8~ B~ decay, namely the exchange of left and
right handed Majorana neutrinos, involve strangeness conserving
left handed and right handed charged currents. The detailed
theoretical formalism required to study the Ov8~ B~ decay was
developed in Doi and Kotani [95, 96], Haxton and Stephenson
[98], and Tomoda [99] with the assumption that in the charged
current weak processes, the vector and axial vector parts of
the current-current interaction give dominant contribution and
under the assumption of zero mass neutrinos, the other terms
being proportional to the lepton mass squared are negligible.
With the inclusion of pseudoscalar and weak magnetism terms
in the nucleonic current, it has been shown by Simkovic et al.
[100] that the contribution of the pseudoscalar term is equivalent
to a modification of the axial vector current due to Goldberger-
Treiman PCAC relation and greater than the vector current. In
the standard mass mechanism, the contributions of pseudoscalar
and weak magnetism terms of the recoil current can change the
NTMEs M) up to about 30% in the QRPA [100, 101], 20% in
the ISM [16, 17] and 15% in the IBM [43]. The change in MON) jg
quite substantial. Presently, the calculation of NTMEs of Ov8~ 8~
decay within mechanisms involving light Majorana neutrinos,

heavy Majorana neutrinos, sterile neutrinos and Majorons has
been discussed.

4.1. Light Majorana Neutrino Mass
Mechanism

In the mechanism involving light Majorana neutrino mass, the
half-life T{%) for the 0% —0% transition of 0v8~ B~ decay is
given by [100, 101]

—1 2
(100" > 09| =6u ‘(';”)M(O“) (17)
e
where
!
(my) =) Ugmi, m; < 10eV. (18)

Incorporating the exact Dirac wave functions, finite nuclear
size and screening effects, the phase space factors have been
calculated recently to good accuracy [87, 88, 102] and in the
closure approximation, the NTME M) is defined as

MO =3 (0;

n,m

He(rum)
[,giz"m + 0 - OmHGT (Fum) + SumHr (rom) | 7, 7,8
A

o,+>,

(19)

with

Sum =3 (On - Tum) (O - Tum) — O - O (20)
The neutrino potentials associated with Fermi, Gamow-Teller
(GT) and tensor operators are given by

R nm
Ho(rum) = 2; f Jo rum). - Dada, 1)

« (ram)

(a+4)
where fg (qrnm) = jo (qrnm) and fy (qrnm) = (qr,,m) for
a =Fermi/GT and tensor potentials, respectively. The effects
due to FNS have been incorporated through two different
parametrizations of the form factors, namely dipole form factor
and an alternative parametrization of gv(qz) and gM(qz) with
the consideration of internal structure of protons and neutrons
[103]. The details about these form factors and form factor
related functions hr(q), hgr(g) and hr(gq) have been given in Rath
et al. [38].

4.2. Heavy Majorana Neutrino Mass
Mechanism

In order to ascertain the dominant mechanism contributing to
OvB~ B~ decay [104-106], there has been an increased interest
recently to calculate reliable NTMEs for Ov8~ B~ decay due to
the exchange of heavy Majorana neutrinos. Due to the exchange
of heavy Majorana neutrinos between nucleons having finite size,
the half-life T?}’z for the 07 — 0T transition of 0v8~ B~ decay is
given by

Frontiers in Physics | www.frontiersin.org

May 2019 | Volume 7 | Article 64


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Rath et al.

Nuclear Transition Matrix Elements

TABLE 3 | Different Majoron models according to Bamert et al. [114].

BB¢ BBoo
Case n NTME Case n
IB,IC,IB 1 My ID,IEID 3 M%)
00 00
IICIIF 3 M3 [3 7 MY%

TABLE 4 | Relative changes (in %) in NTMEs M%), MON, p%). and MZQ
calculated with four different parametrizations of the effective two-body interaction
due to the inclusion of FNS, FNS+SRC (FNS+SRC1, FNS+SRC2, and FNS +

SRC3), and average energy denominator A/2.

NTMEs FNS FNS+SRC(Z) FNS+SRC
(4r2)
SRCH1 SRC2 SRC3
MOV 18.19-22.62 12.38-16.56 0.99-2.15  2.39-3.06 8.67-12.64
MON) 38.07-41.97 64.57-68.25 39.60-42.39 18.10-19.63 -
M(CXF)? 12.55-15.78 11.51-15.23 0.10-1.00  2.98-3.73 11.54-16.26
MZ‘Z) 0.11-0.18  2.38-4.49  0.85-1.59  1.55-2.83 89.85-91.53

—1 m 2
[T (0% = 0")] " =G (ﬁ) MOV, (2)
where my,, is the proton mass and
(My)™' =) Ugmi mi>1GeV. (23)

In the closure approximation, the NTMEs M©N) are of the form
(32, 58, 107]

0o

n,m

Hpp(ram)
I:_giznm + 0 - omHern (fam) + SumHrn (ram) T:t;;—
A

o,*>.

The short ranged neutrino potentials due to the exchange of
heavy Majorana neutrinos are given by

2R

Hyp(rpm) = (mp M)

/fah (qrnm) ha(q)qqu,

with fp, (qrnm) = fomn (qrnm) = jo (qrnm) and fry, (qrnm) =
72 (qrﬂm). The details regarding the hr(q), hgr(q) and hr(g) are
given in Rath et al. [39].

4.3. Mechanism Involving Sterile Neutrinos

The indication of v, — V. conversion in the short base line
experiments [108, 109] has been explained with 0.2 eV< Am? <
2eVand 1073 < sin?20 < 4.1072. The short base line oscillation
[110-112] is also supported by recent results of the reactor fluxes.
All these observations, if confirmed, would imply the existence of
more than three massive neutrinos [113]. Further, it has already
been shown that the mixing of a light sterile neutrino (mass < 1
eV) with a much heavier sterile neutrino (mass > 1 GeV) would

result in observable signals in current S8 decay experiments
[114]. In addition, other interesting alternative scenarios are also
possible [115, 116].

With the consideration of the exchange of a Majorana
neutrino between two nucleons, the contribution of the sterile
vy, neutrino to the half-life TS;) for the 0 — 07T transition of

O0vB~ B~ decay [116] is given by

2
- mp
(1175 0 — 097" = Gor |- =M my)| - (24)
e

where Uy, is the v, — v, mixing matrix element and the NTME
M(O")(mh) is written as

M(O")(mh) = <Ofnr |:7 Hr (n;h,r) + oy - omHgr (mh,r) + SymHr (m;,,r)] r;“r;: O;r> .
84
(25)
In Equation (25), the neutrino potentials are of the form
he(q*)q?d
Jo(qr)ha(q”)q"dg (26)

Ha(mhr):%/oo >
’ T Jo \/qz—i-mi (\/qz—i-mfl—i-Z)

and the expressions for h, (%) are given in Rath et al. [38]. In the
limits my, — 0, and m;, —large, NTMEs MO (my) — MOV
and M) (my,) — (mpme/m%l) MON), respectively.

4.4. Majoron Accompanied Neutrinoless
Double Decay

The proposed nine classical [117-121] and new Majoron models
[114, 122-124] may be distinguished as single Majoron emitting
0vBB¢ decay and double Majoron emitting 0vBB¢p¢ decay
modes. Over the past decades, experimental studies devoted to
OvBpBx decay have provided stringent limits on the Majoron
coupling constant < g > ~ 107> and information on the
sensitivities of the ongoing experiments to different new Majoron
models [125, 126]. In the QRPA [127] and PHFB [76] approach,
the observability of nine Majoron models has been investigated
theoretically.
The half-life T{%X) for the 07 — 0T transition of OV~ B x
decay is written by
T 07 > 07 = )" 6 i @
The symbol x denotes modes involving single Majoron ¢ or two
Majorons ¢¢ and the index m = 2 and 4 for the 0V~ B~ ¢
and 0vB~ B~ ¢¢ decay modes, respectively. Further, the index «
indicates different Majoron models as given in Table 3. The phase
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space factors have been calculated to good accuracy by Kotila

et al. [128]. In the same Table 3, NTMEs M&X) corresponding
to different Majoron models are also presented. In the closure

approximation, the NTMEs MY are defined as

MP = MO, (28)
Vv w
M(c)l(e) - <&> <L> Z<01Jcr |ow-omHr(A) T T | 0F ), (29)
8A 3 n,m
ev)’ i
= 2o [ (8 oo ot o).
n,m gA

(30)

where NTMEs Mﬁ,fv) of the classical Majoron models and NTMEs
M) of the light Majorana neutrino mass mechanism are
identical. Retaining only the central part of the recoil term in
Hg (r, ) following Hirsch et al. [127], the neutrino potentials
Hg(r,A) and H,(r, A) required for the calculation of the other

two matrix elements M’ (X) and Mijg), respectively, are defined as

_ A+2q Az !
Hi (. 4) = 4712M/ { (4+4) }(q%m) e B
2 2 4
Hy (n7) = R / gar [ 34"+ 940+ 89 ( A ) &g,
1672 ¢ (q+4)° q* + A2
(32)

and all the details about the required parameters have been
given in Rath et al. [76]. The qualitative dependence of different

neutrino potentials Hp (r,Z) and H,. (r,Z) on momentum
transfer g is of different nature. In contrast to the neutrino
potential Hg (r,A), H,z (r,A) is quite singular in nature. In the
evolution of M((D)g), the contributions from low momentum ¢
are crucial and the accuracy of the calculated NTMEs is quite
uncertain. In accordance with Hirsch et al. [127], the magnitudes
of M(E))g) are uncertain by about one order magnitude.

5. NUCLEAR STRUCTURE ASPECTS OF
TRANSITION MATRIX ELEMENTS

In addition to the spin-isospin dependence as in case of
M®@"), the NTMEs for OvB8 decay are momentum dependent.
In the evaluation of reliable NTMEs, the FNS, SRC and
the renormalized value of axial vector coupling constant gy
[47, 129-132] play a decisive role. Employing two different
parametrizations of the form factors, namely dipole form factor
and an alternative parametrization with the consideration of
internal structure of protons and neutrons [38], it has been shown
that the difference in NTMEs due to these different form factors
is almost negligible. Presently, we consider the calculation of
NTMEs with dipole form factor only.

Due to the exchange of p and @ mesons, the repulsive
nucleon-nucleon potentials result in SRC, which has been
incorporated through phenomenological Jastrow type of
correlations with Miller-Spencer parametrization [133].
addition, the use of effective transition operator [134], the
exchange of w-meson [135], UCOM [32, 56, 57] and the
self-consistent CCM [58] have also been considered. In the
self-consistent CCM [58], effects of Argonne and CD-Bonn two
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nucleon potentials have been parametrized by Jastrow type of
correlations within a few percent accuracy. Explicitly,

f(r)=1—ce™ (1 - br), (33)
where a = 1.1, 1.59 and 1.52 fin =2, b = 0.68, 1.45 and 1.88 fim >
and ¢ = 1.0, 0.92 and 0.46 for Miller-Spencer parametrization,
CD-Bonn and Argonne V18 NN potentials, denoted as SRC1,
SRC2 and SRC3, respectively.

In order to estimate theoretical uncertainties in NTMEs
statistically, sets of twelve NTMEs MOV ppON) - AfOv) (349,
Mﬁ,)fu), M(c)z(z)’ and Mffz) for the 0vB~ B~ decay of *%Zr, 1%°Mo,
110pq, 128.130Te, and 15ONd isotopes have been calculated with the
consideration of four different parametrizations of effective two-
body interaction, dipole form factor (FNS) and three different
parametrizations of the Jastrow type of SRC (FNS+SRC) using
Equation (16).

5.1. Effects Due to FNS and SRC
In Table 4, the relative changes (in %) in NTMEs MO AfON)]

M(c)je) , and Mijg) calculated with four different parametrizations
of the effective two-body interaction due to the inclusion of
FNS, FNS+SRC (ENS+SRC1, FNS+SRC2, and FNS + SRC3) have
been presented. Considering Mg)\‘}) + Mg X) as point nucleon
case, the NTMEs M) are reduced by about 18-23% in the
case of FNS. With the addition of SRC1, SRC2, and SRC3, the
NTMEs M®") are further reduced by 12-17%, 1.0-2.0%, and 2.4-

3.0% approximately relative to the FNS case. Due to FNS, the

maximum change in the values of M(C)}(Q) are in between 13 and

16%. With the inclusion of SRC, the NTMEs M(C)I(Z) change by
about 12-15%, less than 1% and 3-4% due to SRC1, SRC2, and
SRC3, respectively. It is noteworthy that the NTMEs Mc(:g) change
negligibly due to FNS and SRC.

It is observed [39] that the Fermi matrix element Mp, =
Mgy, _yy contributes about 20% to the total NTME. Due to
the inclusion of the pseudoscalar and weak magnetism terms
in the hadronic currents, the Gamow-Teller matrix element is
noticeably modified. The absolute value of Mgr_44 is increased
by Mgr—pp and the contribution of Mgr_ap is significant with
an opposite sign. The contribution of Mgr—p is quite small
and with the inclusion of SRC, a change of sign is noticed. The
contribution of tensor matrix elements is less that 2%. With the
consideration of SRC, the Fermi and GT matrix elements change
significantly and the tensor matrix element is the least affected.
With respect to the point nucleon case, the NTMEs M](\(,)v) are
reduced by about 40% due to FNS. Due to SRC1, the NTMEs are
reduced to about one third of its original value and the other two
parameterizations of the SRC, namely SRC2 and SRC3, have a
sizable effect, albeit much smaller than SRCI.

5.2. Validity of Closure Approximation

In order to test the validity of closure approximation, the NTMEs
M(gk) are calculated for A/2 in the energy denominator and
the changes in NTMEs due to four different parametrizations
of the effective two-body interaction and three different

parameterizations of SRC are given in Table 4. In the case of
light Majorana neutrino exchange, the relative change in NTMEs
M), by changing the energy denominator to A/2 instead of A
is in between 8.7-12.6%. In the Majoron accompanied Ov8~ 8~ x
decay, the relative changes in NTMEs M(C)fz) due to the use of
A/2 instead of A in the energy denominator is at the most
about 16.0%. As the A is reduced by a factor of 2, the NTMEs
Mf:g), however, change appreciably. It may be mentioned that the
structure of neutrino potentials associated with different matrix
elements is reflected in the observed sensitivities of different
NTMEs to the magnitudes of A.

5.3. Effects Due to PQQ1, PQQHH1, PQQ2,

and PQQHH2 Parametrizations

The evaluated NTMEs M©”) of considered nuclei but for
128Te with PQQ1 and PQQ2 parameterizations are quite close
and with the inclusion of the hexadecapolar term, they are
reduced in magnitude, depending specifically on the structure of
nuclei. With respect to PQQ1, the maximum variation in M (0v)
due to the PQQHH1, PQQ2, and PQQHH?2 parameterizations
lies between 20-25% [38]. Due to PQQHHI1, PQQ2, and
PQQHH?2 parametrizations, the maximum variations in MON)
with reference to PQQI interaction, are about 24, 18, and 26%,
respectively [39]. With respect to PQQ1 parametrization, NTMEs
M) and Mc(o)g) due to other three parametrizations change up to
25 and 34%.

5.4. Radial Evolutions of NTMEs
The best possible way of studying the role of the FNS and SRC is

to display the radial evolution of NTMEs Mo(,k) defined by [32]

M = / c® ) dr. (34)
By studying the radial evolution of NTMEs M(") due to the
exchange of light Majorana neutrino, it has been shown in the
QRPA [32] and ISM [18] that the magnitude of MO for all
nuclei undergoing OvB~ B~ decay exhibits a maximum at about
the internucleon distance r ~ 1 fm, and the contributions of
decaying pairs coupled to ] = 0 and J > 0 almost cancel
out beyond r ~ 3 fm. Within the PHFB approach, similar
observations on the radial evolution of NTMEs M) due to
the exchange of light [38] Majorana neutrinos have also been
reported.

In Figure 1, the radial distributions of C®", C(ON), C(C)EZ) ,

and CSE) of ®0Te nuclei with the PQQ1 parameterization of
the effective two body interaction in four cases, namely FNS,
FNS+SRC1, FNS+SRC2 and FNS+SRC3 have been plotted. As
noticed, the distribution of C®") are peaked at r = 1.0 fm for
FNS and the peak is shifted to 1.25 fm with the addition of SRC1
and SRC2. With the inclusion of SRC3, the position of the peak
remains, however, unchanged at r = 1.0 fm. The distribution of
C(C)g in the case of FNS is peaked at r = 1.0 fm and with the
addition of SRCI1, the peak shifts to 1.4 fm. The position of the
peak with the inclusion of SRC2 and SRC3, is however, changed
to r = 1.2 fm. Although, the radial distributions of C®") and
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TABLE 5 | Deformation ratios D®), D0, DOV, %) and D) for PQQ
parametrization with SRC1.

Nuclei D) D) DON) o) o)
94zy 2.29 2,52 2.36 2.47 2.61
96z¢ 3.70 453 4.09 4.46 4.54
100Mo 2.33 2.17 2.01 2.15 2.48
110pg 3.14 2.66 2.45 2.64 2.73
1287¢ 4.26 450 408 4.41 475
1307 2.89 2.95 2.85 2.95 2.95
150Nd 5.94 6.17 6.42 6.30 5.69

TABLE 6 | Average values of NTMEs 17, ), M%), and M%) for 94967,
1000, 110pq, 128,1307g, and 190Nd isotopes (a) with and (b) without SRC1
[39, 76).

Nuclei M) MON) M) M%) x 10%
947r  (a) 3.873+0.373 1262144495 0.158+0.015 4.42940.560
(b) 4.071+£0246 152.84+27.19 0.165+0.010 4.500+ 0.562
%7r (@) 2.857+£0.265 100.53+36.89 0.115+£0.010 3.198+0.240
(b) 3.021£0.119 12250+£21.92 0.121+£0.004 3.256+ 0.229
10Mo (@) 6.250+0.638 206.75+73.08 0.246+0.024 6.386+ 0.709
(b) 6.575+0.452 250.19+43.71 0.258+0.016 6.499+ 0.711
10pg (@) 7.1514+0.754 231.47+£82.49 0.271+£0.027 8.360+0.942
(b) 7.518+0.560 280.57+49.16 0.285+0.019 8.483+0.952
128Te (@) 3.6124+0.395 126.834+46.34 0.130+£0.014 3.732+ 0.456
(b) 3.811+£0.287 153.74+29.47 0.137+0.010 3.795+ 0.457
180Te  (a) 4.046+0.497 136.39+£46.92 0.143+£0.016 4.330+ 0.892
(b) 4.254+0.406 164.54+£27.22 0.151+0.012 4.395+ 0.908
150Nd (@) 2.826+0.430 85.55+31.45 0.094+0.014 3.042+ 0.496
(b) 2.957+£0.408 103.43+£20.98 0.099+0.013 3.081+ 0.508
C(c)gz) extend up to about 10 fm, the radial evolutions of M)

and Mg{) result from distributions of C°) and C(C)El) up to 3 fm.
The distributions C((U)g) are oscillating in nature with decreasing
amplitudes, albeit, the first peak is similar to the distributions of
NTMEs M) and M(C)}(z)~ The total distribution extending up to

15 fm contributes to the evolution of matrix element M(E))g)
With the exchange of heavy Majorana neutrino, the

distribution C" in the case of FNS is peaked at r ~0.5
fm and the peak shifts to about 0.8 fm with the addition of
SRC1 and SRC2. With SRC3, the position of peak is shifted
to 0.7 fm. In the evolution of matrix element MN), the total
distribution extending up to 2 fm contributes. Remarkably, the
above observations regarding the radial distributions of C(*"),
CcoN), C(C)g, and cgg) remain valid in the cases of PQQ2,
PQQHH]1, and PQQHH?2 parametrizations for all considered
seven nuclei, namely %% 7r, 100Mo, 110pd, 128.130T¢, and 15ONd

isotopes.

5.5. Deformation Effects
In Auerbach et al. [136, 137] and Troltenier et al. [138], an
inverse correlation between the GT strength and quadrupole

moment has been reported. Using a quasiparticle Tamm-Dancoff
approximation (TDA) based on deformed Hartree-Fock (DHF)
calculations with Skyrme interactions [139], a deformed self
consistent HF+RPA method with Skyrme type interactions [140-
142], the effect of deformation on the distribution of the GT and
B decay properties have been studied. The comparison between
the experimental GT strength distribution B(GT) and the results
of QRPA calculations was implemented as a novel method of
deducing the deformation of N = Z nucleus 768y [143].

In the PHFB model [66, 67, 69, 70, 72], the effect of
deformation on the NTMEs of 88 decay has been studied and the
role of quadrupolar correlations has also been investigated. The
quenching of NTMEs seems to be closely related with the explicit
inclusion of deformation effects, which are absent in the other
models. Out of several possibilities, the quadrupole moment of
the intrinsic state (Qg) and quadrupole deformation parameter
B2 have been taken as a quantitative measure of the deformation.
The variation of the <Qg>, B2, and M with respect to the change
in strength of QQ interaction ¢4y has been investigated in order
to understand the role of deformation on the NTMEs M
(66, 67, 72].

It is noticed that there is an anticorrelation between the
deformation parameter and the NTMEs MX) in general. The
effect of deformation on M® is quantified by the quantity D%
defined as the ratio of M®) at zero deformation (Lqqg = 0) and
tull deformation (¢44 = 1) and is given by [72, 73]

o _ MO =0) (35)

M(K)(qu =1)

In Table 5, the values of deformation ratios D), D), DOON),
Dgg and D((UXZ) are presented for 24967z, 100Mo, 110pq, 128:130T¢,
and ®'Nd nuclei. Owing to deformation effects, the NTMEs
M) MOV ppON)] M(C)I(l)’ and Mg? are suppressed by factor of
about 2-6 in the mass range 90 < A < 150, and the deformation
ratios are independent of underlying mechanisms. Although the
results are presented for PQQI parametrization with SRCI, the
deformation ratios are independent of used SRC.

5.6. Uncertainties in NTMEs
Employing sets of twelve NTMEs M®) calculated for *+%°Zr,

1000, 110pg, 128130Te, and 15ONd isotopes, averages M and
variances AMhave been statistically estimated using
N (K)
— -~ M:
M(K) _ Zz:l i (36)
N
and
N 1/2
7 1 (—(K) <1<))2
AM™ = —— M —M; . 37
VN -1 [-: ' 47

i=1

By evaluating the same mean M™ and standard deviations
AM® for eight NTMEs calculated using SRC2 and SRC3

parameterizations, the role of Miller-Spencer parameterization
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TABLE 7 | Comparison of NTMEs due to light Majorana neutrino exchange MOV and heavy Majorana neutrino exchange MON) calculated within PHFB model (case (a))
for 967y, 100\, 1281307, and 150Nd isotopes with those of other models.

NTMEs due to light Majorana neutrino exchange MmO

Nuclei PHFB PNQRPA[53] QRPA[12, 144] ISM[18] IBM-2[47] CDFT[42] EDF[40]

9%6zr 2.85740.265 3.14 2.446 2.83 6.37 5.65

10Mo 6.2500.638 3.90 5.018 4.22 6.48 5.08

1287¢ 3.61240.395 4.92 4,563 2.88 4.10 411

1307 4.046+0.497 4.00 3.554 2.65 3.70 4.89 5.13

150Nd 2.826:0.430 2.67 5.46 1.71
NTMESs due to heavy Majorana neutrino exchange mON)

Nuclei PHFB PNQRPA[53] SRQRPA[105] ISM[145] IBM-2[44] CDFT[42]

96zr 100.53:£36.89 307.9 59.0 220.9

100Mo 206.75+73.08 350.8 259.8 99.3 232.6

1287¢ 126.83+46.34 396.1 48.4

1307 136.39+46.92 338.3 239.7 146 44.0 193.8

180Nd 85.55+31.45 68.4 218.2

TABLE 8 | Nuclear sensitivities £©), OV, £ (8p¢) and £ (8o 4).

Nuclei £ gON £ (BB9) £ (BB 4)
n=1 n=3 n=3

947y 16.71 6.27x102 1.47 1.62x1073 7.00x1075 4.00x105
967y 68.15 2.76x103 14.29 3.92x1072 1.70x1073 5.79x103
10000 130.46 4.96x103 25.28 6.32x1072 2.53x1073 7.28x1073
110pqg 82.03 3.06x103 11.47 2.03x1072 9.31x10~4 1.30x1073
1287 14.53 5.86x 102 1.05 6.81x1074 3.27x107% 1.03x107°
130T 79.77 3.09x10° 13.59 2.91x1072 1.24x1073 2.62x1073
150Ng 116.74 4.08x10° 25.89 7.12x1072 3.10x1073 1.12x1072

TABLE 9 | Experimentally observed half-lives 71“3? ), 720/”2‘?” (vr) and Tﬁ‘j”;’*”) (yr) of 942y, 967y, 100\0, 110pq 128,130 ang 159N isotopes.

Nuclei Tg%) (yr) References Tg%") (yr) References
n=1 References n=3 n=7

94zr 1.9x1019 [146] 2.3x10'8 [146]
967y 9.2x1021 [147] 1.9x1021 5.8x1020 1.1x1020 [147]
100Mo 1.1x1024 [148] 4.4%x1022 [148] 1.0x1022 7.0x1019 [149]
110py 6.0x1017 [150] - - - -
1287 1.5x1024 93] 1.5x1024 93] 1.5x1024 1.5x1024 93]
130T 1.5x102° [151] 1.6x1022 [152] 9.0x10%2 [153]
150Nd 2.0x10%2 [154] 3.0x1021 [154] 2.2x10%0 4.7x1019 [155]

of Jastrow type of SRC has been ascertained. In Table 6, the  isotopes, the uncertainties AM®™ are about 12 and 15%,

(0"), N )) M(CXR) , and ij‘z) along with respectively. Exclusion of NTMEs due to SRC1 in the statistical

estimated averages M
analysis reduce the uncertainties by 1.5-5%. Without (with)

their respective variances AM®, AMY, AM(CXR), and AMS(Z) —0
for 94967y, 100\, 110pq, 128130Te and 159N isotopes have SRCI1, estimated uncertainties AM/y are about 4-14% (9-
15%). Due to the identical form of corresponding operators,

been presented. The calculated NTMEs due to exchange of light o
(0v) (0
and M, are of

(0v) the uncertainties in both the NTMEs M

the same order. Uncertainties Aﬁffz) in NTMEs Mgz) exhibit a

negligible dependence on SRC and are about 7.0-21% (7.5-21%)
(ON)

Majorana neutrino M

M) within PHFB model have been compared with the results
of other models in Table 7. i

In general, the uncertainties AM™ displayed in Table7,  without (with) SRCI. Estimated uncertainties AM
are of the order of 10%. In the case of 130Te and 1Nd  NTMEs M™ for the 0vB~ B~ decay of 9907y, 190Mo, 110pq,

as well as heavy Majorana neutrino

in average
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FIGURE 2 | Variation in extracted limits on the v, — ve mixing matrix element
|Ueh \2 with the mass mj,.

128,130T¢ and 1°°Nd isotopes are about 35%. With the exclusion
of NTMESs due to SRC1, uncertainties in NTMEs are reduced to

about 16-20%. Without (with) SRC1, uncertainties AM(OV)(mh)
in M(Ov)(mh) are about 4% (9%)-20% (36%) depending on the
considered mass of the sterile neutrinos [38].

5.7. Nuclear Sensitivities
The nuclear sensitivity £ X) is related to the sensitivity of effective
parameter of underlying mechanism and has been defined
by [100]

g8 = 108\/671‘M(K>‘, (38)
with an arbitrary normalization factor 10% so that the nuclear
sensitivities turn out to be order of unity. In Table 8, the nuclear
sensitivities £ X, with K = 0v, ON, £ (BB¢), £X)(BBp¢) for
the 0vB~ B~ decay of 9496771 100\, 110p(, 128130T¢e and 1°ONd
isotopes are presented. It is observed that the nuclear sensitivities
for OvB~ B~ decay of 1Mo, 1"°Nd, 13°Te, 110Pd, %Zr, *4Zr, and
128Te isotopes are in the decreasing order of their magnitudes.
However, the nuclear sensitivities £X) for the 0V 8 ~ xdecay
of 19Nd, %Mo, %6Zr, 130Te, 110Pd, ¥4Zr, and 128Te isotopes are
in the decreasing order of their magnitudes. In comparison with
new Majoron models, the nuclear sensitivities of the promising
nuclei for the classical Majoron models are larger by about a
factor of 10°~%. Remarkably, the nuclear sensitivities £ of
different nuclei are mode dependent.

5.8. Extraction of Gauge Theoretical

Parameters

Limits on the effective mass of light Majorana neutrino (m,),
effective mass of heavy Majorana neutrino (My), the v, —
V. mixing matrix element U,,, and effective Majoron-neutrino
coupling constants < a} have been extracted from the largest
observed limits on half-lives Ti%) of 0vB~ B~ decay of *%°7r,

98,1000, 128130Te, and 15ONd isotopes and given in Table 9.
In Table 10, the effective parameters (m,), (My), and < a) in

TABLE 10 | Extracted effective light Majorana mass < m, >, effective heavy
Majorana mass < My >, effective Majoron-neutrino couplings (9«)-

Nuclei <m, > (eV) < My > (GeV) (Ga)

n=1 n=3 n=3 n=7
94z¢ 7.02x102 2.57x10% 4.49x1072 - - -
9Bz¢ 7.82 2.49x108 1.61x1074 0106 156 1.28
100Mo 0.37 4.88x107 1.89x107° 0.016 063 1.28
1287 2.87 6.74x10° 7.79x107% 0120 1.58 2.81
1307 0.17 1.12x108 582x107% 0.011 052 -
150Ng 3.10 5.42x108 7.05x107% 0.095 1.48 1.14

classical and new Majoron models have been presented. In the
case of 139Te nuclei, the most stringent limits on (m, ) and (My)
are < 0.17eV and > 1.12x 10® GeV, respectively. Within classical
Majoron model, the most stringent extracted limit on (g,) <
1.89 x 107 is obtained for '%°Mo isotope. As the NTMEs and
phase space factors of the new Majoron models are smaller than
those of classical Majoron models, the extracted limits on (g, ) of
new Majoron models are large by a factor of 10*~> than those
of classical Majoron models. In Figure 2, the extracted limits on
the vj, — v, mixing matrix element U, from the largest observed
limits on the half-lives T?}’z of OvB~ B~ decay are displayed
. In comparison to laboratory experiments, astrophysical and
cosmological observations [156, 157], the extracted limits on the
vy — Ve mixing matrix element Uy, span a wider region of vy
mass my, and are comparable to the limits obtained in Blennow
etal. [158].

As the sensitivities of the ongoing double- 8 decay experiments
juxtaposed with the new Majoron models are quite weak, a

comparison between the expected half lives Tf(/);X) of 4%7r,
10Mo, 128130Te, and 1°Nd isotopes within classical and new
Majoron models is of experimental interest. In Table 11, the

predicted half-lives T{%X) for spectral indices n = 1,3 of

0vB~ B~ ¢ and n = 3,7 of 0B~ B~ p¢ decay modes with (go)
107% and g4 = 1.254 are presented. In addition, the predicted
half-lives Tf%) of OvB~B~ decay of *+°Zr, %Mo, 10pd,

128,130Te, and "°Nd isotopes are also given for (m,) = 50 meV.

Ovx)
T1/2

to 1°ONd and !2Te isotopes, respectively. It is noticed that the
(00
1/2

The smallest and largest predicted half-lives correspond

predicted half-lives of classical Majoron models for the
potential nuclei are within the reach of planned experiments and
in the near future, no observable decay signal of new Majoron
models can be detected.

6. CONCLUSIONS

In the PHFB model, sets of four HFB intrinsic wave functions
have been generated with four different parameterizations of
pairing plus multipole effective two body interaction. These sets
of four HFB intrinsic wave functions reasonably reproduced
the observed spectroscopic properties, namely the yrast spectra,
deformation parameters 8, (the reduced B(E2:0" — 27)
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TABLE 11 | Predicted half-lives 71“/)? ), Tﬁ%‘?” (vr) and Tﬁ%d"f’) (yr) of 94z, %67,

100\p, 110pq 128,1307¢  and 159Nd isotopes with m,, = 0.05 eV and
(9) =106,

R 0 0
Nuclei  T{%, 0 0 v 7O wn
n=1 n=3 n=3

947y 3.74x10%7  4.65x10%7  3.81x10%8  1.95x10%®  7.83x10%8
967y 225x10%6  4.90x10%°  6.51x10%0  3.47x10%°  2.98x10%
100Mo  6.14x1025  156x10%°  2.50x10%0  1.56x10%  1.88x10%
MO0pg  1.55x10%6  7.60x10%°  2.43x1037  1.15x10%  5.94x10%
128Te  4.95x10%27  9.10x10%7  2.15x10%%  0.36x10%  9.36x10%9
180Te  1.64x10%6  541x10%°  1.18x10%"  6.52x10%°  1.45x10%°
180Nd  7.66x10%°  1.49x10%%  1.97x10%0  1.04x10%°  7.92x10%3

transition probabilities), static quadrupole moments Q(27), g-
factors g(21) of participating nuclei in 2v8~ 8~ decay, and the
NTMEs M,, [66, 67]. With the consideration of three different
parameterizations of Jastrow type of SRC, sets of twelve NTMEs
have been calculated using dipole form factor to study the
0vB~ B~ decay of *%7r, 100Mo, 110pq, 128130Te, and 15ONd
isotopes within mechanisms involving light as well as heavy
Majorana neutrino, sterile neutrinos, and Majorons.

By using A/2 in place of A, relative changes in NTMEs M)

and M%) are less than 16%, and the NTMEs Mi))g) vary by a factor
of 2. Due to FNS and SRC, changes in NTMEs M) and M(c)g are

below 23 and 17%, respectively, and NTMEs M[(U)g) remain almost
unchanged. In the case of heavy Majorana neutrino exchange, the
NTMEs MM are reduced by about 38-42% due to FNS and
with the addition of SRC1, SRC2 and SRC3, NTMEs are further
reduced by 65-68%, 40-42%, and 18-20%, respectively. Due to
deformation, the NTMEs M©") pfON), M(C)Ee) , and Mi)’g) change
by a factor of 2-6.

With (without) SRC1, estimated uncertainties AM and
AMZ) are about 8-15% (4-13%) and 9-15% (4-14%),
respectively. Uncertainties AMSE) in NTMEs Mgz) exhibit a
negligible dependence on SRC and are about 7.0-21% (7.5-
21%) without (with) SRC1. Further, uncertainties in NTMEs
MI(\?V) are about 35% and by excluding NTMEs due to SRC1
corresponding to Miller-Spencer parametrization of Jastrow type
of SRC, the maximum uncertainty is reduced to less than 20%. In
the case of sterile neutrinos, the uncertainties in NTMEs without
(with) SRCLI are in between 4-20% (8-36%) depending on the
considered mass of the sterile neutrinos.

(0v)

REFERENCES

1. Barabash AS. Main features of detectors and isotopes to investigate double
beta decay with increased sensitivity. Int ] Mod Phys A. (2018) 33:1843001.
doi: 10.1142/S0217751X18430017

2. Dell'Oro S, Marcocci S, Viel M, Vissani F. Neutrinoless Double Beta
Decay: 2015 Review. Adv High Energy Phys. (2016) 2016:2162659.
doi: 10.1155/2016/2162659

The nuclear sensitivities £X) for new Majoron models are
smaller by 3 to 4 order of magnitudes than those of classical
Majoron models. The study of sensitivities of considered nuclei
suggests that to extract the effective mass of light Majorana
neutrino (m,), Mo is the preferred isotope and '"°Nd is
the favorable isotope to extract the (gM>. Thus, the sensitivities
of different nuclei are mode dependent. The best limit on the
effective neutrino mass (m,) < 0.17 eV is obtained from the
observed limit on the half-live T?}’z > 1.5 x 10%° yr of OV~ B~

decay of 13%Te isotope [151]. Using average NTMEs MI(\(,)V), the

extracted stringent limit on the effective heavy Majorana neutrino
mass (My) from available limits on experimental half-lives T?}’z

is > 1.12 x 10% GeV for 3°Te isotope. It has been observed
that in comparison to laboratory experiments, astrophysical and
cosmological observations, the extracted limits on the sterile
neutrino v, — v, mixing matrix element U, extend over a
wider region of mass my,. In the case of 1Mo isotope, one
obtains the best limit on the classical Majoron-neutrino coupling
constant <gM) < 1.89 x 107°. Extracted effective Majoron-
neutrino coupling constants (go,> for new Majoron models are 3-4
order of magnitude larger than those of classical Majoron models.

The calculated half lives T{%X) for < g >= 107 suggest that
although in the ongoing/planned S experiments, the classical
Majoron accompanied OvB~ B8~ ¢ decay might be observed, it
would be very difficult to observe the Majoron accompanied
0vB~ B~ x decay within new Majoron models in the near future.

AUTHOR CONTRIBUTIONS

PRat substantial contributions to the conception or design of the
work; or the acquisition, analysis, or interpretation of data for
the work. RC drafting the work and analysis of data for the work.
KC revising it critically for important intellectual content. PRai
revising it critically for important intellectual content.

ACKNOWLEDGMENTS

We thank all our collaborators, especially Dr. J. G. Hirsch, for
providing valuable suggestions through his active participation
over the years. This work has been partially supported by
DST-SERB, India (Grant No. SR/FTP/PS-085/2011), DST-
SERB (Grant No. SB/S2/HEP-007/2013), the Council of
Scientific and Industrial Research (CSIR), India (Sanction
No. 03(1216)/12/EMR-II), and the Indo-Italian Collaboration
DST-MAE project via Grant No. INT/Italy/P-7/2012 (ER).

3. Vergados JD, Ejiri H, Simkovic F. Neutrinoless double beta
decay and neutrino mass. Int. J. Mod Phys E. (2016) 25:1630007.
doi: 10.1142/50218301316300071

4. Vergados JD, Ejiri H. Theory of neutrinoless double-beta decay. Rep Prog
Phys. (2012) 75:106301. doi: 10.1088/0034-4885/75/10/106301

5. Schechter ], Valle JWE. Neutrinoless double-8 decay in SU(2)xU(1)
theories. Phys Rev D. (1982) 25:2951. doi: 10.1103/PhysRevD.25.
2951

Frontiers in Physics | www.frontiersin.org

12

May 2019 | Volume 7 | Article 64


https://doi.org/10.1142/S0217751X18430017
https://doi.org/10.1155/2016/2162659
https://doi.org/10.1142/S0218301316300071
https://doi.org/10.1088/0034-4885/75/10/106301
https://doi.org/10.1103/PhysRevD.25.2951
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Rath et al.

Nuclear Transition Matrix Elements

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Hirsch M, Klapdor-Kleingrothaus HYV, Kovalenko SG. B-L-violating

masses in softly broken supersymmetry. Phys Lett B. (1997) 398:311-4.
doi: 10.1016/S0370-2693(97)00234-7

. Vogel P, Zirnbauer MR. Suppression of the two-neutrino double-beta

decay by nuclear-structure effects. Phys Rev Lett. (1986) 57:3148-51.
doi: 10.1103/PhysRevLett.57.3148

. Civitarese O, Faessler A, Tomoda T. Suppression of the two-neutrino double

B decay. Phys Lett B. (1987) 194:11-4. doi: 10.1016/0370-2693(87)90760-X

. Suhonen J, Civitarese O. Weak-interaction and nuclear-structure aspects of

nuclear double beta decay. Phys Rep. (1998) 300:123-214.

Faessler A, Simkovic F. Double beta decay . J Phys G. (1998) 24:2139.
doi: 10.1088/0954-3899/24/12/001

Engel ], Menéndez J. Status and future of nuclear matrix elements for
neutrinoless double-beta decay: a review. Rep Prog Phys. (2017) 80:046301.
doi: 10.1088/1361-6633/aa5bc5

Simkovic E, Rodin V, Faessler A, and Vogel P. 0v and 2vf8 nuclear matrix
elements, quasiparticle random-phase approximation, and isospin symmetry
restoration. Phys Rev C. (2013) 87:045501. doi: 10.1103/PhysRevC.87.045501
Caurier E, Poves A, and Zuker AP. A full 0hw description of the 2v88 decay
of 8Ca Phys Lett B. (1990) 252:13-17. doi: 10.1016/0370-2693(90)91071-1
Caurier E, Nowacki F Poves A, Retamosa J. Shell model studies of the
double beta decays of 7°Ge, #2Se, and '3°Xe. Phys Rev Lett. (1996) 77:1954.
doi: 10.1103/PhysRevLett.77.1954

Horoi M, Neacsu N. Shell model study of the neutrinoless double beta decays.
Nucl Phys A. (1999) 654:973c-6c¢. doi: 10.1016/S0375-9474(00)88583-8
Caurier E, Menéndez J, Nowacki E, and Poves A. Influence of pairing on the
nuclear matrix elements of the neutrinoless 8 decays. Phys Rev Lett. (2008)
100:052503. doi: 10.1103/PhysRevLett.100.052503

Caurier E, Nowacki E Poves
the neutrinoless BB -decays. Eur Phys ] A.
doi: 10.1140/epja/i2007-10527-x

Menéndez J, Poves A, Caurier E, Nowacki F. Disassembling the nuclear
matrix elements of the neutrinoless 88 decay. Nucl Phys A. (2009) 818:139-
51. doi: 10.1016/j.nuclphysa.2008.12.005

Brown BA, Horoi M, Sen’kov RA. Nuclear structure aspects of
neutrinoless double-8 decay. Phys Rev Lett. (2014) 113:262501.
doi: 10.1103/PhysRevLett.113.262501

Neacsu A, Horoi M. Shell model studies of the '**Te neutrinoless double-$
decay. Phys Rev C. (2015) 91:024309. doi: 10.1103/PhysRevC.91.024309
Horoi M, Brown BA. Shell-model analysis of the !**Xe double beta
decay nuclear matrix elements. Phys Rev Lett. (2013) 110:222502.
doi: 10.1103/PhysRevLett.110.222502

Horoi M, Stoica S. Shell model analysis of the neutrinoless double-8
decay of *8Ca. Phys Rev C. (2010) 81:024321. doi: 10.1103/PhysRevC.81.
024321

Brown BA, Fang DL, Horoi M. Evaluation of the theoretical nuclear
matrix elements for B decay of 7°Ge. Phys Rev C. (2015) 92:041301(R).
doi: 10.1103/PhysRevC.92.041301

Sen’kov. RA, Horoi M. Shell-model
double-B  decay of 7°Ge. Phys
doi: 10.1103/PhysRevC.93.044334

Sen’kov RA, Horoi M. Accurate shell-model nuclear matrix elements
for neutrinoless double-f decay. Phys Rev C. (2014) 90:051301(R).
doi: 10.1103/PhysRevC.90.051301

Sen’kov RA, Horoi M, Brown BA. Neutrinoless double-8 decay of 82Ge
in the shell model: beyond the closure approximation. Phys Rev C. (2014)
89:054304. doi: 10.1103/PhysRevC.89.054304

Rodriguez RA, Sarriguren P, Moya de Guerra E, Pacearescu L, Faessler
A, Simkovic F. Deformed quasiparticle random phase approximation
formalism for single- and two-neutrino double 8 decay. Phys Rev C. (2004)
70:064309. doi: 10.1103/PhysRevC.70.064309

Simkovic E Pacearescu L, Faessler A. Two-neutrino double beta decay
of 7°Ge within deformed QRPA. Nucl Phys A. (2004) 733:321-50.
doi: 10.1016/j.nuclphysa.2004.01.002

Pacearescu L, Faessler A, Simkovic F. Nuclear deformation and the double-
beta decay. Phys At Nucl. (2004) 67:1210-5. doi: 10.1134/1.1772462

Yousef MS, Rodin V, Faessler A, Simkovic F. Two-neutrino double
B decay of deformed nuclei within the quasiparticle random-phase

A. Nuclear-structure aspects of
(2008) 36:195-200.

calculation of neutrinoless
Rev C. (2016) 93:044334.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

approximation with a realistic interaction. Phys. Rev. C. (2009) 79:014314.
doi: 10.1103/PhysRevC.79.014314

Fang DL, Faessler A, Simkovic F. 0vff-decay nuclear matrix element for
light and heavy neutrino mass mechanisms from deformed quasiparticle
random-phase approximation calculations for 7°Ge, 32Se, 13%Te, 3°Xe,
and "°Nd with isospin restoration. Phys. Rev. C. (2018) 97:045503.
doi: 10.1103/PhysRevC.97.045503

Simkovic E Faessler A, Rodin V, Vogel P, Engel J. Anatomy of
the OvBB nuclear matrix elements. Phys Rev C. (2008) 77:045503.
doi: 10.1103/PhysRevC.77.045503

Faessler A, Rodin V, Simkovic F. Nuclear matrix elements for neutrinoless
double-beta decay and double-electron capture. J Phys G. (2012) 39:124006.
doi: 10.1088/0954-3899/39/12/124006

Fang DL, Faessler A, Rodin V, Simkovic F. Neutrinoless double-
B decay of deformed nuclei within quasiparticle random-phase
approximation with a realistic interaction. Phys Rev C. (2011) 83:034320.
doi: 10.1103/PhysRevC.83.034320

Fang DL, Faessler A, Rodin V, Simkovic F. Neutrinoless double-f decay
of 1"ONd accounting for deformation. Phys Rev C. (2010) 82:051301(R).
doi: 10.1103/PhysRevC.82.051301

Mustonen MT, Engel J. Large-scale calculations of the double-8 decay
of 70Ge, 13Te, 13Xe, and '"'Nd in the deformed self-consistent Skyrme
quasiparticle random-phase approximation. Phys Rev C. (2013) 87:064302.
doi: 10.1103/PhysRevC.87.064302

Rath PK, Chandra R, Chaturvedi K, Raina PK, Hirsch JG. Uncertainties
in nuclear transition matrix elements for neutrinoless S8 decay within the
PHFB model.Phys Rev C. (2010) 82:064310. doi: 10.1063/1.3671043

Rath PK, Chandra R, Chaturvedi K, Lohani P, Raina PK, Hirsch JG.
Neutrinoless BB decay transition matrix elements within mechanisms
involving light Majorana neutrinos, classical Majorons and sterile neutrinos.
Phys Rev C. (2013) 88:064322. doi: 10.1103/PhysRevC.88.064322

Rath PK, Chandra R, Raina PK, Chaturvedi K, Hirsch JG. Uncertainties
in nuclear transition matrix elements for neutrinoless Bf decay: the
heavy Majorana neutrino mass mechanism. Phys Rev C. (2012) 85:014308.
doi: 10.1103/PhysRevC.85.014308

Rodriguez TR, Pinedo GM. Energy density functional study of nuclear
matrix elements for neutrinoless 88 decay. Phys Rev Lett. (2010) 105:252503.
doi: 10.1103/PhysRevLett.105.252503

Yao JM, Song LS, Hagino K, Ring P, Meng J. Systematic study of nuclear
matrix elements in neutrinoless double-B decay with a beyond-mean-
field covariant density functional theory. Phys Rev C. (2015) 91:024316.
doi: 10.1103/PhysRevC.91.024316

Song LS, Yao JM, Ring P, Meng J. Nuclear matrix element of neutrinoless
double-8 decay: relativity and short-range correlations. Phys Rev C. (2017)
95:024305. doi: 10.1103/PhysRevC.95.024305

Barea J, Iachello F. Neutrinoless double-f decay in the microscopic
interacting boson model. Phys Rev C. (2009) 79:044301.
doi: 10.1103/PhysRevC.79.044301

Barea J, Kotila J, Iachello F. Nuclear matrix elements for double-8 decay. Phys
Rev C. (2013) 87:014315. doi: 10.1103/PhysRevC.87.014315

Tachello E, Barea J, Kotila J. Advances in the theory of 0vBS decay. AIP Conf
Proc. (2011) 1417:62. doi: 10.1063/1.3671038

Tachello F, Barea J. Advances in the theory of OvBf decay. Nucl
Phys B Proc Suppl. (2011) 217:5-8. doi: 10.1016/j.nuclphysbps.2011.
04.055

Barea ], Kotila J, Iachello F. 0vB8B and 2vBB nuclear matrix elements in
the interacting boson model with isospin restoration. Phys Rev C. (2015)
91:034304. doi: 10.1103/PhysRevC.91.034304

Vogel P. Double beta decay: theory, experiment, and implications.
In: Caldwell OD, editor. Current Aspects of Neutrino Physics.
Berlin; Heidelberg: Springer (2001). p. 177. arXiv:nucl-th/0005020.
doi: 10.1007/978-3-662-04597-8_8

Bahcall JN, Murayama H, and Garay CP. What can we learn from
neutrinoless double beta decay experiments? Phys Rev D. (2004) 70:033012.
doi: 10.1103/PhysRevD.70.033012

Avignone III FT, King III GS, Zdesenko Yu G. Next generation double-
beta decay experiments: metrics for their evaluation. New ] Phys. (2005) 7:6.
doi: 10.1088/1367-2630/7/1/006

Frontiers in Physics | www.frontiersin.org

13

May 2019 | Volume 7 | Article 64


https://doi.org/10.1016/S0370-2693(97)00234-7
https://doi.org/10.1103/PhysRevLett.57.3148
https://doi.org/10.1016/0370-2693(87)90760-X
https://doi.org/10.1088/0954-3899/24/12/001
https://doi.org/10.1088/1361-6633/aa5bc5
https://doi.org/10.1103/PhysRevC.87.045501
https://doi.org/10.1016/0370-2693(90)91071-I
https://doi.org/10.1103/PhysRevLett.77.1954
https://doi.org/10.1016/S0375-9474(00)88583-8
https://doi.org/10.1103/PhysRevLett.100.052503
https://doi.org/10.1140/epja/i2007-10527-x
https://doi.org/10.1016/j.nuclphysa.2008.12.005
https://doi.org/10.1103/PhysRevLett.113.262501
https://doi.org/10.1103/PhysRevC.91.024309
https://doi.org/10.1103/PhysRevLett.110.222502
https://doi.org/10.1103/PhysRevC.81.024321
https://doi.org/10.1103/PhysRevC.92.041301
https://doi.org/10.1103/PhysRevC.93.044334
https://doi.org/10.1103/PhysRevC.90.051301
https://doi.org/10.1103/PhysRevC.89.054304
https://doi.org/10.1103/PhysRevC.70.064309
https://doi.org/10.1016/j.nuclphysa.2004.01.002
https://doi.org/10.1134/1.1772462
https://doi.org/10.1103/PhysRevC.79.014314
https://doi.org/10.1103/PhysRevC.97.045503
https://doi.org/10.1103/PhysRevC.77.045503
https://doi.org/10.1088/0954-3899/39/12/124006
https://doi.org/10.1103/PhysRevC.83.034320
https://doi.org/10.1103/PhysRevC.82.051301
https://doi.org/10.1103/PhysRevC.87.064302
https://doi.org/10.1063/1.3671043
https://doi.org/10.1103/PhysRevC.88.064322
https://doi.org/10.1103/PhysRevC.85.014308
https://doi.org/10.1103/PhysRevLett.105.252503
https://doi.org/10.1103/PhysRevC.91.024316
https://doi.org/10.1103/PhysRevC.95.024305
https://doi.org/10.1103/PhysRevC.79.044301
https://doi.org/10.1103/PhysRevC.87.014315
https://doi.org/10.1063/1.3671038
https://doi.org/10.1016/j.nuclphysbps.2011.04.055
https://doi.org/10.1103/PhysRevC.91.034304
https://doi.org/10.1007/978-3-662-04597-8_8
https://doi.org/10.1103/PhysRevD.70.033012
https://doi.org/10.1088/1367-2630/7/1/006
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Rath et al.

Nuclear Transition Matrix Elements

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Bilenky SM, Grifols JA. The possible test of the calculations of nuclear
matrix elements of the (BfB)o,-decay. Phys Lett B. (2002) 550:154-9.
doi: 10.1016/S0370-2693(02)02978-7

Rodin VA, Faessler A, Simkovic E Vogel P. Uncertainty in the
0vBB decay nuclear matrix elements. Phys Rev C. (2003) 68:044302.
doi: 10.1103/PhysRevC.68.044302

Hyvirinen ], Suhonen J. Nuclear matrix elements for 0OvSg decays with
light or heavy Majorana-neutrino exchange. Phys Rev C. (2015) 91:024613.
doi: 10.1103/PhysRevC.91.024613

Suhonen J. Nuclear matrix elements of B8 decay from f-decay data. Phys
Lett B. (2005) 607:87-95. doi: 10.1016/j.physletb.2004.12.048

Rodin VA, Faessler A, Simkovic F, Vogel P. Assessment of uncertainties in
QRPA 0vpp-decay nuclear matrix elements. Nucl Phys A. (2006)766:107-
31. Erratum to: Assessment of uncertainties in QRPA 0vBf-decay nuclear
matrix elements. [Nucl. Phys. A 766 (2006) 107] (2007) 793:213-5.
doi: 10.1016/j.nuclphysa.2007.06.014

Kortelainen M, Suhonen J. Nuclear matrix elements of O0vBS decay
with improved short-range correlations. Phys Rev C. (2007) 76:024315.
doi: 10.1103/PhysRevC.76.024315

Kortelainen M, Civitarese O, Suhonen J, Toivanen J. Short-range correlations
and neutrinoless double beta decay. Phys Lett B. (2007) 647:128-32.
doi: 10.1016/j.physletb.2007.01.054

Simkovic F, Faessler A, Miither H, Rodin V, Stauf M. 0vpBB-decay nuclear
matrix elements with self-consistent short-range correlations. Phys Rev C.
(2009) 79:055501. doi: 10.1103/PhysRevC.79.055501

Engel J. Uncertainties in nuclear matrix elements for neutrinoless double-
beta decay. ] Phys G. (2015) 42:034017. doi: 10.1088/0954-3899/42/3/034017
Dobaczewski ], Nazarewicz W, Reinhard P. Error estimates
of theoretical models: a guide. J Phys G. (2015) 41:074001.
doi: 10.1088/0954-3899/41/7/074001

Dixit BM, Rath PK, Raina PK. Deformation effect on the double Gamow-
Teller matrix element of '®’Mo for the 0% —0 T transition. Phys Rev C.
(2002) 65:034311. Erratum: Deformation effect on the double Gamow-Teller
matrix element of 1°°Mo for the 07 — 07 transition [Phys. Rev. C 65, 034311
(2002)] Phys Rev C. (2003) 67:059901E. doi: 10.1103/PhysRevC.67.059901
Chaturvedi K, Dixit BM, Rath PK, Raina PK. Two neutrino double 8 decay
of 1Mo to the 2 excited state of '’Ru. Phys Rev C. (2003) 67:064317.
doi: 10.1103/PhysRevC.67.064317

Civitarese O, Suhonen J. Use of summation methods in the calculation
of nuclear double beta decay processes. Phys Rev C. (1993) 47:2410.
doi: 10.1103/PhysRevC.47.2410

Civitarese O, Suhonen J. Two-neutrino double-beta decay to excited
one- and two-phonon states. Nucl Phys A. (1994) 575:251-68.
doi: 10.1016/0375-9474(94)90188-0

Civitarese O, Suhonen J. Is the single-state dominance
in double B decay transitions? Phys Rev C. (1998)
doi: 10.1103/PhysRevC.58.1535

Chandra R, Singh J, Rath PK, Raina PK, Hirsch JG. Two-neutrino double-
B decay of 94 < A < 110 nuclei for the 07 — 0% transition. Eur Phys ] A.
(2005) 23:223-34. doi: 10.1140/epja/i2004-10087-7

Singh S, Chandra R, Rath PK, Raina PK, Hirsch JG. Nuclear deformation and
the two-neutrino double-8 decay in 24120Xe,128130Te 1301325 and 150Nd
isotopes. Eur Phys J A. (2007) 33:375-81. doi: 10.1140/epja/i2007-10481-7
Singh YK, Chandra R, Raina PK, Rath PK. Two neutrino double-f decay
of 94< A < 150 nuclei for the 07 — 2% transition. Eur Phys J A. (2017)
53:244-8. doi: 10.1140/epja/i2017-12445-8

Raina PK, Shukla A, Singh S, Rath PK, Hirsch JG.The 0t —
0" positron double-f decay with emission of two neutrinos in the
nuclei “°Ru, 92Pd, 19Cd and °Cd. Eur Phys ] A. (2006) 28:27-35.
doi: 10.1140/epja/i2005-10280-2

Shukla A, Raina PK, Chandra R, Rath PK, Hirsch JG. Two-neutrino positron
double-beta decay of 1°°Cd for the 07 — 07 transition. Eur Phys ] A. (2005)
23:235-42. doi: 10.1140/epja/i2004-10084-x

Rath PK, Chandra R, Singh S, Raina PK, Hirsch JG. Quadrupolar correlations
and deformation effect on two-neutrino €+and ee modes of 1*° Dy isotope.
J Phys G. (2010) 37:055108. doi: 10.1088/0954-3899/37/5/055108
Chaturvedi K, Chandra R, Rath PK, Raina PK, Hirsch JG. Nuclear
deformation and neutrinoless double-g decay of *+%Zr, 9$100Mo, 104Ruy,

realized
58:1535.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

110pq, 128.130T¢, and '*°Nd nuclei within a mechanism involving neutrino
mass. Phys Rev C. (2008) 78:054302. doi: 10.1103/PhysRevC.78.054302

Rath PK, Chandra R, Chaturvedi K, Raina PK, Hirsch JG. Deformation
effects and neutrinoless positron B8 decay of *°Ru,!92Pd,'%Cd,!?*Xe,!3'Ba,
and %Dy isotopes within a mechanism involving Majorana neutrino
mass. Phys Rev C. (2009) 80:044303. doi: 10.1103/PhysRevC.80.
044303

Rath PK, Chandra R, Chaturvedi K, Lohani P, Raina PK, Hirsch ]JG.
Uncertainties in nuclear transition matrix elements for AT A%and
eB modes of neutrinoless positron double-B decay within the projected
Hartree-Fock-Bogoliubov model. Phys Rev C. (2013) 87:014301.
doi: 10.1103/PhysRevC.87.014301

Chandra R, Chaturvedi K, Rath PK, Raina PK, Hirsch JG. Multipolar
correlations and deformation effect on nuclear transition matrix
elements of double-B decay. Europhys Lett. (2009) 86:32001.
doi: 10.1209/0295-5075/86/32001

Rath PK, Chandra R, Chaturvedi K, Lohani P, Raina PK. Nuclear transition
matrix elements for Majoron-accompanied neutrinoless double-8 decay
within a projected-Hartree-Fock-Bogoliubov model. Phys Rev C. (2016)
93:024314. doi: 10.1103/PhysRevC.93.024314

Brandow BH. Linked-cluster expansions for the nuclear many-body
problem. Rev Mod Phys. (1967) 39:771. doi: 10.1103/RevModPhys.39.771
Jensen MH, Kuo TTS, Osnes E. Realistic effective interactions for nuclear
systems. Phys Rep. (1995) 261:125. doi: 10.1016/0370-1573(95)00012-6
Brussard PJ, Glaudemans PWM. Shell-Model Applications in Nuclear
Spectroscopy. Amsterdam: North-Holland (1977).

Caurier E, Pinedo GM, Nowacki E, Poves A and Zuker AP. The shell model
as a unified view of nuclear structure. Rev Mod Phys. (2005) 77:427-88.
doi: 10.1103/RevModPhys.77.427

Haxton WC, Lau T. The canonical nuclear many-body
problem as an effective theory. Nucl Phys A. (2001) 690:15-28.
doi: 10.1016/S0375-9474(01)00927-7

Goodman AL. Hartree-Fock-Bogoliubov theory with applications to nuclei.
In: Negele JW, Voget E, editors. Advances in Nuclear Physics, Vol. 11. New
York, NY: Plenum (1979). p. 263.
Onishi N, Yoshida S. Generator
nuclei in the transition region.
doi: 10.1016/0029-5582(66)90096-4
Sakai M. Quasi-bands in
Data  Tables. (1984)  31:399-432.
90010-X

Raman S, Nestor CW Jr, Tikkanen P. Transition Probability from the ground
to the first-excited 2" state of even-even nuclides. At Data Nucl Data Tables.
(2001) 78:1-128. doi: 10.1006/adnd.2001.0858

coordinate method applied to
Nucl Phys. (1966) 80:367-76.

even-even nuclei. At Data Nucl
doi: 10.1016/0092-640X(84)

Raghavan P. Table of nuclear moments. At Data Nucl
Data  Tables.  (1989)  42:189-291. doi:  10.1016/0092-640X(89)
90008-9

Kotila J, Iachello F. Phase-space factors for double-g decay Phys Rev C. (2012)
85:034316. doi: 10.1103/PhysRevC.85.034316

Stoica S, Mirea M. New calculations for
involved in double-8 decay. Phys Rev C.
doi: 10.1103/PhysRevC.88.037303

Pahomi TE, Neacsu A, Mirea M, Stoica S. Phase space calculations for beta-
beta- decays to final excited 2+1 states. Roman Rep Phys. (2014) 66:370.
Hirsch JG, Castanios O, Hess PO, Civitarese O. Double-beta
decay to excited states in '"'Nd. Nucl Phys A. (1995) 589:445-59.
doi: 10.1016/0375-9474(95)00090-N

Bohr A, Mottelson BR. Nuclear Structure Vol. I. Singapore: World
Scientific (1998).

Hirsch JG, Castanos O, Hess PO, Civitarese O. Double-beta
decay of '"Mo: the deformed limit. Phys Rev C. (1995) 51:2252.
doi: 10.1103/PhysRevC.51.2252

Barabash AS. Average and recommended half-life values for two-
neutrino double beta decay. Nucl Phys A. (2015) 935:52-64.
doi: 10.1016/j.nuclphysa.2015.01.001

Raduta AA, Raduta CM. Double beta decay to the first 2™ state within a
boson expansion formalism with a projected spherical single particle basis.
Phys Lett B. (2007) 647:265-70. doi: 10.1016/j.physletb.2007.02.007

phase space factors
(2013)  88:037303.

Frontiers in Physics | www.frontiersin.org

14

May 2019 | Volume 7 | Article 64


https://doi.org/10.1016/S0370-2693(02)02978-7
https://doi.org/10.1103/PhysRevC.68.044302
https://doi.org/10.1103/PhysRevC.91.024613
https://doi.org/10.1016/j.physletb.2004.12.048
https://doi.org/10.1016/j.nuclphysa.2007.06.014
https://doi.org/10.1103/PhysRevC.76.024315
https://doi.org/10.1016/j.physletb.2007.01.054
https://doi.org/10.1103/PhysRevC.79.055501
https://doi.org/10.1088/0954-3899/42/3/034017
https://doi.org/10.1088/0954-3899/41/7/074001
https://doi.org/10.1103/PhysRevC.67.059901
https://doi.org/10.1103/PhysRevC.67.064317
https://doi.org/10.1103/PhysRevC.47.2410
https://doi.org/10.1016/0375-9474(94)90188-0
https://doi.org/10.1103/PhysRevC.58.1535
https://doi.org/10.1140/epja/i2004-10087-7
https://doi.org/10.1140/epja/i2007-10481-7
https://doi.org/10.1140/epja/i2017-12445-8
https://doi.org/10.1140/epja/i2005-10280-2
https://doi.org/10.1140/epja/i2004-10084-x
https://doi.org/10.1088/0954-3899/37/5/055108
https://doi.org/10.1103/PhysRevC.78.054302
https://doi.org/10.1103/PhysRevC.80.044303
https://doi.org/10.1103/PhysRevC.87.014301
https://doi.org/10.1209/0295-5075/86/32001
https://doi.org/10.1103/PhysRevC.93.024314
https://doi.org/10.1103/RevModPhys.39.771
https://doi.org/10.1016/0370-1573(95)00012-6
https://doi.org/10.1103/RevModPhys.77.427
https://doi.org/10.1016/S0375-9474(01)00927-7
https://doi.org/10.1016/0029-5582(66)90096-4
https://doi.org/10.1016/0092-640X(84)90010-X
https://doi.org/10.1006/adnd.2001.0858
https://doi.org/10.1016/0092-640X(89)90008-9
https://doi.org/10.1103/PhysRevC.85.034316
https://doi.org/10.1103/PhysRevC.88.037303
https://doi.org/10.1016/0375-9474(95)00090-N
https://doi.org/10.1103/PhysRevC.51.2252
https://doi.org/10.1016/j.nuclphysa.2015.01.001
https://doi.org/10.1016/j.physletb.2007.02.007
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Rath et al.

Nuclear Transition Matrix Elements

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Doi M, Kotani T, Takasugi E. Double beta decay and majorana neutrino. Prog
Theor Phys Suppl. (1985) 83:1-175. doi: 10.1143/PTPS.83.1

Doi M, Kotani T. Neutrinoless modes of double beta decay. Prog Theor Phys.
(1993) 89:139-59. doi: 10.1143/PTP.89.139

Hirsch M. Klapdor-Kleingrothaus HV and Panella O. Double beta
decay in left-right symmetric models. Phys Lett B. (1996) 374:7-12.
doi: 10.1016/0370-2693(96)00185-2

Haxton WC, Stephenson GJ. Double beta decay. Jr Prog Part Nucl Phys.
(1984) 12:409-79. doi: 10.1016/0146-6410(84)90006-1
Tomoda T. Double beta decay. Rep Prog Phys.
doi: 10.1088/0034-4885/54/1/002

Simkovic F, Pantis G, Vergados JD, Faessler A. Additional nucleon current
contributions to neutrinoless double B decay. Phys Rev C. (1999) 60:055502.
doi: 10.1103/PhysRevC.60.055502

Vergados JD. The neutrinoless double beta decay from a modern perspective.
Phys Rep. (2002) 361:1-56. doi: 10.1016/S0370-1573(01)00068-0

Stefanik D, Dvornicky R, Simkovic F, Vogel P. Reexamining the light
neutrino exchange mechanism of the OvBp decay with left- and right-
handed leptonic and hadronic currents. Phys Rev C. (2015) 92:055502.
doi: 10.1103/PhysRevC.92.055502

Stoler P. Exclusive reactions of high momentum transfer. Phys Rep. (1993)
226:103.

Simkovic E, Vergados JD, Faessler A. Few active mechanisms of the 0vBS
decay and effective mass of Majorana neutrinos. Phys Rev D. (2010)
82:113015. doi: 10.1103/PhysRevD.82.113015

Faessler A, Meroni A, Petcov ST, Simkovic F Vergados J. Uncovering
multiple CP nonconserving mechanisms of (88)o, decay. Phys Rev D. (2011)
83:113003. doi: 10.1103/PhysRevD.83.113003

Tello V, Nemevsek M, Nesti F, Senjanovic G, Vissani F. Left-right symmetry:
from the LHC to neutrinoless double beta decay. Phys Rev Lett. (2011)
106:151801. doi: 10.1103/PhysRevLett.106.151801

Simkovic F, Nowak M, Kaminski WA, Raduta AA, Faessler A.
Neutrinoless double beta decay of 7°Ge,%28e,'%Mo, and '**Xe to excited
0" states. Phys Rev C. (2001) 64:035501. doi: 10.1103/PhysRevC.64.
035501

Aguilar A, Auerbach LB, Burman RL, Caldwell DO, Church ED, Cochran
AK, et al. Evidence for neutrino oscillations from the observation
of v, appearance in a vV, beam. Phys Rev D. (2001) 64:112007.
doi: 10.1103/PhysRevD.64.112007

Aguilar-Arevalo AA, Anderson CE, Brice SJ, Brown BC, Bugel L, Conrad JM,
et al. Event Excess in the MiniBooNE Search for v, — v, Oscillations. Phys
Rev Lett. (2010) 105:181801. doi: 10.1103/PhysRevLett.105.181801

Mention G, Fechner AM, Lasserre ATh, Mueller A ThA, Lhuillier AD,
Cribier AM, et al. Reactor antineutrino anomaly. Phys Rev D. (2011)
83:073006. doi: 10.1103/PhysRevD.83.073006

Mueller ThA, Lhuillier D, Fallot M, Letourneau A, Cormon S, Fechner M,
et al. Improved predictions of reactor antineutrino spectra. Phys Rev C.
(2011) 83:054615. doi: 10.1103/PhysRevC.83.054615

Huber P. Determination of antineutrino spectra from nuclear
reactors. Phys Rev C. (2011) 84:024617. doi: 10.1103/PhysRevC.84.
024617

Giunti C, Laveder M. Short-baseLine electron neutrino disappearance. Nucl
Phys B Proc Suppl. (2011) 217:193-5. doi: 10.1016/j.nuclphysbps.2011.04.098
Bamert P, Burgess CP, Mohapatra RN. Multi-majoron modes for
neutrinoless double-beta decay. Nucl Phys B. (1995) 449:25-48.
doi: 10.1016/0550-3213(95)00273-U

Pilaftsis A. Astrophysical and terrestrial constraints on singlet Majoron
models. Phys Rev D. (1994) 49:2398. doi: 10.1103/PhysRevD.49.2398

Benes P, Faessler A, Kovalenko A, Simkovic F. Sterile neutrinos
in neutrinoless double beta decay. Phys Rev D. (2005) 71:077901.
doi: 10.1103/PhysRevD.71.077901

Chikashige Y, Mohapatra RN, Peccei RD. Spontaneously broken lepton
number and cosmological constraints on the neutrino mass spectrum. Phys
Rev Lett. (1980) 45:1926. doi: 10.1103/PhysRevLett.45.1926.2

Chikashige Y, Mohapatra RN, Peccei RD. Are there real goldstone bosons
associated with broken lepton number? Phys Lett B. (1981) 98:265-8.
doi: 10.1016/0370-2693(81)90011-3

(1991)  54:53.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Gelmini GB, Roncadelli M. Left-handed neutrino mass scale and
spontaneously broken lepton number. Phys Lett B. (1981) 99:411-5.
doi: 10.1016/0370-2693(81)90559-1

Georgi HM, Glashow SL, Nussinov S. Unconventional model of neutrino
masses. Nucl Phys B. (1981) 193:297-316. doi: 10.1016/0550-3213(81)
90336-9

Aulakh CS, Mohapatra RN. The neutrino as the supersymmetric
partner of the majoron. Phys Lett B. (1982) 119:136-40.
doi: 10.1016/0370-2693(82)90262-3

Burgess CP, Cline JM. Majorons without majorana masses and
neutrinoless double beta decay. Phys Lett B. (1993) 298:141.
doi: 10.1016/0370-2693(93)91720-8

Burgess CP, Cline JM. New class of Majoron-emitting double-g decays. Phys
Rev D. (1994) 49:5925. doi: 10.1103/PhysRevD.49.5925

Carone CD. Double beta decay with vector majorons. Phys Lett B. (1993)
308:85-8. doi: 10.1016/0370-2693(93)90605-H

Barabash AS. Double beta decay experiments. Phys At Nucl. (2010) 73:162.
doi: 10.1134/S1063778810010187

IV International Pontecorvo Neutrino Physics School, Ukraine Sepetember
26-October 6. Alushta (2010).

Hirsch M, Klapdor-Kleingrothaus HV, Kovalenko SG, Pis H. On the
observability of Majoron emitting double beta decays. Phys Lett B. (1996)
372:8-14. doi: 10.1016/0370-2693(96)00038-X

Kotila J, Barea J, Iachello F. Phase-space factors and half-life predictions
for Majoron-emitting B~ B~ decay. Phys Rev C. (2015) 91:064310.
doi: 10.1103/PhysRevC.91.064310

Menéndez ], Gazit D, Schwenk A. Chiral two-body currents in nuclei:
gamow-teller transitions and neutrinoless double-beta decay. Phys Rev Lett.
(2011) 107:062501. doi: 10.1103/PhysRevLett.107.062501

Suhonen J, Civitarese O. Probing the quenching of g4 by
single and double beta decays. Phys Lett B. (2013) 725:153-
7. doi: 10.1016/j.physletb.2013.06.042

Engel J, Simkovic F Vogel P. Chiral two-body currents and neutrinoless
double-B decay in the quasiparticle random-phase approximation. Phys Rev
C. (2014) 89:064308. doi: 10.1103/PhysRevC.89.064308

Suhonen J. Value of the axial-vector coupling strength in 8 and B8 decays: a
review. Front Phys. (2017) 5:55. doi: 10.3389/fphy.2017.00055

Miller GA, Spencer JE. A survey of pion charge-exchange reactions with
nuclei. Ann Phys. (1976) 100:562-606. doi: 10.1016/0003-4916(76)90073-7
Wu HE Song HQ, Kuo TTS, Cheng WK, Strottman D. Majorana neutrino
and Lepton-Number non-conservation in **Ca nuclear double beta decay.
Phys Lett B. (1985) 162:227-32. doi: 10.1016/0370-2693(85)90911-6

Hirsch JG, Castafios O, Hess PO. Neutrinoless double beta decay in heavy
deformed nuclei. Nucl Phys A. (1995) 582:124-40.

Auerbach N, Zheng DC, Zamick L, Brown BA. Correlation between the
quenching of total GT 4 strength and the increase of E2 strength. Phys Lett B.
(1993) 304:17. doi: 10.1016/0370-2693(93)91392-Z

Auerbach N, Bertsch GE Brown BA, Zhao L. B+ Gamow-
teller strength in nuclei. Nucl Phys A. (1993) 556:190-200.
doi: 10.1016/0375-9474(93)90347-Z

Troltenier D, Draayer JP, Hirsch JG. Correlations between the quadrupole
deformation, B(E2; 01 — 21) value, and total GT+ strength. Nucl Phys A.
(1996) 601:89-102. doi: 10.1016/0375-9474(96)00092-9

Frisk E Hamamoto I, Zhang XZ. Gamow-teller B decay of deformed
nuclei near the proton drip line. Phys Rev C. (1995) 52:2468.
doi: 10.1103/PhysRevC.52.2468

Sarriguren P, Moya de Guerra E, Escuderos A, Carrizo AC.
decay and shape isomerism in 7#Kr. Nucl Phys A. (1998) 635:55-85.
doi: 10.1016/S0375-9474(98)00158-4

Sarriguren P, Moya de Guerra E, Escuderos A. Shapes and B—decay in
proton rich Ge, Se, Kr and Sr isotopes. Nucl Phys A. (1999) 658:13-44.
doi: 10.1016/S0375-9474(99)00346-2

Sarriguren P, Moya de Guerra E, Escuderos A. Spin-isospin excitations and
BT /EC half-lives of medium-mass deformed nuclei. Nucl Phys A. (2001)
691:631-48. doi: 10.1016/50375-9474(01)00565-6

Nacher E, et al. Deformation of the N=Z Nucleus "®Sr using 8-Decay Studies.
Phys Rev Lett. (2004) 92:232501. doi: 10.1103/PhysRevLett.92.232501

Frontiers in Physics | www.frontiersin.org

May 2019 | Volume 7 | Article 64


https://doi.org/10.1143/PTPS.83.1
https://doi.org/10.1143/PTP.89.139
https://doi.org/10.1016/0370-2693(96)00185-2
https://doi.org/10.1016/0146-6410(84)90006-1
https://doi.org/10.1088/0034-4885/54/1/002
https://doi.org/10.1103/PhysRevC.60.055502
https://doi.org/10.1016/S0370-1573(01)00068-0
https://doi.org/10.1103/PhysRevC.92.055502
https://doi.org/10.1103/PhysRevD.82.113015
https://doi.org/10.1103/PhysRevD.83.113003
https://doi.org/10.1103/PhysRevLett.106.151801
https://doi.org/10.1103/PhysRevC.64.035501
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevLett.105.181801
https://doi.org/10.1103/PhysRevD.83.073006
https://doi.org/10.1103/PhysRevC.83.054615
https://doi.org/10.1103/PhysRevC.84.024617
https://doi.org/10.1016/j.nuclphysbps.2011.04.098
https://doi.org/10.1016/0550-3213(95)00273-U
https://doi.org/10.1103/PhysRevD.49.2398
https://doi.org/10.1103/PhysRevD.71.077901
https://doi.org/10.1103/PhysRevLett.45.1926.2
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0550-3213(81)90336-9
https://doi.org/10.1016/0370-2693(82)90262-3
https://doi.org/10.1016/0370-2693(93)91720-8
https://doi.org/10.1103/PhysRevD.49.5925
https://doi.org/10.1016/0370-2693(93)90605-H
https://doi.org/10.1134/S1063778810010187
https://doi.org/10.1016/0370-2693(96)00038-X
https://doi.org/10.1103/PhysRevC.91.064310
https://doi.org/10.1103/PhysRevLett.107.062501
https://doi.org/10.1016/j.physletb.2013.06.042
https://doi.org/10.1103/PhysRevC.89.064308
https://doi.org/10.3389/fphy.2017.00055
https://doi.org/10.1016/0003-4916(76)90073-7
https://doi.org/10.1016/0370-2693(85)90911-6
https://doi.org/10.1016/0370-2693(93)91392-Z
https://doi.org/10.1016/0375-9474(93)90347-Z
https://doi.org/10.1016/0375-9474(96)00092-9
https://doi.org/10.1103/PhysRevC.52.2468
https://doi.org/10.1016/S0375-9474(98)00158-4
https://doi.org/10.1016/S0375-9474(99)00346-2
https://doi.org/10.1016/S0375-9474(01)00565-6
https://doi.org/10.1103/PhysRevLett.92.232501
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Rath et al. Nuclear Transition Matrix Elements
144. Simkovic F, Stefénik D, Dvornicky R. The A Mechanism of the 0vB8-Decay. 154. Arnold R, Augier C, Baker JD, Barabash AS, Basharina-Freshville A,
Front Phys. (2017) 5:57. doi: 10.3389/fphy.2017.00057 Blondel S, et al. Measurement of the 2v8f decay half-life of 1**Nd and a

145. Menéndez J. Neutrinoless B decay mediated by the exchange of light and search for OvBB decay processes with the full exposure from the NEMO-3
heavy neutrinos: the role of nuclear structure correlations. J Phys G. (2018) detector. Phys Rev D. (2016) 94:072003.

45:014003. doi: 10.1088/1361-6471/aa9bd4 155. Argyriades J, Arnold R, Augier C, Baker J, Barabash AS, Basharina-Freshville

146. Arnold R, et al. Double beta decay of *°Zr. Nucl Phys A. (1999) 658:299-312. A, et al. Measurement of the double 8 decay half-life of ®*Nd and search

147. Argyriades J, Arnold R, Augier C, Baker J, Barabash AS, Basharina-Freshville for neutrinoless decay modes with the NEMO-3 detector. Phys Rev C. (2009)
A, et al. Measurement of the two neutrino double beta decay half-life of 80:032501(R). doi: 10.1103/PhysRevC.80.032501
Zr—96 with the NEMO-3 detector. Nucl Phys A. (2010) 847:168-79. 156. Dolgov AD, Hansen SH, Raffelt G, Semikoz DV. Heavy sterile neutrinos:

148. Arnold R, Augier C, Baker JD, Barabash AS, Basharina-Freshville A, bounds from big-bang nucleosynthesis and SN 1987A. Nucl Phys B.
Blondel S, et al. Results of the search for neutrinoless double B (2000)590:562. doi: 10.1016/S0550-3213(00)00566-6
decay in'®Mo with the NEMO-3 experiment. Phys Rev D. (2015) 157. Dolgov AD, Hansen SH, Raffelt G, Semikoz DV. Cosmological and
92:072011. doi: 10.1103/PhysRevD.92.072011 astrophysical bounds on a heavy sterile neutrino and the KARMEN anomaly.

149. Arnold R, Augier C, Baker J, Barabash AS, Brudanin V, Caffrey AJ, et al. Nucl Phys B. (2000) 580:331-51. doi: 10.1016/S0550-3213(00)00203-0
Limits on different majoron decay modes of %Mo and #2Se for neutrinoless 158. Blennow M, Fernandez-Martinez E, Lopez-Pavon ], Menendez J.
double beta decays in the NEMO-3 experiment. Nucl Phys A. (2006) Neutrinoless double beta decay in seesaw models. JHEP. (2010) 07:096.
765:483-94. doi: 10.1016/j.nuclphysa.2005.11.015 doi: 10.1007/JTHEP07(2010)096

150. Winter RG. A search for double beta-decay in palladium. Phys Rev. (1952)

85:687. doi: 10.1103/PhysRev.85.687 Conflict of Interest Statement: The authors declare that the research was

151. Alduino C, et al. First results from CUORE: a search for lepton conducted in the absence of any commercial or financial relationships that could
number violation via OvBB decay of ''Te. Phys Rev Lett. (2018)  be construed as a potential conflict of interest.

120:132501.

152. Arnold R, Augier C, Baker ], Barabash AS, Basharina-Freshville Copyright © 2019 Rath, Chandra, Chaturvedi and Raina. This is an open-access
A, Blondel S, et al. Measurement of the BB decay half-life article distributed under the terms of the Creative Commons Attribution License (CC
of %Te with the NEMO-3 detector. Phys Rev Lett. (2011) BY). The use, distribution or reproduction in other forums is permitted, provided
107:062504. doi: 10.1103/PhysRevLett.107.062504 the original author(s) and the copyright owner(s) are credited and that the original

153. Arnaboldi C, Brofferio C, Bucci C, Capelli S, Cremonesi O, Fiorini E, et al. publication in this journal is cited, in accordance with accepted academic practice.

A calorimetric search on double beta decay of '**Te. Phys Lett B. (2003)
557:167-75. doi: 10.1016/S0370-2693(03)00212-0

No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physics | www.frontiersin.org

16

May 2019 | Volume 7 | Article 64


https://doi.org/10.3389/fphy.2017.00057
https://doi.org/10.1088/1361-6471/aa9bd4
https://doi.org/10.1103/PhysRevD.92.072011
https://doi.org/10.1016/j.nuclphysa.2005.11.015
https://doi.org/10.1103/PhysRev.85.687
https://doi.org/10.1103/PhysRevLett.107.062504
https://doi.org/10.1016/S0370-2693(03)00212-0
https://doi.org/10.1103/PhysRevC.80.032501
https://doi.org/10.1016/S0550-3213(00)00566-6
https://doi.org/10.1016/S0550-3213(00)00203-0
https://doi.org/10.1007/JHEP07(2010)096
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

	Nuclear Transition Matrix Elements for Double-β Decay Within PHFB Model
	1. Introduction
	2. Reliability of HFB Wave Functions
	3. Two Neutrino Double Beta Decay
	4. Neutrinoless Double Beta Decay
	4.1. Light Majorana Neutrino Mass Mechanism
	4.2. Heavy Majorana Neutrino Mass Mechanism
	4.3. Mechanism Involving Sterile Neutrinos
	4.4. Majoron Accompanied Neutrinoless Double Decay 

	5. Nuclear Structure Aspects of Transition Matrix Elements
	5.1. Effects Due to FNS and SRC
	5.2. Validity of Closure Approximation
	5.3. Effects Due to PQQ1, PQQHH1, PQQ2, and PQQHH2 Parametrizations
	5.4. Radial Evolutions of NTMEs
	5.5. Deformation Effects
	5.6. Uncertainties in NTMEs
	5.7. Nuclear Sensitivities
	5.8. Extraction of Gauge Theoretical Parameters

	6. Conclusions
	Author Contributions
	Acknowledgments
	References


