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ABSTRACT

The confirmation of neutrino oscillation -one of most captivating topics of Neutrino
Physics- suggests that neutrinos are massive, and consequently, two possibilities, namely
Dirac or Majorana nature of these particles arise. However, the actual mass of neutrinos
can not be extracted from the oscillation data, which provide only mass-squared differ-
ences. The absolute mass scale of neutrinos and the nature of neutrinos are open challenges
to physicsts. The study of tritium single $ decay and (3 decay together are capable to
meet the above mentioned challenges. The neutrinoless double beta (Ov/5~3") decay is
the only potentially viable way to answer the question whether neutrinos are of Dirac or
Majorana nature. The experimental observation of Ov3~ 3~ decay will immediately imply
the Majorana nature of neutrinos.

The Ov3~ 3~ decay has not been experimentally observed hitherto, and only limits on
half-lives of Ov3~ 3~ decay are available. These half-life limits permit to extract limits
on various effective lepton number violating parameters. One has to understand the
mechanism of nuclear transition and evaluate the corresponding nuclear transition matrix
elements (NTMEs) with high reliability in order to get accurate effective lepton number
violating parameters. The 2v5~ 3~ and OvS~ (3~ decays involve the same set of initial
and final nuclear wave functions. The usual strategy is to first calculate NTMEs M,, for
2vp3~ [~ decay. The 2v[3~ [~ decay has been observed in eleven nuclei out of 35 possible
candidates. The half-life of 2v3~ 5~ decay is a product of accurately known phase space
factor and NTME. One can extract M,, from the observed half-lives of 2v3~ 3~ decay.
A comparison between the theoretically calculated and experimentally extracted Ma,
provides a cross-check on the reliability of different nuclear models. In the present work,

the 2v5~ 3~ decay as well as the Ov~ 3~ decay have been studied.



PREFACE

The present thesis is on the study of Ov3~ 3~ decay of *#%Zr, 1Mo, 10Pd, 128130 e
and '®°Nd nuclei for the 0© — 0% transition. In the absence of experimental observa-
tion of Ov3~ [~ decay, the nuclear models predict the half-lives assuming certain value
for the neutrino mass or extract limits on various effective gauge parameters from the
experimentally observed limits on half-lives T10/1j2-

Nuclear models employed so far for calculating NTMESs can be broadly classified in to
shell model and its variants, quasiparticle random phase approximations (QRPA) and its
extensions and alternative models. The shell model is the best choice for the calculation
of NTMEs. However, its application is limited only to pf shell nuclei, the study of which
requires a large number of basis states. In heavier nuclei, it is difficult to perform a reliable
shell model calculations without severe truncation. The QRPA and its extensions are the
commonly used models for the calculation of NTMEs. The QRPA calculations can be
performed in large model spaces and this is the advantage over the shell model approach.
Nevertheless, the extreme sensitivity of NTMEs to the strength of particle-particle inter-
action does not allow a reliable prediction of 2v5~ 3~ decay rates. Moreover, the QRPA
solutions collapse within the physical range of particle-particle strength parameter g,,.
Many extensions of the QRPA have been proposed to cure these problems, but none of
them are free from ambiguities. The small predictive power of the QRPA is the main
motivation to look for alternative models. In the present work, we calculate NTMEs of
2uB~ " as well as Ovs~ 3~ decay in Projected Hartree-Fock-Bogoliubov (PHEB) model
using pairing plus quadrupole-quadrupole plus hexadecapole-hexadecapole (PQQHH)
type of effective two-body interaction. The validity of PHFB model is tested by calcu-
lating a number of spectroscopic properties as well as NTMEs M, and comparing them

with the experimental data. The present thesis contains following five chapters.
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In Chapter 1, the literature survey on work done so far to study the 2v5~ 3~ as well
as Ovp~ B~ decay has been presented.

In Chapter 2, we present the theoretical formalism to calculate the nuclear spectro-
scopic properties, specifically, the yrast spectra, reduced B(FE2:07 — 2%) transition prob-
abilities, deformation parameter [, and g-factors ¢g(2%). The calculated spectroscopic
properties of 94967y 94.96,100\[, 100,104R, 104110py 1100 128,130 128,130% ¢ 150N{ and
150Sm nuclei are compared with the observed experimental data.

In Chapter 3, we calculate NTMEs M, and half-lives TIZ/”2 of 2v3~ 3~ decay of *4%Zr,
100Mo, %Ru, 110Pd, 128130Te and '°°Nd nuclei for the 0t — 07 transition. We also
examine the effect of deformation on NTMEs M,,.

In Chapter 4, we study the Ov5~ 3~ decay of 4%Zr, 190Mo, 1%4Ru, 1OPd, 28:130Te and
150Nd nuclei for the 0t — 0% transition within mass mechanism. We calculate the required
NTMESs and extract limits on the effective light as well as heavy Majorana neutrino mass
(m,) and (My), respectively. We also investigate the role of deformation on NTMEs of
Ovp~ B~ decay. In addition, we also estimate the uncertainties associated with NTMEs.

Finally, we conclude with Chapter 5 in which the most important aspects of nuclear
structure in the context of PHFB model are discussed. We also suggest a number of
necessary improvements to be incorporated in the PHFB model for a more reliable study

of 37~ decay in general and Ov3~ 3~ decay in particular.
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Chapter 1

Introduction

The discovery of radioactivity by Henri Becquerel in 1896 opened a new dimension
in the field of nuclear physics. Alpha, beta and gamma rays are the relics of radioactive
decays, and their emissions are governed via strong, weak and electromagnetic interactions
respectively. The energy spectrum of alpha and gamma decays are discrete in nature due
to the emission of a single particle. In 1914, James Chadwick reported the continuous
energy spectrum of beta radiation. In order to explain this continuous spectrum, Wolfgang
Pauli proposed the emission of a chargeless and massless fermion along with beta particle
and called it “neutron” [W. Pauli (1930)]. On 4" December 1930, Pauli wrote a letter to
nuclear physicsts who were going to meet a few days later in Tiibingen, Germany, “Dear
Radioactive Ladies and Gentlemen, As the bearer of these lines, to whom I graciously ask
you to listen, ...... I have hit upon a desperate remedy to save the “exchange theorem” of
statistics and the law of conservation of energy. Namely, the possibility that in the nuclei
there could exist electrically neutral particles, which I will call neutrons, that have spin

1/2 and obey the exclusion principle and that further differ from light quanta in that they



do not travel with the velocity of light. The mass of the neutrons should be of the same
order of magnitude as the electron mass and in any event not larger than 0.01 proton
mass. - The continuous beta spectrum would then make sense with the assumption that
i beta decay, in addition to the electron, a neutron is emitted such that the sum of the
energies of neutron and electron is constant...... ”. In 1932, J. Chadwick discovered the

particle that today we call “neutron” in the nuclear reaction
‘He+°Be -2 C+n (1.1)

After the discovery of neutron, the particle proposed by Pauli was called neutrino (little
neutron) by Enrico Fermi, who gave the first successful theory of 8 decay in 1934.

The Sun and reactors are the rich sources of neutrinos. In 1946, Bruno Pontecorvo
suggested the first radiochemical method of experimental detection of neutrinos on the

observation of the following reaction:

v+ 3 Cl — e + % Ar (1.2)

The experimental detection of antineutrino was done by F. Reines and C. W. Cowan in
an inverse beta reaction

v+p — e +n

at Savannah River experiment during 1954-1956 [Cowan et al. (1956)]. On June 14,
1956, Reines and Cowan sent a telegram to Pauli at Zurich University: “We are happy to
inform you that we have definitely detected neutrinos from fission fragments by observing
inverse beta decay of protons. Observed cross section agrees well with expected six times

ten to minus forty-four square centimeters.” In 1957, Davis experiment gave the first



indication of the distinction between a neutrino and antineutrino because of the 37 Ar was

not generated in the reaction

747Cl — e + 3T Ar (1.4)

which provided a compulsion to assign a lepton number.

In 1956, T. D. Lee and C. N. Yang proposed that parity (P) might not be conserved
in weak interaction in order to resolve the 7 — 6 puzzle. Mrs. Wu and co-workers of
the National Bureau of Standards in 1957 carried out an experiment and verified the
hypothesis of Lee and Yang [Wu et al. (1957)].The experiment seemed also to indicate
that the charge-symmetry (C') was violated. In 1957, Landau, Lee, Yang and Salam
proposed the theory of massless two component neutrino in which neutrino has definite
helicity. In the same year, the helicity was determined experimentally by M. Goldhaber,
L. Grodzins and A. W. Sunyar [Goldhaber et al. (1958)]. In 1962, the data of Brookhaven
neutrino experiment [Danby et al. (1962)] established that there exist another type of
neutrino called as muon neutrino (v,) for which Leon M. Lederman, M. Schwartz and J.
Steinberger were awarded the Nobel Prize in 1988. In 1975, Stanford Linear Accelerator
discovered tau (1) particle. Like other lepton family members i.e. electron and muon,
it was natural to expect tau-neutrino (v,) associated with tau lepton. In 2000, the first
direct detection of the v, was established by the DONUT experiment at Fermilab.

The weak interaction has very astonishing properties. It is different from the other
three interactions in one very fundamental way ¢.e. the parity is not conserved by the
former. The force carriers of weak interaction are W+ and Z° bosons. The six leptons
and six quarks are classified into three independent doublets:

3
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Due to the lepton flavor conservation these doublets, namely (e™, v.), (1, v,) and (77, v,)
do not mix with each others. Quark sector is different than lepton sector because of the
mixing among them known as CKM (Cabibbo-Kobayashi-Maskawa) mixing.

The Standard model (SM) of electroweak interactions was formulated by S. Weinberg
[Weinberg (1967)] and A. Salam [Salam (1969)] in 1967, which is based on an SU(2)xU(1)
gauge symmetry proposed by S. L. Glashow in 1961 [Glashow (1961)]. The SM predicted
the existence of weak neutral currents and the Z° boson. This Standard model also
includes the Higgs mechanism, based on the symmetry breaking which was proposed by P.
W. Higgs (1964a), (1964b), (1966), F. Englert and R. Brout (1964), Guralnik et al. (1964)
and Kibble (1967) that allows the massless gauge bosons. The theory of SM proposed
by Weinberg and Salam was not normalized. In 1971, G. 't Hooft and M.J.G. Veltman
[Hooft (1971a), (1971b), Hooft and Veltman (1972)] made the theory renormalizable. The
discovery of neutral current neutrino interactions in Gargamelle experiment at CERN

[Hasert et al. (1973a), (1973b), (1974)], testified at Fermilab [Benvenuti (1974)]. The



observation of the neutral weak current and the discovery of W* and Z° bosons [Arnison
et al. (1983), Bagnaia et al. (1983)] contributed spectacularly to the success of SM. The
theory of SM is so potent that in principle, all the events of microscopic particles can be
understood in an elementary and unified way. However, neutrinos should have zero mass
according to the SM. On the other hand, quantum theory requires that neutrinos must
have mass to change flavor which has been confirmed in neutrino oscillation experiments.
Since neutrinos do have mass, there are two possibilities, namely Dirac and Majorana
nature of neutrinos. Therefore, the mass as well as nature of neutrinos is not completely

known till date, and neutrinos are the most enigmatic particles in the fermionic sector.

1.1 Neutrino Mass

Weyl predicated the two component spinor theory for a massless neutrino. Unlike weyl
2-component, massive neutrino has 4-component spinor. If two of them are same then it

has possibility that neutrino has 2-component spinor but with mass.

1.1.1 Dirac and Majorana neutrino masses

Dirac was the first person who gave the theory of antiparticles in order to explain the
negative energy problem. Unlike positron (e'), antiparticle of a electron, neutral pion
(%) has its own antiparticle whereas neutral kaon (K°) has distinct antiparticle. Both
pion and kaon are composed of quarks and antiquarks. In order to resolve the discrepancy
E. Majorana (1937) gave the concept of particle which is its own antiparticle called as

Majorana particle. Since, the neutrino interacts via weak interaction and weak interaction



does not follow the conservation of charge conjugation C, hence, the Majorana neutrino
can not be an eigenstate of C' alone.

In order to understand the difference between Majorana and Dirac neutrino, first we
have to assume that there exist a left handed massive neutrino v;. If C'PT invariance
is valid then there exists a right handed antineutrino 7. Since the speed of massive
particles is less than the speed of light, there is always a choice to select the frame
of reference which moves faster than the reference frame in which v, exists. Thus, the
Lorentz transformation alters the direction of the momentum and keeps its spin unaltered
and vy, turns into right handed vz which may or may not be same as vg. If vy is not
same, then v has its own particle 7y. Thus, there exist four states (quadruplet state) at

D

a time known as Dirac neutrino v, as shown in Figure 1.1(a). On the other side, if vp is

the same particle as v, then, there exist only one pair of state as shown in Figure 1.1(b).

This pair of state is known as Majorana neutrino ™.
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Figure 1.1: (a) Dirac neutrino v*". M

(b) Majorana neutrino v™.



Diagonalization of mass term : The mass of neutrinos is calculated by the mass

term of the Lagrangian. This mass term must be Lorentz invariant and Hermitian. This
. . . — —C

requirement restricts the possible mass terms to two groups: ¥t and ¢ ¢¢ as well as

p%and its Hermitian conjugate @Czp. The Dirac field Lagrangian has the form

1 _ —_
Lp=—3 [ dis @00+ Fmpv) (15)
The first part of Eq. (1.5) is the kinetic term and mass term is in the second part. This

Lagrangian is invariant under the global phase transformation

) — Y Y — ey (1.6)
where ¢1)and @Cw is an another Lorentz invariant mass term (Majorana mass term)
that is not invariant under this phase transformation. Consequently, the Dirac mass term
is associated with the conserved lepton number while the Majorana mass term violates
the lepton number conservation. The most general Lorentz invariant and Hermitian La-
grangian has the form

—2Ly = (@mmﬂ + B mptC + P + @me) (1.7)

N =

where my; = my + imgy, The matrix form of Eq. (1.7) has to be

—2n =5 () [ () (19

On the diagonalization of the matrix in Eq. (1.8), we obtain definite mass as well as two

eigenvalues i.e. mp £ |myy| , and two eigenvectors which are given as

7



o\ 1 [ et eityC
<301L) V2 (—ei% + ei%o) (1.9)

where, tan 20 = my/my. These eigenvectors are the eigenstates of charge conjugation with
distinct eigenvalues i.e. mp + |mys|. Hence, these eigenvectors are Majorana fields. If
my = 01in Eq. (1.7), then the mass matrix, as given in Eq.(1.8), is already diagonal with
the eigenvalue mp. Therefore, in this case the eigenvectors are not the eigenstate of C'
and termed as Dirac particle. The Dirac particles have different particle and antiparticle
state. These are also not a C'P conjugation egienstate and hence, Dirac particles exhibits
magnetic as well as electric dipole moments. On the other hand, Majorana particles do
not have magnetic and electric dipole moments because these have eigenstates of C'P.
On consideration of chiral projections of ¢, 1,1 and 1) z1p; represent the Dirac mass
term while v, (¥°) g etc., represent the Majorana mass term. The above mentioned both
type of mass terms violates the chirality. As we know, v, are the 4x4 Dirac matrices.
Therefore, the mass matrix as well as the parameters in Eq. (1.8) must be doubles given

as

0 M Vr
e (°)
~2Ly = 5 (¥ (T ), B0 (T ! (110
v
Mt 0 (¥)r

and M is a 2x2 matrix and contains three parameters mp, my, mo. These parameters are

related with M as



M = ’ITLDI +myo, + mMao0y (12)

where 0, 0, are the Pauli spin matrices. The eigen values of Eq. (1.10) is given by

Ay = % {(mR+mL):I: [(mR—mL)Q—l—Zlm%}%} (1.11)

with mr = my + |me| and my = my — |ma|.

1.1.2 Neutrino Oscillation

In case of neutrino, the most general mass term is [Gribov and Pontecorvo (1969)]
—Ly = My VeVe + My, Ty + My, Vel +Tuve) (1.12)
Above equation can be diagonalize by putting

Ve = cosf vy +sinf vy (1.13)

vy, = —sinf vy +cost vy

where v; and v, are the Dirac particles having definite masses m; and msy, respectively
and they are not eigenstates of charge conjugation C'P and the eigenvalues of Eq. (1.12)
are

1

mya = §{ml/elje + My,v, + [(ml/elje - mzxuuu)Q + 4mzeyu]%} (114)

and 6 can be calculated as

tan20 = 2my,, / (My,0, — Muw.) (1.15)



In case of negative eigenvalues, the field vy;v5 should be used. The time evolution of the

particles vy and v4 is given as
() = e B 1 (0)) 5 [walt)) = e |1y(0)) (1.16)

where E; = (p? + m?)% is the neutrino energy. Here, we have assumed that the propa-
gation of these particles are without interactions. Electron neutrino v, has been created

at ¢ = 0 and it will evolve in time then the state at time ¢ is

ve(t)) = cosfe ™ |uy(0)) + sind e 2 |uy(0)) (1.17)
= (cos®0 e + sin*6 e ) v (0))

+ cosf sinf (e ' — ) |p,(0)

At time ¢ it is in the state |v,). Now the probability of electron neutrino, initialy at time
t = 0, is in the state |v,) at time ¢, is given by the absolute square of the amplitude of
|v,(0)) in Eq. (1.17), i.e.,

1 2 2
P(ve = v,) = [(walve)® = 5 sin® ¢ (1—(:03 m22—pm1t) (1.18)

The above expression describes the neutrino flavor oscillation. The probability P(v, — v.)
of electron neutrino v, which is initially at ¢ = 0 is still in the state v, at latter time ¢ is
2

given by the absolute square of the amplitude of |v.(0)) in Eq. (1.17) i.e. [(vc(0)|v.(t))]

and the total probability is always one

Pve—v.) + Plve—v,) =1 (1.19)
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1.1.3 Experimental aspects of Neutrino oscillations

There are two aspects for the experimental determination of neutrino masses. The ex-
perimental aspect of neutrino oscillations initiated in 1970 by R. Davis et al. through the
observation of solar neutrinos in the Homestake solar neutrino observatory. They were
found the observed rate of solar neutrinos much smaller than the predicted rate by the
Standard Solar Model (SSM). This inconsistency was known as solar neutrino puzzle. In
order to understand the above-mentioned inconsistency, B. Pontecorvo gave the concept
of neutrino oscillation before the Davis experiment started. Kamiokande was the second
experiment that was performed to detected the solar neutrinos was also measured the rate
smaller than the predicted rate by the SSM. In the nineties GALLEX and SAGE (radio-
chemical experiment) gave a significant contribution to the flux, through the detection
from all the reactions like pp, CNO cycles etc., which approximately measured the half
of the predicted rates.

Upto the nineties no such reactor and accelerator based experiments were found the
indications of neutrino oscillation. In 1998 the experimental detection of neutrino oscilla-
tions came forward with the observation of up-down asymmetry in atmospheric neutrino
muon events through the detection of cherenkov radiation in Super Kamiokande. In 2002
SNO experiments gave the indication of vanishing of solar neutrino v, through the obser-
vation of the CC and NC reactions. In 2004 the KamLAND reactor neutrino experiment
was observed the distortion in 7, spectrum. The accelerator long-baseline K2K and MI-
NOS experiments were confirmed the results of neutrino oscillations obtained from the

atmospheric Super-Kamiokande experiment. Neutrino oscillations were not found in the
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CHOOQOZ and Palo Verde reactor experiments. The MiniBooNE experiment doesn’t con-
firm accelerator short-baseline LSND indication. The result provided by LSND needs an
existence of sterile neutrinos. All these experiments provides the large data to support

the neutrino having masses and mixing among the v., v, and v, neutrinos.

Solar neutrino experiment

Thermonuclear pp and CNO cycles are the sources of the generation of solar electron
neutrinos. The temperature at the centre of the sun is 15x10% K. This temperature
favours the dominance of pp cycle over the CNO cycle. Significantly heavier stars have
much higher temperature than the sun are favorable for CNO cycle. The contribution
of CNO cycle in the generation of energy of the sun is about 1%. First deuterium is

produced in pp reactions

ptp—dtet+v., pre +p—dtu. (1.20)

In Eq. (1.20), deuterium produced from pp reaction gives an major contribution about

99.71%, while pep reaction has only 0.23% contribution. Deuterium and proton make the

3He
p+d—*He+ry (1.21)
This *He is disappears as follows
3He+3 He »* He+p+p (84.82%)
3He+p —* He+et +v.  (about 1075%) (1.22)
SHe +* He —" Be + (15.08%)

12



The “Be produced in the third reaction (Eq. (1.22)) ultimately produces the *He nuclei
"Be+e —"Li+v., "Li+p—*He+*He (1.23)

"‘Be+p—®B+~y B®B—-®Be*+e"+v, B®Be*—?*He+*He (1.24)
These produced positrons annihilate with the electrons produces the sun’s energy and

neutrino by the reaction

dp+2e~ —* He+2v. 4+ Q (1.25)

where

Q =4m, +2m, — may, = 26.73 MeV (1.26)

The sun energy (%Q ~ 13.36 MeV) are released with the emission of one neutrino. The
energy are released in the form of photons (~98%) and neutrinos (~2%). Consider F is
the energy of neutrino. The emission of such neutrinos is accompanied by the production
of luminous energy equal to 3Q — E. If ¢,(E) is the flux on the earth of neutrinos from

the source r (r = pp,” Be,® B, ... ) we have the following relation

/ 2 (é@ - E) ou(B) dF = (1.28)

where £ is the luminosity of the sun and R is the sun-earth distance. Eq. (1.28) is known

as Luminosity relation. We have assumed the fact that neutrinos were produced 8 min
before the detection. While, photon takes about 10° years to reach from center to the

surface of the sun. Now, luminosity relation has the form

X(5-F) e m 42

yoR /E o.(E) dE (1.30)



E, is the average neutrino energy and ¢, = [ ¢,(E) dE is the total flux of the neutrinos.
From the analysis of flux data predicted by SSM, we can neglect the second term of the

Eq. (1.29). The expression for the total flux has the form

L
v zT: Pr= 2w R2Q)
Taking into account that £ = 2.40 x 103 MeV s7! and R = 1.496 x 10*® ¢cm we can find

0~ 6.4 x 10" em 2571

Homestake Chlorine Solar Neutrino Experiment Homestake was the first exper-
iment carried out by R. Davis [Davis et al. (1968)], in which solar electron neutrinos,
were detected. For this R. Davis got the Nobel prize in 2002. In the Davis experiment
radiochemical Cl-Ar method, given by B. Pontecorvo in 1946, was used. Solar electron

neutrinos were detected via the observation of the reaction.
Ve +97Cl — e +%7 Ar (1.31)

Energy threshold set for this reaction is equal to 0.814 MeV. The 37 Ar atoms are radioac-
tive and they decay via electron-capture with emission of Auger electrons. The half-life
of the decay is 34.8 days. In this experiment, 615 tons of liquid perchloroethylene (CyCly)
were used as an detector. This experiment was carried out in the Homestake mine (USA)
at depth of 1480m for minimizing the cosmic ray background. Taken the two-months
exposure time, radioactive 3"Ar atoms produced in the reaction (1.31) were extracted
and the signal of auger electron was detected by putting the 3" Ar atoms in the low back-

ground proportional counter. The energy threshold is larger for the Cl-Ar reaction (1.31)
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in comparison with pp neutrinos. After 108 runs, the measured event rate between 1970
to 1994 are found to be

Rey = (2.56 4+ 0.16 & 0.16) SNU

while on the consideration of no neutrino oscillation the rate predicted by Standard Solar

Model (SSM)

Rgsy = (8.1+£1.3) SNU

Radiochemical GALLEX-GNO and SAGE Experiments Radiochemical GALLEX-
GNO [Anselmann et al. (1994), Altmann et al. (2005)] and SAGE [Abdurashitov et al.
(1994)] experiments were designed to detect the solar neutrinos as well as the low energy

neutrinos from pp reaction. The observed neutrinos came from the reaction.
Ve+Ga— e+ Ge (1.32)

Threshold set for this reaction is equal to 0.233 MeV. The half life of "'Ge is equal to 11.43
days. 100 tons of water solution of gallium chloride were used as an detector in GALLEX-
GNO experiment while in the SAGE experiment 50 tons of "'Ga in form of liquid. In
order to minimize the background, former experiment was carried out in underground
Gran Sasso Laboratory (Italy) and the later one in the Baksan Neutrino Observatory.
They have taken 123 GALLEX and GNO exposure runs, one exposure run is about 4
weeks, between the year 1991-2003. Whereas, In the SAGE experiment they have taken

92 runs during 1990-2001 and They got the event rate is

Rga = (67.5+5.1) SNU  (GALLEX-GNO)

Rea = (70.8733) SNU  (SAGE)
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Kamiokande and Super-Kamiokande Solar Neutrino Experiments They were
used a 2,140 ton water Cherenkov as detector. This Kamiokande experiment [Renshaw
et al. (2014)] was done in the Kamioka mine (Japan) at a depth of about 1,000 m.
Recoil electrons from the elastic neutrino-electron scattering were used to detect the solar

neutrinos.
Vete—v,+e (x=epurT) (1.33)

They had used 1000 photomultipliers of diameter 50 cm as detector to detect the cherenkov
radiation in water which is produced by electron neutrinos came from the process (1.33).

They have found the total flux of high energy ®B neutrinos from this experiment is
©K =(2.80£0.19 £ 0.33) .10° em 2571

This experiment was run from year 1987 to 1995. In 1996 they were used a 50 kiloton water
Cherenkov as detector and hence named as Super-Kamiokande (SK). The first phase of SK
(SK-I) initiated in 1996 and completed in 2001 while the second phase (SK-II) initiated
in December 2002 and completed in October 2005. In this phase 11,000 photomultipliers

were used. The total flux from both of the phases are found to be

@31 = (2.354+0.0240.08) .10 em 257!

@S- — (2,38 40.05 +0.16) .10% cm 257!

SNO Solar Neutrino Experiment The rate predicted by Standard Solar Model
(SSM) were larger than the rate obtained from the Homestake, GALLEX-GNO, SAGE,
Kamiokande and Super-Kamiokande experiments. This experiment [Ahmad et al. (2002)]
was carried out in the Creighton mine (Sudbury, Canada) at a depth of 2092 m. They
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used 1,000 tons of D,O contained in acrylic vessel as detector along with 9,456 photo-
multipliers of diameter 20 cm to detect the cherenkov radiation. In this experiment, the

detection of solar neutrinos was done through three processes given as.

Ve+d—e +p+0p CC process
Ve+d—vy,+p+n (x=eu 1) NC process (1.34)
V,+e—v,+te ES process

The total fluxes of neutrinos are found to be

¢ = (1.68£0.06700%) .10% cm 257!
e ¢ = (4.94+0.21%037) 10° em s

ey = (2.35+£0.2240.15).10° cm %5

Borexino Solar Neutrino Experiment In 2007 Borexino solar neutrino experiment
[Bellini et al. (2014)] has started. The detector of this experiment is a scintillator with a
mass of 278 tons in a nylon vessel. In order to detect the scintillation light the inner surface
of the detector contains 2212 photomultipliers. “Be neutrinos with energy 0.862 MeV are
observed in real time. After the run of 192 days, the interaction rate of “Be obtained is
Rporezino = (49 £ 3 £4) counts/(day 100 ton). Considering no neutrino transitions and
the flux of the "Be neutrinos is given by the SSM (¢("Be) = (5.08 & 0.25)-10%m2s71),

we get the rate Rgsy = (74 +4) counts/(day 100 ton).
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Super-Kamiokande Atmospheric Neutrino Experiment

Neutrino having energy from 100 MeV to 10 TeV are detected in this atmospheric neutrino
experiment [Fukuda et al. (1998)]. Interaction of neutrinos and antineutrinos with the
nuclei in the detector produced an electron and muons which is used for the detection of
neutrinos having energies ranges from 100 MeV to 10 GeV through the observation of the

reaction:

@)+ N =1 (IN+X 1= (ep) (1.35)

Pions and kaons are produced by the interaction of cosmic ray with nuclei of the at-
mosphere and the subsequent decay of the pions, kaons and muons generated atmospheric
neutrinos. The observation of atmospheric neutrinos follow the reactions
=t +rv, pt—et+rv.+7,
(1.36)
O R o 7 puo— e +vetvy,
The differentiability between electrons and muons generated in Eq. (1.35) is important
for the investigation of flavor neutrino oscillations. Detection of Cherenkov radiation
is the indication of leptons in this experiment. Cherenkov ring for electrons is totally
different from muons. Instead of muon, Cherenkov ring for electrons have more diffuse
light. The ratio r of the (v, +7,) and (v.+7.) fluxes gives the indication of flavor
neutrino oscillations. Double ratio R = fweans (... is the measured and ryc is the

T™MC

predicted £ ratios) from the SK-I run was found the value in the sub-GeV region

Rsup—gev = 0.658 £ 0.016 £ 0.035
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In the multi-Gev region

Rouiti—gev = 0.658 £ 0.016 £ 0.035

KamLAND Reactor Neutrino Experiment

KamLAND experiment [Eguchi et al. (2003)] produced the results of reactor 7.. This
experiment was carried out in Japan (Kamioka mine). One kilo-ton of high purity liquid
scintillator is used as detector that is contained in nylon ballon of diameter 13 m which
is further suspended in buffer oil. Both are contained in stainless steel vessel of diameter
18 m. Inside the inner surface of the vessel, 1,879 photomultiplier tubes were mounted
while 225 phototubes were mounted outside the vessel. Electron antineutrinos generated
from the 55 Japanese reactors are detected in the KamLAND experiment through the
observation of the reaction.

Vet+tp—et+n (1.38)

Eq. (1.38) is a famous inverse beta decay.

CHOOZ Reactor Neutrino Experiment 5 tons of Gd liquid scintillator contained
in an acrylic vessel used as detector in this experiment [Apollonio et al. 2003],. The
antineutrinos were detected through the observation of the reaction (1.38). Further, v
signal produced by the positron annihilation and a delayed signal from the capture of
the neutron by Gd (in this process «’s with a total energy of 8 MeV are produced) were
recorded in coincidence. In this experiment, 3,600 antineutrino events were recorded from

April 1997 to July 1998. The ratio R of the total number of detected 7, events to the
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expected events was found

R=1.01+28%

Long-Baseline Accelerator Neutrino Experiments

K2K Accelerator Neutrino Experiment K2K [Ahn et al. (2006)] and MINOS
[Adamson et al. (2008)] experiments are used to study the mass squared difference
of atmospheric neutrinos Am3,. These experiments are the long-baseline accelerator
experiments. The oscillation length of a neutrino having energy 1 GeV and Am3; ~
2.5 x 1073 eV? is

L23 ~ 25

~ 10° k 1.39
Ams3, m m ( )

K2K was the first long baseline experiment. In this experiment KEK accelerator (Japan)
and Super Kamiokande are used as source of neutrinos and detector respectively. The
distance between these two is 250 km. Neutrino beam (97.3% of v,,, 1.3% of v, and 1.4%
of 7,,) was generated by the successive decay of secondary particles that was produced by
the bombardment of protons having energy of 12 GeV from the KEK accelerator to the

aluminum target. The survival probability of the two neutrinos is given by.
.92 <92 2 L
P(v, —v,) =1—sin”260y; sin”  1.27 Am%E (1.40)

where L is the distance between the source and detector, E is the neutrino energy and
Amj3, is the neutrino mass squared difference in eV2. K2K experiment was design to
searched for the vanishing of muon neutrinos. The reduction in total flux and distortion
of neutrino spectrum are the indication of the disappearance of muon neutrino. Analysis

from the data produced in K2K experiment, the range of Am2, for sin?20,3 = 1 was
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found.

1.9 < Am2;, <35 x107%eV?  90% CL

MINOS Accelerator Neutrino Experiment In the MINOS experiment [Adamson
et al. (2008)] the Fermilab Main Injector facility used as source and Sudan mine at a
distance of 735 km as detector respectively. Neutrino beam (92% of v,,, 1.2% of v., 0.1%
of 7, and 5.8% of 7,,) was generated by the successive decay of pions and kaons that
was produced by the bombardment of protons having energy of 120 GeV from the Main
injector to the graphite target. Muon neutrinos are detected in the MINOS experiment

through the observation of the process
vp+Fe—pu~ +X

MINOS experiment measured the muon neutrino survival probability as a function of the
neutrino energy. The survival probability of two neutrinos is given by Eq. (1.40). During
the period of May 2005 to July 2007, 848 muon events were observed in this experiment.
The analysis of two neutrino data of MINOS gave the values for the neutrino oscillation

parameters are

AmiZ, = (2.4340.13) 1073 eV?,  sin?2601, > 0.90 (90% CL)

MiniBooNE Accelerator Neutrino Experiment In the MiniBooNE experiment
[Ray (2007)], the distance between source and detector was 540 m. Neutrino beam was
generated by the successive decay of pions and kaons that was produced by the bom-
bardment of protons having energy of 8 GeV from the Fermilab Booster facility to the
beryllium target. A spherical tank with an inner radius of 610 cm filled with 800 tons of
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pure mineral oil used as detector. Charged particles were detected through the observa-
tion of directional Cherenkov radiation and isotropic scintillation light. 380 candidates

for CC quasielastic events

Ve+n—e +p

were observed.

1.2 Double Beta decay

The nuclear 53 decay, which is a rare and remarkable second order process of weak inter-
action in nature, is expected to proceed through two different modes, namely two neutrino
double beta (2v353) decay and neutrinoless double beta (Ov33) decay. Historically, the
first signature of nuclear 55 decay offered by nature was that some even Z-even N nu-
clei otherwise candidates for 5 decay could still be found in the earth’s crust, billions of
years after they should have become extinct through radioactive disintegrations. Werner
Heisenberg postulated that due to a pairing force between like nucleons, these even-even
nuclei are more bound than the neighboring odd-A nuclei and, hence, stable against (5
decays. In case of Mo and '®Tc , the former being lighter than the latter, is stable
against 4~ decay. However, this stability argument is not a complete solution. The 3~ 5~
decay should indeed take place from Mo to °°Ru, as the former is heavier than the
latter, although single 8~ decay from ®“Mo to '®Tc is forbidden energetically. The half-
life of 2v3~ 5~ decay was calculated by Maria Goepert-Mayer (1935) at the suggestion of
Eugene P. Wigner and the half-life was greater than 107 years, which is exceedingly slow
even on the geological time scale. Thus, the rarity of 58 decay would account for the
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original puzzle of why some unstable even-even isotopes are still around. The 2v55 decay

can be classified into the following four categories on the basis of electron or positron

emission.
(i) AX >34 ,Y 42 +20, (double elctron emission)
(ii) 24X =4 ,Y +2e" +2v, (double positron emission) 13)
(iii) e +3 X =5 , Y +et + 20, (electron capture-positron emission)
(iv) 2e"+4X —5 ,Y +2u, (double electron capture)

In 1939, W. Furry conjectured that if neutrino is a Majorana particle [Majorana (1937)
and Racah (1937)], the neutrinoless double beta (05~ 37) decay could take place. This
process takes place as follows

7X =5, Y +2e” (1.4)

and the estimated half-life of a nucleus in the Ov5~ 3~ decay mode was of the order
of 101! years [Furry (1939)]. In Ov3f decay, there is no corresponding requirement for
neutrinos, although the conservation of energy and momentum required the emission of
neutrinos in single S decay. The energy and momentum could be conserved in this decay
mode, releasing two electrons or positrons only. Thus, the 2v55 and Ovf35 decay modes
are competing processes. There are also four Ov33 decay modes depending on whether

electron or positron is emitted.

(i) AX =5 .Y +2e (double electron emission)

(it) 42X —3 Y 4+ 2t (double positron emission) w5
(iii) e +3 X =5 , Y +ef (electron capture-positron emission) |
(iv) 2e" 43X =5 , V" (double electron capture)
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There are 35 possible candidates undergoing 5~ 5~ decay. In Table 1.1, we have given a
list of them along with Q-value, natural abundance and 3, parameter.

The first theoretical investigation of 53 decay [Zeldovich et al. (1954), Primakoff
(1952) and Rosen and Primakoff (1959)] suggested that the Ov 37/~ process enjoy a
phase space advantage by a factor of 10% over the 2v 873~ decay. This result was quite
inspiring for the experimentalists, as a lifetime of the order of 10'® years was within the
reach of the then experimental capabilities. In the early 1950’s, a series of geochemical,
radiochemical and counter experiments established a limit on the total half-lives of 2 X —
4 oY that far exceeded the values for the O 373~ decay process. These results strongly
suggested that the electron neutrino was a Dirac particle and prompted to introduce a
lepton number L to distinguish the neutrino from its antiparticle. Thus lepton number L

was introduced as

1 for e, v,
L= (1.6)

-1 for e", v,

The assumption that lepton numbers are additive and total lepton number is conserved
allows 2v 73~ decay but forbids the Ov 75~ decay.

With the discovery that the weak interaction violates the conservation of parity max-
imally, it became apparent that the Dirac or Majorana character of the electron neutrino

was still in question. This can be explained as follows. In the 5~ decay
n—p+e +Veg (17)

Ve, +n —p+e (1.8)

the 7, is right-handed and v, is left-handed . Thus, even if neutrino is a massless Majorana
particle
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2n — n+p+e +Ver
= n+pte +Ver

- 2p+2e” (1.9)

because the first neutrino has the wrong helicity for absorption on a neutron. Hence, the
absence of Ov(3~ ™ decay implies neither a Dirac electron neutrino nor a conserved lepton
number L.

Following 1957, there was a marked decline in interest for the study of 55 decay. The
requirement that both lepton number conservation and the ~y;-invariance of the weak cur-
rent had to be violated for the Ov3~ 5~ decay to occur discouraged experimental searches.
Later on, it was conjectured theoretically that Ov 3 decay is expected to proceed mainly
via the small admixtures of right handed currents in the predominantly left handed La-
grangian [Primakoff and Rosen (1961), (1969)] and consequently, the experimental activity

was resumed in the 1960’s.

1.3 Nuclear structure aspect of 5~ 3~ decay

The nuclear 55 decay in general and OvS~ 3~ decay in particular is a convenient tool
to test physics beyond the SM. With the development of modern gauge theories at the
beginning of 1970’s, Doi et al. [(1981), (1982), (1983), (1985)] suggested that the study
of OvB~ 3~ decay rate has the following important ramifications vis-a-vis constraints on

parameters of various gauge field theories beyond the SM, namely (i) lepton number
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conservation, (ii) mass and charge conjugation properties of electron neutrino and (iii)
possible right handed admixtures in the weak leptonic current.

The Ovp3~ 3~ decay has not been observed so far. Hence, the models predict the half-
lives assuming certain value for the neutrino mass or conversely extract various gauge
parameters from the observed half-life limits of the OvS~ 3~ decay. The reliability of
predictions can be judged a priori only from the success of a nuclear model in explaining
various observed physical properties of nuclei. The common practice is to calculate the
Mo, to start with, and compare them with the experimentally observed value as the two
decay modes involve the same set of initial and final nuclear wave functions. However,
the structure of operators are completely different for 2v5~ 3~ and Ov3~ 3~ decay. In the
case of the former, the 17 states play an important role and in the case of the latter, all
possible states contribute due to the appearance of neutrino potential in nuclear transition
operators.

The 2v(3~ 3~ decay is a second order process of weak interaction and conserves the
lepton number exactly. Hence, it is allowed in the SM. The inverse half-life of the 2v5~ 3~

decay for the 0t — 0 transition is given by

[T1272(0+ - 0+)}_1 = G, \M2y|2 (1.10)

where the integrated kinematical factor G5, can be calculated with good accuracy and
the nuclear transition matrix element (NTME) M, is nuclear model dependent. The

half-life of 2v3~ 3~ decay for the 07 — 0" transition has been already measured for 11

nuclei, namely *Ca, "°Ge, 82Se, %Zr, ®Mo, 16Cd, 128139, 136Xe, 15ONd and #**U, out
of 35 possible candidates (Table 1.2). Hence, the values of NTMEs M, can be extracted
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directly. Consequently, the validity of different models employed for nuclear structure
calculations can be tested by calculating Mo, .

Over the past few years, several nuclear models have been employed to calculate the
2vp~ [ and OvB~ [~ decay rates in two-nucleon (2n) mechanism. They can be broadly
classified into three types, namely shell model and its variants, quasiparticle random
phase approximation (QRPA) and its extensions and alternative models. The details
about these models have been discussed by Suhonen et al. (1998) and Faessler et al.
(1998). For the sake of completeness, we briefly discuss below the relative applicability,

success and failure of various models used so far to study the 55 decay process.

1.3.1 Shell model and its variants

The shell model is the best choice for the calculation of the M,,. Haxton et al. (1984)
and Vergados (1976) have studied the 33 decay of ®Ge, 32Se and 2%139Te nuclei in weak
coupling limit. The large scale shell model calculations by Skouras et al. (1983), Zhao
et al. [(1990), (1993)] and Strassbourg-Madrid collaboration [(1990), (1995)] are more
promising in nature. The calculations by Caurier et al. are more realistic in nature in
which the My, of #2Se is calculated exactly and those of "*Ge and 3¢Xe are dealt in a nearly
exact manner [Caurier et al. (1996)]. The conventional shell model and Monte-Carlo shell
model (MCSM) [Koonin et al. (1997) and Radha et al. (1996)] have been tested against
each other for the case of ¥*Ca in complete pf-shell and Ge in upper fpg-shell and the
agreement is interestingly good. It is expected that the MCSM could be a good alternative
to conventional shell model calculations in near future. The NTMEs M) of Ov3~ 3~

decay of 1?%130Te are calculated by Haxton et al. (1984) and Caurier et al. (1999) in
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weak coupling shell model (WCSM). Sen’kov and Horoi (2014) have investigated a novel
method for accurate calculation of M) for Ge. The NTMEs M) of 48Ca, "0Ge,
82Ge, 1248n, 128130 e and '36Xe have been calculated in interacting shell model (ISM) by
Caurier et al. (2008) and Menéndez et al. (2008). Recently Menéndez et al. (2018)
have calculated NTMEs due to light Majorana neutrino exchange M) as well as heavy

Majorana neutrino exchange M ©N) for 0v3~ 5~ of *8Ca, "0Ge, 32Se, 124Sn, *°Te and ¥Xe

nuclei in shell model.

1.3.2 QRPA and their extensions

The QRPA has been used to study various excitations in even Z-even N nuclei [Baranger
(1960)]. This formalism has been applied to study the role of proton-neutron modes in the
Gamow-Teller beta decay [Halbleib et al. (1967)]. Vogel and Zirnbauer were the first to
provide an understanding of the observed suppression of My, in the QRPA model [Vogel
and Zirnbauer (1986)]. It was observed that the quenching of Ms, can be achieved by a
proper inclusion of ground state correlations through the particle-particle interaction in
the S=1, T=0 channel and the calculated half-lives are in close agreement with all the
experimental data.

The QRPA frequently overestimates the ground state correlations as a result of an
increase in the strength of attractive p-n interaction leading to the collapse of QRPA
solutions. The physical value of this force is usually close to the point at which the
QRPA solutions collapse. To cure the strong suppression of Ms,, several extensions of
QRPA have been proposed. The most important extensions are full QRPA [Cheoun et al.

(1993), (1995)], renormalized QRPA (RQRPA) or full RQRPA [Toivanen et al. (1995),
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(1997), Schwieger et al. (1996), (1997)], higher QRPA [Raduta et al. (1991), Stoica et
al. (1993), (1994), (1995) and (1996), Sambataro et al. (1997)], MCM [Suhonen et al.
(1993), Civitarese et al. (1994)] and particle number projection [Civitarese et al. (1990)
and (1991), Krmpotic et al. (1993), Suhonen (1993), Suhonen et al. (1992)]. However,
none of the above methods is free from ambiguities [Faessler (1999)]. Altogether QRPA
and their various extensions with the ability to adjust one free parameter are able to
explain the observed 2v(3~ 3~ decay rate.

In case of O3~ 3~ decay, the NTMEs M) are calculated in QRPA [Engel et al.
(1988), Muto et al. (1989), Tomoda (1991), Pantis et al. (1994), (1996), Suhonen et al.
(1994), (2002), Barbero et al. (1999), Civitarese et al. (2003)] and its extensions, namely
SRPA [Stoica et al. (2001), RQRPA [Simkovic et al. (1997), Faessler et al. (1998),
Simkovic et al. (2001), Stoica et al. (2001)], pnQRPA [Civitarese and Suhonen (2009),
Hyvarinen and Suhonen (2015)], QRPA with isospin restoration [Simkovic et al. (2013)],
deformed QRPA [Fang et al. (2010), (2011), Faessler et al. (2012), Mustonen et al. (2013)]
and deformed QRPA with isospin restoration [Fang et al. (2018)]. The NTMEs M (ON)
have been calculated only in QRPA [Tomoda (1991), Hirsch et al. (1996) and Pantis et al.

(1996)], pnQRPA [Hyvarinen and Suhonen (2015)] and RQRPA [Simkovic et al. (2010)].

1.3.3 Alternative models

The shell model and the QRPA model besides having their own limitations fail to fulfil
the Ikeda sum rule. The small predictive power of QRPA and their extensions is the
main motivation for us to seek an alternative description which might result in a more

reliable approach for the study of nuclear 55 decay processes. Under alternative models,
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the operator expansion method (OEM) [Ching et al. (1989), Simkovic (1989), Engel et al.
(1992), Wu et al. (1991) and (1992), Hirsch et al. (1993), Muto (1993), Simkovic (1998)],
the broken SU(4) symmetry [Bernabeu et al. (1990), Vladimirov et al. (1992), Moe and
Vogel (1994) and Rumyantsev et al. (1995)], group theoretical studies in SU(2) [Hirsch et
al. (1996)], SO(5) [Hirsch et al. (1997)], O(8) [Engel et al. (1997)] and the pseudo SU(3)
[Hirsch et al. (1994), (1995)], two-vacua RPA (TVRPA) [Simkovic et al. (1994) and
Teneva et al. (1995)], the single state dominance hypothesis (SSDH) [Ejiri et al. (1996),
Civitarese et al. (1998) and (1999)], energy density functional (EDF) theory [Rodriguez
et al. (2010), Vaquero et al. (2013)], interacting boson model (IBM) [Barea and Iachello
(2009), Barea et al. (2012)], IBM2 [lachello et al. (2011), Barea et al. (2013)], IBM2
with isospin restoration [Barea et al. (2015)], covariant density functional theory (CDFT)
[Yao et al. (2015), Song et al. (2017)], and Projected Hartree-Fock-Bogoliubov (PHFB)

method [Tomoda et al. (1985) and (1986)] have their own problems.

1.4 Experimental search for 5~ 5~ decay

The experimental aspects of Ov5~ 3~ decay has been reviewed over the years to update
its experimental status [Barabash et al. (2018), Dell’Oro et al. (2015) and references
there in|. In Table 1.2, we have compiled all the experimentally measured half-life limits
of Oy~ 3 decay for the 07 — 0T transition. As discussed earlier that Ov3~ 3~ decay
has not been experimentally observed till date and aim of all the present experimental
activities is to observe this particular decay mode. A few of the promising experimental

projects running world wide are discussed in the below.
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The Cryogenic Underground Observatory for Rare Events (CUORE) consist of one
tower (CUORE-0) which containing a 52 TeO crystals of total mass 39 kg. The obtained
sensitivity of 3%Te in 2015 after 2 year of data collection is Tl% > 2.7 x 10%* yr (90%
C.L.). Combined with the data of prototype Cuoricino it is Tlo/”2 > 4 x 10 yr (90%
C.L.) [Artusa et al. (2014a)]. Meanwhile, CUORE detector array has been completed
by putting tower of 19 CUORE-0 with a total mass of 988 kg. After cooling down and
commissioning, data acquisition is scheduled to start in the first quarter of 2017 [Domizio
(2016)]. The designed sensitivity after a 5 year run will be 77, > 9.5 x 10% yr (90%
C.L.) [Artusa et al. (2014b)]. The energy resolution is good for Ge diode which is about
0.2%. Thus, the GERmanium Detector Array (GERDA) used a high purity germanium
detectors which are enriched in "*Ge at (86-88)%. The efficiencies of the detectors are
again high that is 62-66%. Between the year 2011 to 2013 the Phase I of GERDA was
initiated and GERDA obtained a half-life limit of ™Ge is T}/, > 2.1 x 10 yr (90% C.L.)
[Agostini et al. (2013)]. In December 2015, the Phase II was initiated and obtained
a half-life limit of 77, > 5.4 x 10% yr (90% C.L.) [Agostini et al. (2017)]. In Phase I
(2011-2012) of the KamLAND-Zen (KAmioka Liquid Scintillator Anti-Neutrino Detector)
experiment, xenon enriched in *%Xe at 91% was used. This experiment deduced a half-life
limit of 77, > 1.9 x 10* yr (90% C.L.) for '**Xe with an exposure of 89.5 kg.yr [Gando
et al. (2013)]. In the Phase IT (2013-2016) 504 kg.yr of data were collected. This led to
a half-life limit of 77, > 9.2 x 10® yr (90% C.L.). By combining both results, the 777,
limit becomes > 1.1 x 10?® yr (90% C.L.) [Gando et al. (2016)]. These are the best limits
achieved in the field so far. The Enriched Xenon Observatory (EXO) experiment uses a

liquid xenon (LXe) enriched in *Xe at 81% as source. Phase I (2011-2014) of EX0O-200
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reached a high detector efficiency of 85% and based on 100 kg.yr of collected data, a
half-life limit 777, > 1.1 x 10%* yr (90% C.L.) was deduced for '**Xe while in phase II
(first quarter of 2016), they reached to the energy resolution of 3%. The goal sensitivity
after a 3 yr run will be 77}, > 5.7 x 10?° yr (90% C.L.) [Yen (2016)]. The SuperNEMO
demonstrator is based on the design principles of the NEMO-3 tracking calorimeter. In
2016, two calorimeter walls were installed, commissioning of the trackers is planned in the
1st quarter of 2017 [Waters (2016)]. 7 kg of 3?Se are planned to be used, but also other
isotopes will be considered. If successful, 20 demonstrator modules might be installed
afterwards in the framework of SuperNEMO. The goal sensitivity after a 5 yr operation
would be 777, > 1 x 10%° yr (90% C.L.). Other experiments and R&D projects are in the

pipeline.

1.5 Objective of the thesis

In B3 decay, the total angular momentum of four s-wave leptons can be 0, 1 or 2 and is
equal to the total angular momentum transferred from the nucleus. The lowest 1T state
in the final nucleus of any 33 decay candidate lies much higher than the first excited 2%
state, hence the 0T — 1T transition are much less probable than the 07 — 07 and the
0" — 27 transition. The 0T —27 transition is not observed experimentally so far. Hence,
our aim is to study the Ov3~ 3~ decay processes for the 07 — 0" transition. The Ov3~ 3~
decay is possible in a number of gauge field theoretical models violating the conservation
of the lepton number L. Further, there are different mechanisms inducing the Ovs~ 3~

decay even in a particular gauge theoretical model. The consideration of all these aspects
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will be interesting only after the experimental observation of Ov3~ (3~ decay. Presently,
we restrict our study to the occurrence of Ov/3~ 3~ decay in left-right symmetric GUT and
extract limits on the effective mass of light as well as heavy Majorana neutrinos from the
observed limits on the half-lives T’ 10/”2 of OvB~ [~ decay.

All the nuclei undergoing 3/ decay are even-even type, in which the pairing degrees
of freedom play an important role. Moreover, it has been already conjectured that the
deformation can play a crucial role in case of 2v (33 decay of 1Mo and "Nd [Suho-
nen et al. (1994), Griffiths et al. (1992)]. Hence, it is desirable to have a model which
incorporates the pairing and deformation degrees of freedom on equal footing in its for-
malism. For this purpose, the PHFB model is one of the most natural choices. There
exists an inverse correlation between the Gamow-Teller strength and quadrupole moment
[Aurbeck et al. (1993), Troltenier et al. (1996)]. It is well known that the pairing part
of the two body interaction is responsible for the reduction of collectivity where as the
quadrupole-quadrupole (QQ) interaction enhances the collectivity in the nuclear intrinsic
wave functions. In other words, the pairing interaction is responsible for the sphericity of
the nucleus where as the Q@) interaction makes the nucleus deformed. Hence, to examine
the explicit role of deformation degrees of freedom vis-a-vis the suppression, the pairing
plus quadrupole-quadrupole interaction (PQQ) [Baranger et al. (1968)] will be the most
appropriate choice.

The PHFB model in conjunction with PQ() interaction has been applied successfully
to calculate the 2v3~ 3~ decay of nuclei along with spectroscopic properties in the mass
range A = 90 — 150 and it has been shown that the deformations of the intrinsic ground

states play a crucial role in reproducing a realistic My, [Dixit et al. (2002), Chandra et
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al. (2005), Singh et al. (2007)]. The 07 — 27 transition of 2v3~ 3~ decay has also been
studied in the same PHFB model [Chaturvedi et al. (2003), Singh et al. (2005), Singh
et al. (2017)]. Using a pairing plus multipole type of effective two-body interaction,
the Ov5~ 3~ decay [Chandra et al. (2009), Rath et al. (2010), Rath et al. (2013)], in
mass mechanism [Chaturvedi et al. (2008)], due to exchange of heavy Majorana neutrino
[Rath et al. (2012)], Majoron accompanied O3~ 5~ decay [Rath et al. (2013), (2016)] and
Ov3~ 3~ decay involving light Majorana neutrino mass and right-handed current [Singh
et al. (2019)] have been also successfully studied in the PHFB model. The above works
show the wide applicability of the PHFB model. In the above work the single particle
energies used were same for all the nuclei involved in the study of 5~ 5~ decay which were
taken from Vergados et al. (1971). The success of PHFB model in the study of 5~ 5~
decay has motivated us to apply the PHFB model by using the single particle energies
derived from the Woods-Saxon potential as most of the present nuclear models are using
Woods-Saxon single particle energies.

To be specific, our aim is to study Oy~ 3~ decay for the 07 — 0" transition in the
mass range A = 90 — 150 for some potential candidates namely for *4%Zr, 190Mo, 1OPd,
128,130Te and '°Nd not in isolation but together with other observed nuclear phenomena
in the PHFB formalism using the single particle energies derived from the Woods-Saxon
potential. The '6Sn and '3¢Xe are the other two (33 emitters occurring in the sdgh
shell in which 2v3~ 3~ decay is already observed. We have not attempted to study the
OvB~ 3~ decay of ''6Sn and *Xe as these nuclei can not be properly treated in the
PHFB model. In Chapter 2, we have calculated the yrast spectra, reduced transition

probabilities B(E2:07 — 2%), deformation parameters (3, and the gyromagnetic factors
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g(2+) of 94967y 9496,100\[o 100104y 104110pj 110 128,130 128,130X e 150N and 1%Sm
participating in the Ov3~ 3~ decay and compared with the available experimental data
as a test of the reliability of the wave functions. Subsequently, the PHFB wave functions
are employed to study 2v3~ 8~ decay of the above mentioned nuclei for the 0t — 0F
transition and compared the theoretically calculated NTMEs M, with the experimental
values as a further test of reliability in Chapter 3. In Chapter 4, we have studied the
Ovf~ 3~ decay of above nuclei for the 0t — 07 transition and extracted the limits on
light and heavy neutrino masses. Further, the role of deformation on NTMEs M (") and
MON) is studied. A brief discussion on uncertainty in NTMEs is also presented. We
discuss a number of necessary improvements to be incorporated in the PHFB model for

a more reliable study of the 55 decay in Chapter 5.
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Table 1.1: List of 35 naturally occuring 8~ emitters along with Qs for the 07 — 0%
transition, natural abundance of the parent isotope (P) [Wapstra and Audi (1985), Lederer

and Shirley (1978)] and deformation parameter 3, [Raman et al. (2001)].

Nuclear Qps P(%) B4

Transition (keV) Parent Daughter
16Ca—3STi 987.0+4.0 0.0035 0.15340.005  0.31740.008
a3Ca—asTi 4271.0+4.0 0.187 0.1064+0.018  0.269+0.007
7Zn—1Ge 1001.0+£3.0  0.62 0.22840.010 0.22454-0.0026
Ge—18Se 2039.64-0.9 7.8 0.262340.0039 0.30904-0.0033
80Se—80Kr 130.0£9.0 49.8  0.23184+0.0027  0.26540.008
828e—52Kr 2995.0+6.0 9.2 0.193440.0027 0.2021+0.0045
SOKr—355Sr 1256.045.0  17.3 0.1454+0.006  0.140+0.008
98Zr—93Mo 1145.342.5 174 0.0904:0.010  0.15094-0.0015
967r—95Mo 3350.0+3.0 2.8 0.08040.017 0.172040.0016
$Mo— 3 Ru 112.0£7.0  24.1  0.168340.0028 0.1947+0.0030
190Mo—1Ru  3034.0+6.0 9.6  0.230940.0022 0.2148+0.0011
14Ru—12*Pd 1299.044.0  18.7  0.27074+0.0020  0.20940.007
10pd—ioCd  2013.0+19.0  11.8 0.257+0.006 0.1770+0.0039
HACd—154Sn 534.044.0  28.7  0.1903£0.0035  0.121£0.013
H6Cd—ilSn  2802.0+4.0 7.5  0.19064-0.0034 0.1118+0.0016
12260 122, 364.044.0 456  0.1036+0.0011 0.18474-0.0008
124gn 124Te  2288.14+1.6  5.64  0.0953+0.0011 0.1695+0.0009
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Table 1.1 continued

Nuclear Qsp P(%)

Transition (keV) Parent Daughter
128 Te— 128X e 868.0£4.0 31.7 0.1363+0.0011 0.1836+0.0049
B0Te—130%Xe  2533.0+4.0 34.5 0.1184+0.0014 0.169£0.007
BBiXe—134Ba  847.0+10.0 104 0.1194£0.011  0.1609+0.0009
$30Xe—13Ba  2479.0+8.0 8.9 0.1224+0.010 0.12584+0.0012
H2Ce—{3°Nd  1417.64+2.5 11.1 0.1277%£0.0008 0.0917£0.0010
SONd—3%Sm 56.0+5.0 17.2 0.1524+0.0025 -
MUSNA—L8Sm  1928.3+1.9 57 0.2013+0.0037 0.142340.0030
IONd—0Sm  3367.1+2.2 56 0.2853+0.0021 0.193140.0021
1P4Sm—%Gd  1251.9+41.5  22.6  0.341040.0020 0.3120-+0.0028
0Gd—iDy  1729.541.4 21.8 0.3534+0.0020 0.3387£0.0036
OEr—110Yh 653.9£1.6 14.9 0.3363+0.0029 0.3258+0.0037
116Yb— 16 Hf 1078.8£2.7 12.6 0.305+0.005 0.2953+0.0028
1BW—1860s 490.3£2.2 28.6 0.2257%£0.0039  0.2000£0.0034
1920s—132Pt 417.0+4.0 41.0 0.1667+0.0012 0.1532+0.0016
18 Pt— 18 Hg 1048.0£4.0 7.2 0.11414+0.0006 0.1065£0.0006
21 Hg—20Ph 416.5£1.9 6.9 0.0686+0.0006 0.041240.0005
22Th 232U 858.0+6.0 100 0.260840.0014  0.2640.013
L8238 Pu 1145.8£1.7 99.275 0.2863+0.0024 0.2861£0.0019
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Table 1.2: Experimental half-life limits

TP, of Ovf~ 3~ decay of A = 48, 76, 82, 94, 96,

/2

98, 100, 116, 128, 130, 136, 150 and 238 nuclei for the 0T — 0" transition.

Transition 77, (yr) C.L.(%) Project Reference

BCa—BTi >1.3 x 1022 90 NEMO 3 [Barabash et al.(2011)]
>2.7x10%2 90 GSS+GSE+RCNS  [Umehara et al. (2008)]
>1.4x10*2 90 ELEGANT VI [Ogawa et al. (2004)]
>1.5x10*1 90 TGV [Brudanin et al. (2000)]
>9.5%x10 76 HEP Beijing [You et al. (1991)]
>2.0x10%" 80 [Bardin et al. (1970)]

©Ge—"Se >9.0x10%° 90 GERDA-II [Agostini et al. (2019)]
>8.0x10%° 90 GERDA [Agostini et al. (2018)]
>1.9x10%° 90 MAJORANA [Aalseth et al. (2018)]
>3.0x10% 90 GERDA [Agostini et al. (2013)]
>1.57x10% 90 IGEX [Aalseth et al. (2002)]
>1.9x10%° 90 HM [Klapdor et al. (2001)]
>1.6x10% 90 IGEX [Gonzalez et al. (2000)]
>1.6x10% 90 HM [Baudis et al. (1999)]
>1.2x10%° 90 MPIH+KIAE [Morales (1999)]
>1.1x10%° 90 HM [Baudis et al. (1997)]
>7.4x10%* 90 HM [Gunther et al. (1997)]
>5.6x10%* 90 HM [Balysh et al. (1995)]
>1.4x10%* 90 HM [Balysh et al. (1992)]
>2.5x10% 68 UC+LBL [Caldwell et al. (1986)]
>1.0x10% 68 PNL+USC [Avignone et al. (1985)]
>2.0x10%2 68 [Forster et al. (1984)]
>1.2x10% 68 [Bellotti et al. (1984)]
>3.0x10% 68 [Simpson et al. (1984)]
>4.0x10** 68 [Leccia et al. (1983)]
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Table 1.2 continued

Transition Tl% (yr) C.L.(%) Project Reference

82Ge—82Kr >2.4x10* 90 CUPID-0 [Azzolini et al. (2018)]
>1.0x10%% 90 NEMO 3 [Arnold et al. (2005)]
>1.9x10%% 90 NEMO 3 [Lalanne (2005)]
>9.5x10%" 90 NEMO 2 [Arnold et al. (1998)]
>5.0x10%" 90 NEMO 2 [Barabash et al. (1998)]
>2.7x10%2 68 UC Irvine [Elliott et al. (1992)]
>1.8x10% [Moe et al. (1988)]

MZr—9Mo  >1.9x10Y 90 NEMO 2 [Arnold et al. (1999)]

%7Zr—%Mo  >9.2x10*" 90 NEMO 3 [Barabash et al. (2011)]
>9.2x10%" 90 NEMO 3 [Argyriades et al. (2010)]
>1.0x10%" 90 NEMO 2 [Arnold et al. (1999)]
>8.0x10% 90 NEMO 2 [Barabash et al. (1998)]

BMo—®Ru  >1.0x10" [Fremlin et al. (1952)]

10Mo—10Ru  >1.1x10%* 90 NEMO 3 Arnold et al. (2015)]
>4.6x10% 90 NEMO 3 Arnold et al. (2005)]
>3.5x10%% 90 NEMO 3 Lalanne (2005)]
>5.5x10%2 90 ELEGANT V  [Ejiri et al. (2001)]
S4.9%1020 90 ITEP+INFN  [Ashitkov ef al. (2001)]

>2.2x10%22 90

[

[

[

[

[ )
ELEGANT V  [Kudomi et al. (2000)]

[Ashitkov et al. (1999)]

[ ]

[ )

[

[

>2.3x10%1 90 ITEP+INFN

>5.2x10%2 68 ELEGANT V  [Kudomi et al. (1998)
>2.2x10%2 68 LBL+UNM Garnjost et al. (1997)]
>1.23x10% 90 UC Irvine De Silva et al. (1997]
S52x102 68 ELEGANT V  [Ejiri ef al. (1996)]
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Table 1.2 continued

Transition Tlo/”2 (yr)  C.L.(%) Project Reference
>6.4x10%" 90 NEMO 2 [Dassie et al. (1995)]
>4.4x10%2 68 LBL+UNM [Garnjost et al. (1993)]
S4.7x10% 68 ELEGANT V  [Ejiri ¢t al. (1991)]
>7.1x10%° 68 INS Baksan  [Vasilev et al. (1990)]
>4.0x10% 68 LBL+UNM [Garnjost et al. (1989)]
>1.0x10'" 68 UC Irvine [Elliott et al. (1987)]
16Cd—M%Sn  >7.0x10*2 90 INR+INFN  [Danevich et al. (2000)]
>3.2x10%2 90 INR+INFN  [Danevich et al. (1999)]
>5.0x10%1 90 NEMO 2 [Arnold et al. (1996)]
>2.9x10%2 90 INR [Danevich et al. (1995)]
>2.9x10%" 90 Osaka [Ejiri et al. (1995)]
>5.4x10%" 68 [Kume et al. (1994)]
>2.6x10% 90 ITEP+INEFN  [Pipke et al. (1994)]
128Te—128Xe  >1.1x10% 90 INFN+LNGS [Arnaboldi et al. (2003)]
>8.6x10% 90 INFN+LNGS [Allessandrello et al. (2000)]
>T7.7x10% Geochemical  [Bernatowicz et al. (1993)]
130Te—130Xe  >1.5x10%° 90 CUORE [Alduino et al. (2018)]
>4.0x10** 90 CUORE-0 [Alduino et al. (2016)]
>7.0x10% 90 NEMO 3 [Arnold et al.(2015)]
>1.8x10%* 90 CUORICINO  [Arnaboldi et al. (2005)]
>5.5x10% 90 CUORICINO  [Arnaboldi et al. (2004)]
>2.1x10% 90 INFN+LNGS [Arnaboldi et al. (2003)]
>1.4x10% 90 INFN+LNGS [Allessandrello et al. (2000)]
>7.7x10%2 90 Milano [Morales (1999)]
>5.6x10% 90 INFN+LNGS [Allessandrello et al. (1998)]
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Table 1.2 continued

Transition TIO/”2 (yr) C.L.(%) Project Reference

136X e—136Ba  >2.1x10% 90 PANDAX-II [Kaixiang et al. (2019)]
>1.8x10% 90 EXO0-200 [Albert ef al. (2018)]
>1.07x10%¢ 90 KamLAND-Zen  [Gando et al. (2016)]
>1.1x10% EXO0-200 [Albert et al. (2014)]
>1.6x10%° 90 EXO [Auger et al. (2012)]
>2.6x10%* 90 KamLAND-Zen  [Gando et al. (2012)]
>1.2x10** 90 INFN [Bernabei et al. (2002)]
>4.4x10% 90 Caltech+PSI4+UN  [Luescher et al. (1998)]
>4.2x10% Gotthard tunnel  [Busto et al. (1996)]
>2.6x10% 90 Gotthard tunnel  [Vuilleumier et al. (1993)]
>3.0x10%" 68 ITEP+INR [Barabash et al. (1989)]
>1.0x10%* 90 Milano+INFN [Alessandrello et al. (1988)]
>2.0x10%* 68 [Barabanov et al. (1986)]

1ONd—10Sm  >2.0x10%2 90 NEMO-3 [Arnold et al. (2016)]
>1.8x10%2 90 NEMO 3 [Barabash et al.(2011)]
>1.8x10%2 90 NEMO-3 [Argyriades et al. (2009)]
>1.2x10%" 90 UC Irvine [De Silva et al. (1997
>2.1x10%° 90 ITEP +INR [Artemiev et al. (1995)]
>2.1x10% [Moe et al. (1994)]
>1.7x10% INR [Klimenko et al. (1986)]

28U-28Py >1.0x102 68 INR [Tretyak et al. (2005)]
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Chapter 2

Spectroscopic properties of some
nuclei in mass range A = 90 — 150

participating in 5~ 3~ decay

The 2v3~ 3~ as well as Ov3~ 5~ decay of potential nuclei in the mass range A = 90 — 150
have been already studied successfully in the PHFB model using four different parame-
trizations of pairing plus mutipolar effective two-body interaction. The study of single
beta decay rates and the distribution of Gamow-Teller strength has implications in the
understanding of the role of the isoscalar part of the proton-neutron interaction. However,
it is not possible to study these processes in the present version of the PHFB model. This
is a serious draw back in the present formalism of the PHFB model. We will attempt to
remove this draw back in the future studies.

Our aim is to calculate the NTMEs for Ov3~ 3~ decay of 949Zr, 1%0Mo, ™ Ru, 1OPd,

128,130Te and '%°Nd isotopes for the 0© — 0% transition. Prior to the calculation of

42



NTMEs, we test the reliability of wave functions by calculating the spectroscopic prop-
erties, namely sub-shell occupation numbers, yrast spectra, reduced B(E2:0% — 2T)
transition probabilities, deformation parameter (5, and g-factors ¢g(2%) of the nuclei in
mass range A = 90 — 150 participating in 5~ 3~ decay and comparing them with the
available experimental results. In the present study, we use the single particle energies for
all parent and daugther nuclei participating in 5~ 3~ decay derived from Woods-Saxon
potential.

The present chapter is organized in the following Sections. In Section 2.1, a brief
outline of the PHFB model has been given. A detailed derivation of the HFB method
has been given by Baranger (1963), Villars (1966) and Goodman (1979). The formalism
to calculate the spectroscopic properties has been presented in Section 2.2. We have
compared the calculated sub-shell occupation numbers, yrast spectra and electromagnetic
properties with available experimental data for 94967y, 9496.100)\[g 100,104, = 104,110pq

HOCq, 128,130 128,130X e 150Nd and '°°Sm nuclei in Section 2.3. Finally, the conclusions

are given in Section 2.4.

2.1 The PHFB model

In the PHFB calculation, the HFB intrinsic state |® ) is obtained through a self-consistent
solutions of the HFB Hamiltonian [Baranger (1963), Villars (1966) and Goodman (1979)].
Subsequently, states with good angular momentum J are projected out from the axially

symmetric HFB intrinsic state |®g) using the standard technique given by Onishi and

Yosida (1966).
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2.1.1 HFB theory

The nuclear many-body Hamiltonian for non-relativistic point nucleons neglecting three

and many-nucleon forces is given by

1
H=> (a| T |B)alas + 1 > (ap| V |yd)alalasa, (2.1)
afs afyo

The HFB equations are obtained by equating to zero the off diagonal bilinear quasiparticle
part of the transformed Hamiltonian after making a canonical transformation from a,’s
to quasi-fermions ¢,’s. The general Bogoliubov transformations are considered to define
the quasiparticle creation and destruction operators in terms of particle creation and

destruction operators.

¢ = Z (uaﬁaTg + va5a5> (2.2)
B

o = Z (uzﬁag + v;BaTﬁ> (2.3)
B

The particle and quasiparticle operators satisfy the fermion anti-commutation relations

lal, as] = 0ap; [ag,ag]:[aa,aﬁ]:o (2.4)
laboas] = Gaps  la),ab] = [ga,qs] =0 (2.5)

The transformation coefficients are real and satisfy appropriate orthonormality conditions.

The 2nx2n linear transformation

q' u v al
= (2.6)
q v ou* a
is required to be unitary, and it follows from the unitarity condition that
wu' + vt = wlu+or =1 (2.7)
wv+ovu = ulv+ou* =0 (2.8)
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The quasiparticle vacuum is defined through the relation
qa|q)0> =0 (29)
or

@) = N ][ ¢l0) (2.10)

where |0) is the particle vacaum and N is the normalization constant, which is to be
inserted appropriately.

The many-body Hamiltonian can be written with respect to the quasiparticle vacuum

as
H' = Hy+ Hy+ H} (2.11)
where
, 1 1
Hy = Tr|(T=\N; = AN, + 50 ) p+ St (2.12)
H, = Z (h = AxNe = AN, 5 alag :
af
1
+§ Z [Aag : agag D4 ALB L an0p :] (2.13)
af
1
H, = 1 Z(a6| V' |yo) : agaga(;a7 : (2.14)
afyo

The HF Hamiltonian h, the HF potential I" and the pair potential A are given by

h = T+T (2.15)
Lag = Y (7] V |88)ps, (2.16)
¥6
1
Dag = 5D (B V i)ty (2.17)
o7
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where the density matrix p and the pairing potential ¢ are defined as

Pop = (Polahaa|®o) (2.18)
= Zv(;gv;a:(ﬂv)ag (2.19)

5
tag = (Polagaa|®o) = viu (2.20)

Using Wick’s theorem

(Do H'|Do) = (Po| Hy|Po)

= Tr [(T — ANy — AN, + %r) p+ %At*] (2.21)
where by construction
(Po| Hy + Hj|Pg) = 0 (2.22)
The first term in Eq. (2.21) is the HF binding energy and the second term is the pairing
energy. The quasiparticle excitation energies are obtained from H) and the remaining H}
contains the quasiparticle interaction energies, which are neglected in the HFB theory.
In time dependent HFB (TDHFB) or the quasiparticle random phase approximation
(QRPA), some effects of quasiparticle interaction can be included.

The HFB theory is a generalized HF procedure in which the HF field and the pairing
interaction are treated simultaneously and on equal footing. However, the quasiparticle
transformations do not conserve the number of particles. Hence, one imposes constraints
via the use of Lagrange multipliers while minimizing the complete Hamiltonian H such

that the average number of nucleons in the state |®y) be equal to the given number of

nucleons of the nucleus under consideration. That is, one minimizes

H = H— ANy — AN, (2.23)
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where
N, = Zczflﬁaohr and N, = Z al, aa, (2.24)

possess the expectation values
(Do| N |Po) = Z , (Po|N,|Pog) =A—Z (2.25)

Further, the Lagrange’s multipliers A\, and A, turn out to have the physical interpretation
of proton and neutron fermi energies.

There are several equivalent methods for deriving the HFB equations such as (i) varia-
tional procedure, (ii) the equation of motion and (iii) elimination of dangerous diagrams.
Here, we follow the equation of motion method. Further, we use time reversal symmetry
as our concern is with even Z-even N nuclei only. The quasiparticle transformation are

rewritten as

g = > (taal, + v4atz) (2.26)

Q% = Z (ukaa/ii - Ukaaa) (227)

and the HFB equations are given by

i
Euup, = E P tay + Aaqvay
vy

B, = Z Aozl — h:mvCw (2.28)

Y

where F is the quasiparticle energy. Further

I

hiy, = Ty — Aoy + Ty (2.29)

ay
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where

oy = 3081V nd) + (031 V 5B Zﬁ (2.30)
= % [(aB V |76) + (aB| V |73)] /);_35 (2.31)

and
Pos = Zk:vkaa (2.32)

with

Aoy = > (7] V |86) Y " vt (2.33)

86 k=1

Using the Bloch-Messiah theorem [Bloch and Messiah (1962)], the coupled HFB equations

can be written in a simplified form. We define transformations

bl = Z Cr.aal and bTE = Z C,:,aa; (2.34)
where the expansion coefficients appearing in Eq. (2.34) can be obtained by diagonalizing
the HF like potential A’ in spherical basis

hs = (T — AeNp = M N|8) + Y (ak| V| 3K} (2:35)
k

which includes the appropriate density p, = v?. The occupation probabilities v? are
obtained by solving the BCS equation
Ap=Dg =Y (kE| V K F)upoy (2.36)
k/
The calculation involves iteration between Eqgs. (2.35) and (2.36) until a reasonable

convergence is achieved in terms of both the expansion coefficients Cy o, and vZ. Denoting
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by 6} the eigenvalue of h’aﬁ given by Eq. (2.35), the probability amplitudes u; and vy in

Egs. (2.26 and 2.27) are given by

1 O
P= |14+ = 2.
Ui, = 3 [ + EJ (2.37)
and
1 0
2o l1--2~ 2.38
i35 (239
where
By =1\/0: + A2 (2.39)
with
1 — — A
N =5 > (kK| V KT kk (2.40)
2 2 2
k' 9 ’ ‘I— Ak’?
The chemical potential A is obtained by solving the equation
> |- LS (2.41)
k=1 \/0F + A2
The ground state energy Eypp is given by
k=1
where
Ty = Z (ko [T k)
ay
= Y TurCra Ciy (2.43)
oy
The quadrupole moment of the axially symmetric HFB intrinsic state is given by
Qurp =2 Z Q20 v (2.44)

k=1

49



where

167\ /2
Qa0 = <?) 1?2 Yoo (2.45)

is the quadrupole moment operator.

The axially symmetric HFB intrinsic state |®g) can be written as

o) = H(uzmﬂ%mbfmblm)\o) (2.46)

1
= Neap (5 S :faﬁai,mal,_m|0>) (2.47)
apf

where the creation operators bZTm and b;rm are defined as

= Z Cm,maiy,m and bl = Z(—l)l“_m(]m?ma;_m (2.48)
with
Vimg,
fa,@ - ZCZ ]amaoz Jjgmga (U_) 6mafm5 (249)

where NN is a normalization constant.

2.1.2 Projection of angular momentum

The intrinsic state |®x) can be expanded in terms of states of good angular momentum

J as
[Px) = ZGJ‘\I]JK> (2.50)

Applying the rotation operator R(£2), one obtains

Q) [Pk) = ZaJ D315() W 1) (2.51)

where
R(Q) = e7i)zmiB)y g=in)z (2.52)
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and D{;;-(€Q) is the rotation matrix. Multiplying by D{, and integrating, one gets

2J +1 N
Vi) = s [ DY (RO [0k)
= Pixl®x) (2.53)
where
2J+1 A
Pl = 3o / 40D, () R(Q) (2.54)

Restricting to the axially symmetric HFB intrinsic state |®y) with K = 0, one obtains

W) = Pi|®o)

_ 2J+1/D Q) | ) dO (2.55)

2.2 Spectroscopic properties of yrast states

In the below, we present expressions to calculate various nuclear spectroscopic properties,
namely Sub-shell occupation number, yrast energy spectra, reduced B(E2:J; — J;) tran-
sition probabilities [Dixit et al. (2002)] and magnetic dipole moments p(J) [Rath et al.

(1988)].

2.2.1 Sub-shell occupation number

The sub-shell occupation numbers 7; in a yrast state .J is given by

< (Z Jm> P @ > ) OfﬂP(H)dgo(Q) sin 0d0

(@ | Pyp| @o) f n(0)dg,(0) sin Od

0

ny = (2.56)

where
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P(9) = n(0) [g ( : f M)jm,jm] (2.57)

An approximate estimate of the subshell occupation numbers can be easily obtained in

terms of the expectation value of the operator n; with respect to the intrinsic state |®g)

g = (@ [7] ®o) = Z\C (2.58)

2.2.2 Yrast spectra

The energy E; of a state with good angular momentum J is given by

(U po|H| W) [y h(0)di(6)sin6 df
(WiolVs0) ) n(é’)do (0)sin @ df

Ey = (2.59)

The overlap integrals h(f) and n(6) are given by

hO) = (Do|He ™ |dy)

- (1 +M) > (o3I V o)

{< ><+>
o () e (2

) fuﬁ} (2.60)

and

= (®@ole™""|@o) = {det[1 + M(6)]}"” (2.61)

where

M(9) = F(0)f1 (2.62)
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with

Fap(0) = > e (H)di,fﬁm (0) fjamty s, (2.63)
and
| M) _ 1
Pap(0) = [1 + M(G)Lﬁ = dag ~ [1 n M(G)Lﬁ (2.64)

The projection calculation is carried out as follows. In the first step, f matrix is set
up using the HFB wave functions. In the next step ', M and (1/1 + M) are evaluated

for 20 values of Gaussian quadrature points between the range (0, 7).

2.2.3 Reduced B(E2:J; — J;) transition probabilities

The reduced B(FE2) transition probability is given by

B(E2:3; = J7) = (5= ) ler (Quol + e (@), ) (265
where
(Qu)ry, = (Wik|Qol ¥y k)
_ [nJian}m/ﬂZ Ji 2 Jg
o n\ —pop 0
xd”t o [522673 (o |Qaul BY p55(6 )] sin 6 df (2.66)
T303
with
ny = ] n(0)ddy(0) sin 6 do (2.67)
0 )
Pap(l) = [HM—%LB (2.68)
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and

[167 12
Qop = %Z—QYM(@@) (2.69)

The deformation parameter [3, is given by

A [B(EQ)} 1/2

Pz = 3ZR2

> (2.70)

where Ry = 1.2 AY/3 and B(FE2) is in units of e?b?.

2.2.4 Magnetic dipole moments (/)

Usually, experimentalists prefer to report g-factors defined by ¢(J) = u(J)/J . The

expression to calculate magnetic diploe moment p(.J) is given by

plJ) = (Yool )

7 J 1 J
= n}lfn(e)z
0 m —-m m 0
xd” 0(0) > (a || B) p3(6) sin 6 db (2.71)
T30

where in general [Bohr and Mottelson (1998)]
=gl +gs+g,(V® x s (2.72)

Here g; (g.) are the effective orbital (spin) g-factors and g, provides a measure of the

spin-polarization effects. In the present calculation, we have neglected the contributions

of spin-polarization effects.
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2.3 Results and discussions

In case of 94967y, 9496.100)\[ 100,104y 104110pq and 11°Cd nuclei, we treat the doubly
even °Sr (N = Z = 38) nucleus as an inert core with the valence space spanned by 1p; /25
2s1/2, 1ds/2, 1ds)2, 0g7/2, 0gg/2 and Ohqq 2 orbits for protons and neutrons. For '2%130Te,
128,130X e 159Nd and '*°Sm nuclei, the doubly even °Sn (N = Z = 50) nucleus has been
treated as an inert core with the valence space spanned by 2s; /5 1d3/2, 1ds/2, 1f7/2, 0g7/2,
Ohgsy and Ohyy /o orbits for protons and neutrons. The change of model space is forced
upon due to the following reason. The number of neutrons increase to about 50 for nuclei
occurring in the mass region A ~ 150 in the model space with "Sr as the core. With the
increase in neutron number, the yrast energy spectra gets compressed due to increase in
the attractive part of effective two-body interaction. The single particle energies (SPEs)
for 94967y 94.96,100\[o 100,104Ry, 104110p 1101 128,130 128,130K 0 150N( and '50Sm are

derived from Woods-Saxon potential as proposed by Blomqvist and Wahlborn (1960)

given as

1 Ao\? 1d Vo
Vo exp((r — Ro)/a) A (m) Lo o (1 Fexp((r — RO)/a)) +Volr)
(2.73)

Vir)=

where A = 32.0 is a dimensionless parameter, a = 0.67 is diffusitivity and V¢ is the

coulomb potential given as

Ze2(3—1r?/R3)/2Ry , T < Ry
Vol(r) = (2.74)
Ze2r , = Ro
with Ry = rgA'/? and 7y = 1.2 fm. The potential Vj for proton and neutron is taken as

57.0 MeV and 47.0 MeV, respectively. The calculated SPEs are given in Table 2.1.

95



We use a Hamiltonian with Pairing plus Quadrupole-Quadrupole plus Hexadecapole-
Hexadecapole (PQQHH) type of effective two-body interaction. The Hamiltonian is ex-
plicitly written as

H=Hgy,+V(P)+(, [V(QQ)+ V(HH)] (2.75)
where (,, is an arbitrary parameter and the final results are obtained by setting ¢, = 1.

The purpose of introducing ¢, is to study the role of deformation by varying the strength
of QQHH interaction. Further, H,, denotes the single particle Hamiltonian. The pairing
part of the effective two-body interaction V(P) is given by

V(P)=— (%) D (=1yietismmemmagialazag, (2.76)

aB

where o denotes the quantum numbers (nljm). The state & is same as o but with the
sign of m reversed. For A < 110 nuclei, the strengths of the pairing interaction is fixed
through the relation G, = 30/A MeV and G,, = 25/A MeV. For %Zr and **Mo, we have
used G,, = 20/A MeV. The strengths of the pairing interaction fixed for A > 128 nuclei
are G, = G,, = 35/A MeV.

The QQ part of the effective interaction V(QQ) is expressed as

VQQ) =~ () X Y (-1 ol (Blaa- ) alal a5, (277)

afyé @

where
167\ /2
Qop = (?) T2}/2u(67 ¢) (278)

The HH part of the effective interaction V(H H) is given as

V(HH) = = (3) 30 S (=1 alan ) (Blas-.|9) alal; as a, (2.79)

afyé v
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where

qa = 1*Y1,(6, 0) (2.80)
The relative magnitudes of the parameters of the hexadecapole-hexadecapole part of the
two body interaction were calculated from a relation suggested by Bohr and Mottelson
[Bohr and Mottelson (1975)]. According to them the approximate magnitude of these

constants for isospin 7" = 0 is given by

Am mwp
DTN T 1A

for A=1,2,3,4- - (2.81)

and the parameters for the T" = 1 case are approximately half of their 7" = 0 counterparts.

Using b = 1.0032A'/%, one obtains

v @R

= 0.4884y,A"%/3p~* (2.82)

X2A72/3b74

The spectroscopic properties of 94967y, 94.96,100)\[g 100,104Ry, 104,110pq 110Cq, 128,130,
128,130X e, 19Nd and '°°Sm nuclei have been calculated in PHFB model using four parame-
trizations of the effective two-body interaction, namely PQQ1, PQQ2 (without hexadecapole-
hexadecapole term), PQQHH1 and PQQHH?2 (with hexadecapole-hexadecapole term). In
PQRQ1 and PQQHH1 parametrizations, the strengths of the like particle components of
the Q)@ interaction are taken as x,,, = Xan, = —0.0105 MeV b=*, where b is oscillator
parameter and an optimum yrast spectra of nuclei under consideration was obtained by
varying the strength of proton-neutron (pn) component of the Q@ interaction xs,,,. Thus,
Xapn Was fixed through the experimentally available energy spectra for a given model space,
SPE’s, G, G, and Xy,,. These values of the strength of the Q@ interaction were com-
parable to those suggested by Arima on the basis of an empirical analysis of the effective
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two-body interactions [Arima (1981)]. In the other two parametrizations, namely PQQ2
and PQQHH?2 parametrizations, xs,, is taken as twice of Xo,, 1.6. Xap = 2Xapp = 2X2nn
and vary the three parameters together to obtain an optimum yrast spectra. The theoret-
ical spectra was considered to be the optimum if the excitation energy of the 27 state Fq+
is reproduced as closely as possible in comparison to the experimental results. All these
input parameters were kept fixed to calculate other nuclear spectroscopic properties.

The experimental sub-shell occupation numbers in case of 1Mo, 1“Ru, 128130Te and
130Xe are available. For these nuclei we adjusted the calculated SPEs to reproduce these
occupation numbers which provides more reliability to the wave functions. In Tables 2.2 —
2.3, the calculated occupation numbers in PQ()1 parametrization are given along with the
experimentally observed data [Freeman et al. (2017), Kay et al. (2013)]. The calculated
occupation numbers in PQ ()1 parametrization for rest of the nuclei are given in Tables
2.4 — 2.5. The occupation numbers calculated in other three parametrizations, namely
PQQHH1, PQQ2 and PQQHH?2 are found almost similar to those calculated in PQQ1
parametrization.

In Table 2.6, we have presented the theoretically calculated yrast energies for the Fo+
to Fg+ levels of the nuclei under consideration in all four parametrizations, namely PQ@1,
PQQHH1, PQQ2 and PQQHH?2 along with the experimental ones [Sakai (1984)]. From
Table 2.6 it can be seen that the theoretical spectra is more expanded in comparison to
the experimental spectra for all nuclei although the agreement between the theoretically
calculated and experimentally observed FEs+ is quite good. This can be taken care by
invoking the VAP prescription [Khosa et al. (1982), Tripathi et al. (1984), Sharma et al.

(1988)]. However, our aim is to reproduce the properties of only low-lying 2" state and
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hence, we have not attempted the VAP calculation. Employing either parametrization,
the calculated excitation energies of 2 state Fo+ agree with the experimental values
within about 2% accuracy.

The calculated as well as the experimentally observed reduced transition probabilities
B(E2:0" — 27) and deformation parameters (3, of the above mentioned nuclei are pre-
sented in Table 2.7. The B(E2:0" — 27) and f3, are calculated for effective charges e.rf =
0.40, 0.50 and 0.60. In case of %Zr, Mo, 1Ru and '%°Sm, the observed B(E2:0" — 27T)
and [, values are in overall agreement with calculated values, but for PQ()2 parametriza-
tion in case of %7Zr, for e.;; = 0.40. The observed B(E2:0" — 27) as well as 3, values
are in good agreement with calculated values in all four parametrizations in case of %Zr,
104.110pq  10Cq, 128.130K e 130T 150N{ isotopes for e.rp = 0.50. In case of *+1%Mo, ™Ru
and ?®Te isotopes, the calculated values agree with experimental limits at e.;; = 0.60.

The gyromagnetic factors g(27) are calculated with g7 = 1.0, g/ = 0.0, and g7 = ¢* =
0.50. The calculated and available experimental ¢g(2") values are given Table 2.8. No
experimental result is available for %Zr and *#%°Mo. The theoretical g(2%) value of %Zr
is a pathological case. The calculated g(21) values in present work are 0.177, 0.162, 0.522
and 0.106 nm in PQQ1, PQQHH1, PQQ2 and PQQHH?2 parametrization, respectively
while the most recent measured value is —0.329 £ 0.015 nm [Speidel et al. (2002)]. The
calculated and experimentally observed g(2%) values are in good agreement for °%1%4Ry,
104pd and ?8Xe nuclei. The maximum discrepancy between calculated and experimentally
observed ¢(27) values is about 30% for °Pd, 3Xe and '*°Sm nuclei. For rest of the
nuclei there is a large discrepancy between theoretically calculated and experimentally

observed ¢(27) values.
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2.4 Conclusions

To summarize, we have calculated the yrast spectra, reduced B(E2:07 — 2%) transi-
tion probabilities, deformation parameters 3, and g-factors g(27) of 94967y, 94.96.100)\[q,
100,104Ry, 104.110pq 110Cq, 128,130 128.130K e 150N and %9Sm isotopes, participating in
B~ 3~ decay, and compared them with the available experimental data as a test of the
“ooodness of the wave functions”. The overall agreement between the calculated and
observed spectroscopic properties of the nuclei suggests that the PHFB wave functions
for all four parametrizations, namely PQQ1, PQQHH1, PQQ2 and PQQHH?2 generated
by fixing Xapn, Xopp» Xonn t0 reproduce the Fa+ are quite reliable. Hence, we proceed to
calculate the NTMEs Ms, and half-lives T’ 12/”2 of 2v3~ 3~ decay for the 0t — 0T transition

of the nuclei under consideration using same PHFB wave functions.
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Table 2.1: Adjusted Woods-Saxon single particle energies for 94967y, 94:96:100\[g 100,104y

104Pd, 110Pd and HOCd, 128,130Te7 128,130){67 150Nd and ISOSm nuclei.

Nuclei 2812 1pie 1dge 1ds2 Ogrz Oggz Ohypyo

9%7r  Proton 7.881 -1.076 7.390 5.615 9.021 0.0 9.076

Neutron 6.559 -1.276 7.949 4.700 7.811 0.0 9.099

%Mo Proton 7.815 -1.043 7.329 5.385 9.011 0.0 9.037
Neutron 6.587 -1.270 5.978 4.715 7.827 0.0 9.108

%Zr  Proton 8.002 -1.052 9.453 5.67 8.903 0.0 9.032

Neutron 6.54 -2.269 7.878 4.681 7.64 0.0 9.013

%Mo Proton 7.994 -1.008 9.451 5.676 8.922 0.0 9.009
Neutron 6.690 -2.235 5.530 4.767 7.727 0.0 9.062

1Mo Proton 8144 -0.938 7.670 5.841 8.760 0.0 8.959
Neutron 10.567 -1.560 7.950 5.980 6.997 0.0 8.250

10Ru  Proton  9.999 -0.112 9.747 7.451 8.680 0.0 8.885
Neutron 9.998 -1.174 8.210 7.656 7.677 0.0 8.878

19Ru  Proton  9.408 -0.178 9.645 7.878 8.305 0.0 8.542
Neutron 9.859 -1.153 8.806 7.840 8.442 0.0 8.924

149pd  Proton  9.806 -0.177 9.149 7.175 8.407 0.0 8.743
Neutron 9.920 -1.426 8.983 8.379 8.968 0.0 9.999

0Pd  Proton 8480 -0.820 9.570 5.905 8.115 0.0 8.636
Neutron 6.033 -2.286 7.063 4.350 6.417 0.0 8.354

10Cd  Proton  8.673 -0.788 9.528 5.888 8.106 0.0 9.071

Neutron 7.043 -2.079 8.058 4.929 6.964 0.0 8.688
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Table 2.1 continued

Nuclei 2812 1ds;p 1dse 1f75 0gr/a Ohgjp Ohyypo
12Te  Proton  2.763 3.465 0.0 12.444 3.195 12.208 6.131
Neutron 4.080 4.765 0.0 12997 1.152 11.467 4.342
128Xe Proton  2.742 3.445 0.0 10.373 3.198 12.154 6.112
Neutron 2.118 2.801 0.0 10.073 3.147 11.725 6.320
130Te  Proton  2.779 3.444 0.0 12.459 3.098 12.072 6.084
Neutron 2972 3.310 0.0 12.963 0.499 11.196 2.850
130Xe Proton  2.751 3.416 0.0 10.374 3.101 12.005 6.068
Neutron 3.102 4.955 0.0 11.522 1.066 10.256 3.286
1"ONd  Proton 2.774 3.119 0.0 10.190 3.288 10.568 3.634
Neutron 2.210 2.584 0.0 10.045 3.359 10.244 3.851
1%0Sm  Proton  2.722 3.069 0.0 10.064 1.791 10.462 5.631
Neutron 2.201 2.575 0.0 10.027 1.861 10.229 5.857
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Table 2.2: Calculated and experimental [Freeman et al. (2017)] occupation numbers for

protons and neutrons in Mo and “Ru isotopes in PQQ1 parametrization.

1000 [0 10Ry
Orbits Theory Exp. Theory Exp.
Protons

2s1/2 0.035 - 0.079 -
1p1/2 0.013 - 0.044 -
1ds/2+1ds/2 0.544 — 0.858 -
0g7/2 0.019 — 0.105 —
0g9/2 3.380 4.06+0.30 4.969 5.56+0.22
Ohyy /9 0.008 - -0.056 -
Neutrons

2s1/2 0.309 0.3340.02 0.535 0.234+0.01
1py /2 1.986 - 1.989 -
1ds/o+1ds/2 3.677 3.40£0.17 2.814 2.50£0.12
0g7/2 2.558 2.48+0.19 2.336  2.19£0.15
0g9/2 9.666 — 9.112 —

Ohyy /9 1.804 1.89+0.13 1.214 1.13£0.08

Table 2.3: Calculated and experimental [Kay et al. (2013)] occupation numbers for

protons and neutrons in 28130Te, 39Xe isotopes in PQQ1 parametrization.
128 T 130T [E

Orbits Theory Exp. Theory Exp. Theory Exp.
Protons
2812 0.382 - 0.385 — 0.465 —
1ds/2+1ds/2 1.563 - 1.553 - 2.767 -
1f7/ 0.000 - 0.000 - 0.010 -
0gr/2 0.055 - 0.062 — 0.791 —
Ohg /o 0.000 - 0.000 — 0.004 —
Ohiq /o 0.000 - 0.000 - -0.037 -
Neutrons
2812 1.329 1.2840.2 1.517 1.5040.2 1.251 1.4440.2
1ds/o+1ds)2 7.973 7.9440.2 8.626 8.55+0.2 7.353 7.2940.2
1f7/ 0.264 - 0.207 - 0.538 -
0g7/2 7.635 8.00 7.707 8.00 7.490 8.00
Ohg/2 0.201 - 0.139 - 0.403 -
Ohyy/2 8.597 8.66+0.3 9.803 9.7940.3 8.964 9.01+0.3
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Table 2.4: Calculated occupation numbers for protons and neutrons in %%7Zr, 949Mo,

104Ry, 104110pq and ''°Cd isotopes in PQQ1 parametrization.

Orbits “7r %Mo %7Zr Mo 1%Ru 1%pd 'Opd 19Cd
Protons

281/2 0.012 0.019 0.005 0.033 0.054 0.027 0.139 0.015
1p1/2 0.145 0.580 0.814 0.132 0.045 1.891 1.735 2.000
1ds/o+1ds/2 0.178 0.306 0.036 0.509 0.675 0.510 1.054 0.432
0gz/2 0.011 0.024 0.015 0.020 0.076 0.048 0.150 0.034
0go/2 1.613 2.987 1.068 3.323 5.162 5.490 4960 7.516
Ohyy/2 0.041 0.083 0.063 -0.016 -0.013 0.033 -0.039 0.001
Neutrons

2512 0.421 0.445 0.409 0.482 0.582 0.573 0.833 0.712
1p1/2 1.998 2.000 1.986 1.990 1994 1.994 1.993 1.990
1ds/2+1ds,2 3.380 1.684 4.683 3.401 3.29 3.367 5.219 5.355
0g7/2 0.186 0.110 0.628 0.693 2.527 2.355 3.971 3.604
0g9/2 9.903 9.761 9.844 9.363 9.736 9.809 9.698 9.828
Ohyy /2 0.112 0.000 0.450 0.070 3.864 1.901 4.285 2.510

Table 2.5: Calculated occupation numbers for protons and neutrons in '#*Xe, *°Nd and

150Sm isotopes in PQQ1 parametrization.

Orbits 128X e 150Nd 150Sm
Protons

2812 0.492 0.500 0.589
1ds/o+1ds/2 2.603 4.013 5.142
1f7/2 0.015 0.723 0.453
0g7/2 0.887 1.492 3.863
Ohg 2 0.003 0.019 0.054
Ohyy /o -0.001 3.253 1.898
Neutrons

2512 1.610 1.992 1.982
1ds/o+1ds)2 8.572 9.969 9.935
1f7/2 1.367 4.191 3.327
0g7/2 6.178 7.943 7.946
Ohg /o 0.383 5.920 5.056
Ohyy /9 5.889 9.985 9.753
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Table 2.6: Theoretically calculated excitation energies E = (MeV) of J™ = 2%, 4% and

6+ yrast states of 94’96ZI', 94’96’1001\/[0, 100’104R11, 104’110Pd, IIOCd’ 128’130T€, 128,130 Xe, 150Nd

and %°Sm nuclei along with the experimental values [Sakai (1984)].

Nuclei PQRO1 PQQHH1 PQQ2 PQQHH2 Exp.
947y Xopp 0.0105 0.0105 0.015798 0.0132
Xopn ~ 0.032122 0.03095 0.031596 0.0264
Eypp 11.5512 11.6760 10.3745  11.6550
Qurp 245837  23.0302 39.1223  20.6325
Eot 0.9192 0.9183 0.9184 0.9159 0.9183
Ey 1.6883 1.6669 1.9877 1.9148 1.4688
Eg+ 2.2558 2.1809 3.0807 2.6756

“Mo Xy, 00105  0.0105 0.01195  0.011727
Xopn 002511 0.02445  0.0239  0.023454
Eypp 01558  0.1019 0.0009  0.0017
Qurs 31.5209 31.8086  31.7552  31.8953
Eye 08714  0.8708 0.8790  0.8811 0.8711
Ei 16786  1.6883 1.7156  1.7191 1.5737
Ee+ 30112  3.0412 3.0723  3.0868 2.4234

967y Xapp 0.0105 0.0105 0.01022  0.01016
Xapn 0.026 0.02603 0.02044  0.02032
Eyrp 19.3916  19.3404 19.2733  19.2672
Qurp 2.5893 2.6300 0.4081 0.3933
Byt 1.7553 1.7567 1.7508 1.7876 1.7507
Byt 2.7365 2.8147 2.9876 3.1821 3.1202
Eg+ 5.9094 6.5165 5.5507 -

%Mo Xapp 0.0105 0.0105 0.011779 0.01171
Xopn 0.02473  0.0245 0.023558 0.02342
Eyrp  5.2814 5.3053 5.1103 5.1520
Qurp 44.2408  43.2944 44.7574  43.8116
Byt 0.7758 0.7774 0.7781 0.7753 0.7782
Byt 1.9447 1.9011 1.9560 1.9165 1.6281
Eg+ 3.3426 3.2421 3.3665 3.2792 2.4406
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Table 2.6 continued

Nuclei PQQ1 PQQHH1 PQQR2  PQQHH2 Exp.
10Mo Xy,  0.0105 0.0105 0.010505 0.0104
Xopn  0.02102 0.020717  0.02101  0.0208
Eyrp 347380 34.8100  34.7247  34.8261
Qurpp 512172 51.2645  51.1874  51.1959
E,r 05306 0.5321 0.5329  0.5347 0.5355
Ey  1.5343  1.5334 1.5383  1.5378 1.1359
Fe+  2.8864  2.8842 2.8008  2.8891
0Ru Xy, 0.0105 0.0105 0.01362  0.01349
Xopn  0.0313  0.0306 0.02724  0.02698
FEurp 217229 221349  22.1605 22.2494
Qurp 60.2840 584752  60.0208  58.5762
Eyr 05385 0.5399 0.5399  0.5320 0.5396
Ey 17190  1.7246 1.7215  1.6990 1.2265
Egr  3.4189  3.4358 3.4198  3.3835 2.0777
Ru Xy,  0.0105 0.0105 0.01135  0.01142
Xopn ~ 0.0238  0.0240 0.0227  0.02284
Eyrp 55.8788 554580  55.8676  55.4490
Qurp 64.6017 65.1667  64.4541  64.9618
Eyr 03578 0.3573 0.3578  0.3574 0.35799
Ey 11515 1.1524 1.1505  1.1524 0.8885
Eer 23030 23111 2.2091  2.3104 1.5563
04pd Xy,  0.0105 0.0105 0.01035  0.0104
Xopn  0.02054 0.0207 0.02070  0.0208
Furp 484522 484397 484667  48.4514
Qurp 55.8686 56.2952  55.8584  56.2814
Eyr  0.5582  0.5555 0.5582  0.5556 0.5558
E.x 17461 1.7481 1.7461  1.7485 1.32359
Fe+  3.4044  3.4310 3.4049  3.4318 2.2498
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Table 2.6 continued

Nuclei PQQ1  PQQHH1 PQQ2  PQQHH2 Exp.
Wpq  y, 00105  0.0105 0.011273  0.01085

Xopn  0.023299 0.02230  0.022546 0.02170

Eurp 54.3496 553412  54.3884  55.4540

Qurp 66.9156  62.6100  66.8010 62.3623

Eyr 03733 0.3733 0.3748  0.3739 0.3738

B, 11929 1.2000 1.1985  1.2015 0.9208

Eer 23692 2.4013 2.3818  2.4032 1.5739
M0Cd  x,,, 00105  0.0105 0.00957  0.00951

Xopn 001704  0.01849  0.01914  0.019020

Eyrp 555796  54.6336  54.9926  55.0043

Qurp 487175 532976  51.1335  50.1360

By 0.6574  0.6585 0.6576  0.6645 0.6577

E, 19580  1.9898 1.9602  2.0070 1.5424

Eer  3.6863  3.7839 3.6822  3.8337 2.4799
BTe Xy, 00105  0.0105 0.01037  0.01045

Xopn  0.0206  0.02082  0.02074  0.02090

Eyrp 507831 50.6258  50.7241  50.6009

Qurp 374959  37.5739  37.4785  37.5923

By 07451  0.7432 0.7440  0.7424 0.7432

B, 15605  1.5534 1.5581  1.5528 1.4971

Eer 26952  2.6810 2.6906  2.6802 1.8111
5Xe Xy, 00105  0.0105 0.0117  0.0112

Xopn  0.025458 0.02453  0.0234  0.0224

Eyrp 511383 523971  51.6475  52.7784

Qurp 61.8537  59.7865  61.6242  59.2707

By 04380  0.4510 0.4473  0.4484 0.4429

B, 13154 1.3382 1.3337  1.3183 1.0329

Eer 24594  2.4909 2.4826  2.4352 1.7370
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Table 2.6 continued

Nuclei PQQ1  PQQHH1 PQQ2 PQQHH2 Exp.
BTy, 00105  0.0105 0.01271  0.01057
Xopn  0.026  0.0204 0.02542  0.02114
Eyrp 35.8669 37.2704 355374  36.9659
Qurp 329693 271567  34.3438  28.3824
Eye 08397  0.8339 0.8366  0.8345 0.8395
E; 13582 1.2094 1.4198  1.2357 1.6325
Eer 21162 1.9140 2.2462  1.9067 1.8145
0Xe  xy,  0.0105  0.0105 0.01200  0.010504
Xopn  0.0237  0.02200  0.02400  0.021008
Eyrp 34.2376 359352  32.8358  36.5554
Qurpp 55.0921 523544  57.3170  51.0835
Eye 05370  0.5322 0.5344  0.5425 0.5361
Eqs 15356  1.5031 1.5761  1.4994 1.2046
Eer  2.8467  2.7883 2.9788  2.7488 1.9444
ONd  yy,,  0.0105  0.0105 0.01042  0.01057
Xopn  0.02085  0.0212 0.02084  0.02114
Eyrp 153.6883 152.9843  153.6278 152.9235
Qurs 85.8091 85.9210  85.8360  85.9738
Eye 01303 0.1301 0.1302  0.1306 0.13012
Eq 04316 04314 04313 0.4330 0.3815
Eg+  0.8982  0.8987 0.8974  0.9021
90Sm  yy,,  0.0105  0.0105 0.00819  0.00826
Xopn  0.0141  0.0143 0.01638  0.01652
Eyrp 1565900 156.3113  156.9469 156.8386
Qurps 735688 75.0803  73.0783  74.6417
Eye 03348 0.3334 0.3339  0.3387 0.3339
E;  1.0281  1.0454 1.0243  1.0619 0.7733
Eer 19694  2.0394 1.9607  2.0720 1.2788
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Table 2.7: Comparison of calculated and experimentally observed [Raman et al. (2001)]

reduced transition probabilities B(E2:0f — 2T) and deformation parameter 3, of 9497Zr,

94’96’1001\/[0, 100’104Ru, 104’110Pd, 1100(1, 1287130Te, 128’130X6, 150Nd and 1508In nuclei. Here B(EQ)

is calculated for effective charge e, =1+ e.rr and e, = e.s¢. Here (a), (b), (c) and (d) denote
the PQQ1, PQQHH1, PQQ2 and PQQHH?2 parametrizations, respectively. ‘*’ denotes average

B(E?2) values.

Nucleus B(E2:07 — 2T) (e?b?) Ba
Theory Exp. Theory Exp.
Ceff Ceff
0.40 0.50 0.60 0.40 0.50 0.60
947y (a) 0.065 0.086 0.111 0.066+0.014* 0.0899 0.1035 0.1171 0.090£0.010
(b) 0.058 0.077 0.099 0.081+0.017 0.0849 0.0979 0.1109
(c) 0.173 0.225 0.284 0.05640.014 0.1463 0.1669 0.1875
(d) 0.048 0.065 0.084 0.0773 0.0896 0.1019
94Mo (a) 0.141 0.180 0.225 0.2034+0.004* 0.1259 0.1423 0.1588 0.1509+0.0015
(b) 0.145 0.185 0.230 0.23040.040 0.1276 0.1442 0.1608
(¢c) 0.142 0.182 0.226 0.27040.035 0.1263 0.1429 0.1595
(d) 0.144 0.184 0.230 0.1274 0.1440 0.1607
967y (a) 0.045 0.060 0.078 0.055+0.022* 0.0738 0.0853 0.0968 0.080+0.017
(b) 0.046 0.062 0.079 0.0745 0.0861 0.0977
(c) 0.042 0.056 0.072 0.0711 0.0820 0.0929
(d) 0.043 0.057 0.073 0.0716  0.0825 0.0935
%Mo (a) 0.284 0.360 0.445 0.2714+0.005* 0.1760 0.1982 0.2204 0.1720£0.0016
(b) 0.274 0.348 0.430 0.310+0.047 0.1728 0.1948 0.2167
(¢) 0.287 0.364 0.451 0.302+0.039 0.1769 0.1994 0.2218
(d) 0.277 0.353 0.437 0.1740 0.1962 0.2183
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Table 2.7 continued

Nucleus B(E2:07 — 2T) (e2b?) Ba
Theory Exp. Theory Exp.
Ceff Ceff
040 0.50 0.60 040 050  0.60
00Mo  (a) 0.364 0.466 0.580 0.516+0.010* 0.1940 0.2194 0.2448 0.2309-+0.0022
(b) 0.367 0.469 0.584 0.511+0.009 0.1947 0.2202 0.2457
(c) 0.364 0.465 0.579 0.5264-0.026 0.1939 0.2193 0.2447
(d) 0.366 0.468 0.583 0.1945 0.2200 0.2454
0Ru  (a) 0.534 0.677 0.837 0.49040.005* 0.2242 0.2524 0.2807 0.2148+0.0011
(b) 0.512 0.648 0.801 0.493+0.003 0.2195 0.2471 0.2747
() 0.518 0.659 0.816 0.494-+0.006 0.2209 0.2490 0.2772
(d) 0.503 0.639 0.791 0.2177 0.2453 0.2730
14Ru  (a) 0.556 0.717 0.898 0.82040.012* 0.2230 0.2532 0.2833 0.270740.0020
(b) 0.566 0.729 0.913 0.93+0.06 0.2250 0.2553 0.2857
() 0.550 0.709 0.889 1.0440.16 0.2217 0.2517 0.2818
(d) 0.558 0.720 0.902 0.2234 0.2536 0.2839
104pqd  (a) 0.449 0.575 0.716 0.53540.035* 0.1917 0.2168 0.2420 0.209+0.007
(b) 0.455 0.582 0.724 0.6140.09 0.1928 0.2181 0.2433
(c) 0.450 0.575 0.717 0.53540.035 0.1918 0.2169 0.2421
(d) 0.455 0.582 0.724 0.1929 0.2181 0.2433
Hopq a) 0.667 0.850 1.054 0.870+0.040* 0.2250 0.2539 0.2828 0.257+0.006

(

(b) 0.583 0.746 0.928 0.78040.120 0.2104 0.2379 0.2653
(¢) 0.660 0.841 1.044 0.820+0.080 0.2237 0.2526 0.2814
(d) 0.578 0.739 0.919 0.2094 0.2368 0.2641
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Table 2.7 continued

Nucleus B(E2:07 — 2T) (e2b?) Ba
Theory Exp. Theory Exp.
Ceff Ceff
0.40 0.50 0.60 0.40 0.50 0.60
Hocq a) 0.351 0.451 0.562 0.450-+0.020* 0.1565 0.1772 0.1980 0.1770£0.0039

b) 0.416 0.534 0.666 0.504-+0.040 0.1702 0.1929 0.2155
c) 0.387 0.496 0.619 0.467£0.019 0.1642 0.1859 0.2076

d) 0.375 0.481 0.600 0.1617 0.1831 0.2045
128 (a) 0.247 0.315 0.392 0.38340.006* 0.1094 0.1237 0.1380 0.136340.0011
(b) 0.253 0.323 0.403 0.3804-0.009 0.1107 0.1252 0.1398
(c) 0.247 0.316 0.393 0.38740.011 0.1095 0.1237 0.1380
(d) 0.253 0.324 0.403 0.1108 0.1253 0.1399
128y o (a) 0.601 0.771 0.961 0.75040.040* 0.1644 0.1862 0.2079 0.183640.0049
(b) 0.576 0.739 0.922 0.79040.040 0.1610 0.1823 0.2037
(c) 0.593 0.761 0.950 0.8904-0.230 0.1634 0.1850 0.2067
(d) 0.572 0.733 0.914 0.1604 0.1816 0.2028
130 (a) 0.221 0.277 0.339 0.29540.07* 0.1024 0.1147 0.1270 0.1184-+0.0014
(b) 0.181 0.226 0.276 0.29040.011 0.0928 0.1037 0.1146
(c) 0.230 0.289 0.356 0.26040.050 0.1046 0.1173 0.1300
(d) 0.191 0.239 0.292 0.0952 0.1065 0.1178
130X e a) 0.524 0.665 0.822 0.65+0.05* 0.1519 0.1711 0.1904 0.1694+0.007

(

(b) 0.488 0.620 0.769 0.6314+0.048 0.1466 0.1654 0.1841
(¢) 0.551 0.702 0.870 0.640+0.160 0.1559 0.1758 0.1958
(d) 0.469 0.596 0.738 0.1438 0.1620 0.1803
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Table 2.7 continued

Nucleus B(E2:07 — 2T) (e2b?) Ba
Theory Exp. Theory Exp.
Ceff Ceff
0.40  0.50  0.60 040 050  0.60
10Nd  (a) 2201 2.667 3.178 2.760+0.040* 0.2548 0.2805 0.3062 0.2853+0.0021
(b) 2220 2.692 3.210 2.640+0.080 0.2558 0.2818 0.3077
(c) 2203 2.670 3.182 2.670+0.100 0.2549 0.2806 0.3063
(d) 2.223 2.696 3.215 0.2560 0.2820 0.3079
1%0Sm  (a) 1.460 1.785 2.143 1.350+0.030* 0.2008 0.2221 0.2433 0.193140.0021
(b) 1.538 1.881 2.259 1.470+0.090 0.2061 0.2279 0.2498
() 1421 1.739 2.090 1.440+0.150 0.1981 0.2192 0.2402
(d) 1.500 1.837 2.208 0.2035 0.2253 0.2470
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Table 2.8 : Comparison of calculated and experimentally observed ¢ factors ¢(27)
[Raghavan (1989)] of %97y, 9496100\, 100,104R,, 104110pq 110y 128,180, 128130 X
1%0Nd and '%°Sm nuclei. The g(2%) has been calculated in units of nuclear magneton

forgf = 1.0, gf = 0.0 and g7 = ¢g¥ = 0.50. “*’ value taken from [Speidel et al. (2002)].

Nuclei Theory Exp.

PQQ1  PQQHH1  PQQ2  PQQHH?2

7y 0.177 0.162 0.522 0.106 -0.32940.015*
%Mo 0.282 0.293 0.277 0.286 -
97r 0.385 0.396 0.414 0.420 -
96 Mo 0.610 0.596 0.598 0.586 -
00 Mo 0.645 0.654 0.644 0.655 0.3440.18
0Ry  0.514 0.520 0.506 0.508 0.5140.07
Ry 0.384 0.379 0.378 0.374 0.4140.05
104pg 0.489 0.499 0.490 0.500 0.4640.04
10pq 0.431 0.478 0.429 0.480 0.3740.03
1ocyq 0.510 0.449 0.477 0.506 0.3140.07
1287 0.635 0.639 0.636 0.639 0.3540.04
128X 6 0.447 0.456 0.443 0.454 0.4140.07
130 0.709 0.837 0.681 0.809 0.3340.08
130X e 0.483 0.495 0.469 0.502 0.3840.07
ONd  0.602 0.603 0.601 0.602 0.422-40.039
1508m  0.490 0.498 0.474 0.483 0.41140.032
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Chapter 3

218~ 3~ decay of 94’96ZI', 1001\/[0, 104R11,
10pq, 1281307e and "YNd isotopes for

the 07 — 0" transition

Over the past three decades, many a remarkable advances have been achieved in the
experimental observations of 2v3~ 5~ decay in the mass range A = 90 — 150 [Tretyak
et al. (1995), (2002), Barabash (2010), (2019)]. The 2v3~ 3~ decay modes have been
observed experimentally for the 0t — 0T transitions in case of eleven nuclei, namely
Ca, Ge, ¥2Se, %71, 199Mo, 16Cd, 128130 e, 136Xe, 150Nd and 238U isotopes. It is found
that NTMEs M, extracted from the observed half-life T12/”2(0+ — 07) of 2v57 5~ decay
are highly quenched. In spite of putting the best theoretical efforts over the last three
decades, understanding of this observed quenching and reproduce them theoretically is a
challenging task. We also do not have a complete solution of this problem. However, we

try a systematic approach based on the basic principles of nuclear many-body theory.
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The present chapter is organized as follows. In Section 3.1, we present the theoretical
formalism to calculate the half-life of the 205~ 5~ decay. In Section 3.2, the results of

2u3~ 3~ decay of 99Zr, 100Mo, 1%4Ruy, 110Pd, 128:130Te and '°°Nd nuclei for the 0 — 0F
transition are given and discussed. In the same section, the effect of deformation on M,,

is also investigated. Finally, the conclusions are given in Section 3.3.

3.1 Theoretical formalism

The theoretical formalism to calculate the half-life of the 2v3~ 3~ decay has been given in
a number of reviews [Haxton and Stephenson (1984), Doi et al. (1985), (1992), Tomoda
(1991) and Suhonen and Civitarese (1998)]. We briefly outline steps to derive the 2v3~ 5~

decay rate formula following the notations of Doi et al. (1985).

3.1.1 Effective Hamiltonian for 5~ decay

In LR symmetric models, the charged-current interaction Lagrangian L;r due to the

addition of extra gauge boson Wp is given by
Wi +jéWR#] + h.c. (3.1)

g
Lip=—"=[j"
LR 2\/§[jL

where the left and right handed weak leptonic V' + A currents are written as

with

Vel = Z UeiNji I/;R = Z VeiNz‘R (33)
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The mixing matrices U and V satisfy the following orthonormality conditions.

Z Uail* =1 Z Vel =1 ZUeiVei =0 (3.4)

The gauge bosons Wy and Wy are related to mass eigenstates W; and W, with masses

M, and M; respectively by

Wi, cos ( sin ¢ Wy
= (3.5)
Wr —sin( cos( Wo

Including hadronic currents, the Lagrangian L leads to the weak interaction effective

Hamiltonian Hy given by

G . . . .
Hy = <ﬁ) et Rl + I+ A g + he. (3.6)
where
G 92 1 2 .
7 = SAD [cos2C+( 2) sin? ¢ (3.7)
M\? ,
[(M2) + tan C]
= A% (3.8)
M 2
1+ <M2> tan (]
and ,
M,y
[1 — (Mz) ] tan ¢
M

Here, the coupling constants x, 77 and \ are small (< 1) parameters and G = 1.16637x 107>

GeV~2. The left and right handed weak V + A hadronic currents are given by

T = gyt (1= ;) d T = gyt (14 ;) d (3.10)
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where

gy =cosfl,  gi =e“cost, (3.11)

In Eq. (3.11), the 6, and ¢/, are the Cabibbo-Kobayashi-Maskawa (CKM) mixing angles
for the left- and right-handed d and s quarks. The CP violating phase « is due to both
the mixing of right handed quarks and the mixing of left and right gauge bosons.

In the nonrelativistic impulse approximation, the left and right handed hadronic cur-

rents for nuclear 5~ 3~ decay in V + A forms are given by

T (z) =

M=

[(9v = 94C)g" + (9403, — gvD;)g"*] 6 (x - 1) 7 (3.12)
1

3
Il

T (z) = [(gv + 94Cn) g™ + (—gack — gvDEYg™* ] 5 (x - v,) 7,0 (3.13)

M=

1

3
Il

The nuclear recoil terms C,, and D,, are defined as follows

c, = QL [(Pn +P) o — (i-j) (B, — E) o - Qn] (3.14)
D, = ﬁ [(Pn +P) i (1 — oM (Z—VVV)) o X Qn} (3.15)

where Q,, = P,— P/. The gy, ga, gp and gy are vector, axial vector, pseudoscalar and

weak magnetism terms. At ¢ =0,

&:2Mp

=1. =1.2
gv (0) 0 ga(0) 5 o m2

(3.16)

where Mp and m, are the proton and pion masses. By the CVC hypothesis gy (0) =
kg/2M and kg = 3.70, where M and kg are the mass and isovector anomalous magnetic

moment of nucleons respectively.
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3.1.2 Decay rate of 2v3~ 3~ mode for the 07 — 0" transition

The 2v3~ 3~ decay is allowed in the SM of electroweak unification and therefore, processes
which involve left handed currents only, give dominant contribution. The following as-
sumptions are made in deriving the 203~ 3~ decay rate formula for the 0 — 07 transition.
(i) The light neutrino species are considered only. Hence, the normalization condition for

the left handed neutrinos given by Eq. (3.4) can be recast in to the form

> U~ 1 (3.17)

(ii) The masses of these light neutrinos are assumed to be much smaller than Qs =
E;r — Er —2m,.
(iii) The s-wave state of the electron and the neutrino wave functions are retained. The
total angular momentum of four s-wave leptons can be 0, 1 or 2 and is equal to the total
angular momentum transferred from the nucleus.
(iv) The initial and the final nucleus differ by two units of isospin for any 5~ 5~ decay
of practical interest. The contributions of the successive Fermi transitions can be safely
neglected as they come from isospin mixing effects.
(v) The recoil terms are usually neglected.

Under these assumptions, the inverse half-life of the 2v3~ 3~ decay for the 07 — 0T

transition is written as

A2y
[T12/V2(0Jr — 0" = ln22 /dﬁzy a(er, €2)

2
v g v |1
Z [MéTN - (—V) M}%N] 3 (Kn + Ln)
N ga
(3.18)

where the constant term as, is expressed as

G 4,9
gy = {%} ¢ (3.19)
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and the phase space volume element d{2,, is given by

dQe, = m, M qqewiwapipaciead (el + ea + w1 +wy + Er — Ef)

de1dw2d€1d€2d(ﬁ1 . ﬁg) (320)

Here, g, = \/p2 + m2 and wy = /¢ + m2 are the energies of the k™ electron and neutrino

respectively. Further, F; and EFr are the masses of the parent and daughter nuclei. The
neutrino mixing effect represented by £, is practically equal to 1. The Coulomb correction

factor a(eq,e9) is approximately given by
a(€1,€2) %FO (Z,€1) F() (Z, 62) (321)

where, the Fermi function Fj(Z,¢) is defined as the square of the ratio of relativistic
s-wave scattering solution for a point charge Z to a plane wave evaluated at the nuclear

surface, and is written as

L2k +1) 1° _ e
Fil2.9) = |y | CorPo P Inen il e @2
with
A
v =\ k2 — (aZ)? and Yy = _aps (3.23)

The combination of energy denominators, which appear in the second order perturba-

tion are
2m, 2me
Ky = i + = (3.24)
/LN+(61+CU1—62—W2) ,LLN—(El—I-wl—SQ—WQ)
2me 2me
Ly = = + o (3.25)
MN+<€1+WQ—€2—W1) /LN—(€1+C02—€2—M1)
where

UNTe = EN - (E] + EF) /2 (326)
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where Ey is the energy of the intermediate nucleus N. The reduced nuclear matrix

element due to the double Fermi and double Gamow-Teller transitions are given by

Mgy = HZT*IIO+ ) Ox HZ%HW
Mgy = IIZaerl+ 1NHZUmeI|01+>

(3.27)

(3.28)

The minus sign in the definition Mgﬁj)\, is introduced so that by the closure property, we

have

GTc—Z Grn = OFHZO’n Ty Tl 07
n,m

(3.29)

The energy denominators Ky and Ly depend on the energies of electrons and neutrinos.

Hence, the integration to calculate phase space factor is to be made for each intermediate

state and is a time consuming procedure. However, there is a procedure to bypass it. It

is observed that the energy spectrum peaks at

Tm,
4

(El_me)w(52_me)wwlww2w

where T'm, is the maximum kinetic energy release,

Me = QIB,B, = E] — EF — 2m6

Therefore, one can take

(5k+wl — Ek! —wl/) ~ 0

as a good approximation and thus,

The error of the above approximation is of the order of [(gj +w; — s
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(3.30)

(3.31)

(3.32)

(3.33)

2. With



these assumptions, the inverse half-life of 205~ 5~ decay is given by

(5] () o

[T12/V2<0+ — 09)]™" = Gar(< py >)

with

< Ky > L 2
Nzt N>) (3.35)

Qay
GGT (< [05N >) 2 /dQQV (1,(61,62) < Uy >2 ( 9

:ln2

Here < 11,y > is some average value of 1y, and < Ky > and < Ly > are the quantities
obtained from Ky and Ly by replacing p with < py >. To derive the above formula,
first we replace Ky and Ly by 2/uy and the sum over N is taken. Next, the factor
< puy >2[(< Ky > + < Ly >)/2]? is introduced for the phase space integration in
order to take into account the energy dependence of leptons in Ky and Ly. If the
< py > dependence of the integrated kinematical factor Ggr(< gy >) is minor, the
above approximation is valid. The half-life formula is further simplified if one uses the

fact that
(2v)

Z Mgy

N HN

Z ME

N MN

> (3.36)

Finally, the inverse half-life of the 2v3~ 3~ decay for the 0t — 07 transition is given by
[T7/(0" — 07)] 7! = Go, [ My, [ (3.37)

where the integrated kinematical factor Ga, can be calculated with good accuracy [Doi
et al. (1985), (1992) and Boehm and Vogel (1992)]. The phase space integral of 2v3~ 3~

decay for the 07 — 0T transition can be rewritten as

2(GgA)4 T+me 0)
Go = m Fo(Z,e1) e ™ (T, e1) dey (3.38)
Time ‘
. / Fo(Z,e1) pre IO (T, e1) dey (3.39)
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where

2(Gga)*t
647™m?2 In(2)

9o =

T+2me—e1
10 (T, e1) :/ Fo(Z,e2)paea (T +2—¢1 —62)5d€2

me

and the total kinetic energy release 1" is given by
Tme = €1+ &9

The NTME M, is given by

(Opller*][15) AN[leT]07)
Ex — (E; + Ep)/2
(Opller 1) (A% [ler]|07)
Ey+ En — By

MZV -

ZM zM

with

1 1
FEy = 5 (Er — Er) = §Q5ﬁ+me

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

One has to perform a sum over all the intermediate states 1% in order to compute Eq.

(3.43). However, it is not possible to study the structure of odd-odd nuclei in the present

version of the PHFB model. Hence, we have carried out the summation over intermediate

states by using the summation method given by Civitarese and Suhonen (1993) [Chandra

et al. (2005)].

3.1.3 NTME in the PHFB model

The energy denominator in Eq. (3.43) and xy = (Ey — Ej)/FEy are always positive.

Hence, the Eq. (3.43) can be written as

My, = 5 Z(o IT| N) <N\1‘|0+>/ e t+an) gy
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where the Gamow-Teller (GT) operator I' = o71. The variable of integration is changed
from ¢ to w = t/Ey, which is allowed as Ey > 0. By replacing e ¥~ |N) by e |N)

and e wEr

|0F) by e=# |07 ), which is again possible as the intermediate states [N) and
the initial states !0}“> are eigenstates of the nuclear Hamiltonian H, one obtains after

summing over all the intermediate states
My, = / (0f |Te " Te"| 07 ) e 0 dw (3.46)
0
Using the Baker-Hausdorff lemma, we make the multiple commutators expansion as

—wHp wH __ = (_1)kwk (k times)
e e =N " [H,[H, ..., [H,T] .....] (3.47)
k=0

Integrating Eq. (3.46), one obtains

0j> (3.48)

"
where I', is given by
T, =o,7" (3.49)
and
— (=1
F# = Z E>\ D)\FN (3'50)
a=0 0
with
DADy = [H,[H, cooooooy [H, T, ......]] O T0ES) (3.51)

The Eq. (3.48) can be further simplified, when the GT operator commutes with the
effective two-body interaction. For example, the GT operator commutes with the two-
body interaction in the case of pseudo-SU(3) model [Castanos et al. (1994), Hirsch et
al. (1995), Ceron et al. (1999)], and the energy denominator is a well-defined quantity
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without any free parameter. It has been evaluated exactly for 2v5~ 3~ [Castanos et al.
(1994), Hirsch et al. (1995)] and 2vECEC modes [Ceron et al. (1999)] in the pseudo-
SU(3) scheme.

In the present work, we use a Hamiltonian with PQQHH type of effective two-body
interaction, which does not commute with the GT operator. Hence, the energy denomi-
nator is not a well-defined quantity. However, the violation of isospin symmetry for the
QQHH part of our model Hamiltonian is negligible as is evident from the parameters of
the two-body interaction given in Section 2.3. Further, the violation of isospin symmetry
for the pairing part of the two-body interaction is presumably small. With these assump-
tions, the NTME M, of 2v3~ 3~ decay for the 0t — 0" transition in the PHFB model

in conjunction with the summation method can be derived as follows. Using

[H, ajra,,} = [HW+H,,,a;fraV}

= ) (ex—2)ala, (3.52)

nljm

where H, consists of one-body part of the Hamiltonian only,

Ho =Y caln, 1, j)al,(nljm)aq(nljm) (3.53)
nljm
one obtains
D\I'y = [Hx+H,,[H+H,,....... J[Hy 4 Hy, Ty ... IS times)
= Y (e lns i) — £l 1)) 0™ (3.54)
nljm
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and F), is written as

F, = i( 1 Dy,

A

A=0 E

= ZZ < ) e(ry by Gin) — €My Ly )N 07
Ey
v A=0
Eq N

- 3.55

; Eo+ ey lr, Jr) — e(ny, l,,,j,,)a’ﬂ— (3.55)

and the Eq. (3.46) can be further simplified to

E() + (N, l,r,jﬂ) — g(nl,, lu,jv) '

We have evaluated the energy denominator as follows. With the assumption that the
difference in single particle energies of protons in the intermediate nucleus and neutrons

in the parent nucleus is mainly due to the difference in Coulomb energies, one obtains

Ac Jor ny, =ng, b, =z, ju = Jr
g(nﬂ‘a l7l‘7j7T) - 8(n1’7 ll”j’/) = ’

AC + AEs.o.splitting fOT Ny = Ng, lu = lnajy 7& jﬂ

(3.57)

where the Coulomb energy difference A¢ is given by Bohr and Mottelson (1998).
Ao =2 Moz 4 1)~ 076 { (2 + 1) — 2] Mev 3.58
CA1/3(+)_ (Z+1)"" = e (3.58)

Finally, one obtains the following expression for the NTME M, of 2v3~ 5~ decay for the

0t — 07 transition [Chandra et al. (2005)].

J=0 =
Vo 3 o )
2w — Eo+e(ng,le,jr) —e(ny, by, Jy)

(af|or.09rTTT]40)

Oz(nﬂ'alﬂ'ajﬂ) E’y(nl/7ll/7jl/)

_ Ji=0 _Jy —1/2
= [n(ZN)n(Z—HN 2)] N(z,N),(Z+2,N-2)( Z  Tote
0

(m)* ) (F(u *)
<Z+2,N72 s \"2n )

1+ FZ N(e) gg,Nﬁ)La [(1 + Fgf)\’(e)fgl;]\fghn

sinfdo (3.59)

R
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where
W = / et (14 7O )] et (14 £O )] diysineris (.60

and 0

iz (0) = [det (10 FE A )| [det (14 PR o)) )

The 7(v) represents the proton (neutron) of nuclei involved in the 2v3~ 3~ decay process.

The matrices f; y and Fz n(0) are given by

fzn = Z CijomaCijsms Vima [Wime) Oma,—my (3.62)
Fan(0) = ) di oy (O 0 O) i o, (3.63)

The results of PHEFB calculations are summarized by amplitudes (w;,, Vi) and expansion
coefficients Cj;,,. The required NTME My, is calculated as follows. In the first step,
matrices fz n and F; y(0) given by Eqgs. (3.62) and (3.63) are setup for the nuclei involved
in the 2v3~ 3~ decay making use of 20 Gaussian quadrature points in the range (0, 7).
Finally, the required NTME can be calculated in a straightforward manner using the Eq.

(3.59).

3.2 Results and discussions

Our aim is to study the 203~ 5~ decay of *+%Zr, 1Mo, 1%4Ru, 1Pd, 128139Te and %°Nd
isotopes for the 0T — 0T transition. The experimental results of all the nuclei have been
presented in Table 3.1. The NTMEs M,, calculated with PHFB wave functions generated
with four different parametrizations of effective two-body interactions, namely PQQ1,
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PQQHH1, PQQ2 and PQQHH?2 along with the estimated average Ms,, uncertainties
AM,, and experimental Mo, [Barabash (2010)] are presented in Table 3.2. To calculate
the uncertainty, we have done a statistical analysis in the following manner. The mean

and standard deviation are defined for a finite series of calculations as

N k
— S M
M; = =5 (3.64)

and

N 1/2
AM,; = \/% Lz_; (M, — Mﬁ)Ql (3.65)
The Eqgs. (3.64) and (3.65) define the best estimate of the mean and standard deviation
for a Gaussian distribution. In the average NTMEs M, the maximum uncertainty AMs,
turns out to be about 45%, which shows that the NTMEs M, are highly sensitive to the
deformation content of the intrinsic wave functions. We also present the experimental
M, [Barabash (2010)] in the last column of Table 3.2. The experimental Mo, are not
available for 9Zr, '™Ru and ''°Pd isotopes. The calculated M, in the present work
agrees very well with the experimental M,, for %Zr, Mo and 2®Te isotopes within
error bars. In case of 13Te and »°Nd, the calculated M, are about 2.5 times larger and
3.4 times smaller, respectively than the experimental My, .

In Table 3.3, we compile all the available theoretical results along with our calculated
M, and corresponding half-lives T 12/”2 of above mentioned nuclei for the 0% — 0% transi-
tion. We present only the theoretical 7' 12/”2 for those models for which no direct or indirect
information about M, is available to us. We use the phase space factors G5, calculated

by Stoica and Mirea (2013) and rescale them at g4 = 1.2701 [Beringer et al. (2012)]. How-

ever, the Gy, of “Zr and 1%*Ru isotopes are not available. We take them from Boehm and
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Vogel (1992) and rescale them at g4 = 1.2701. The phase space factors Go, (in the unit of
yr~1) used in the present work are 2.456x 10721, 1.55x 10717, 7.573x 10718, 9.778 x 10721,
3.123x107%, 6.58x10722, 3.799x10~*® and 8.9x 10717 for 9497y, 100Mo, %Ry, 1OPd,
128,130Te and '°°Nd isotopes, respectively. However, it is more justified to use g4 around
1.0 for heavy nuclei. Hence, the theoretical le/”Q are calculated for g4 = 1.2701 and 1.0.

A large number of experimental and theoretical studies have been done for the 07 — 0"
transition of 2v5~ 3~ decay. All the available theoretical results are compiled in Table
3.3 for the nuclei under study. We present only the theoretical le/”Q for those models for
which no direct or indirect information about Ms, is available to us. In case of heavy
nuclei, it is more justified to use g4 around 1.0. Hence, the theoretical T’ 12/”2 are calculated
both for g4 = 1.2701 and 1.0.

From the Table 3.3 it can be observed that there is a remarkable spread in the cal-
culated NTMEs M,, within different nuclear models. Specifically, the NTMEs M, cal-
culated with the QRPA model vary by a factor of about 1.4-2.5, corresponding to 3°Te
and 1°°Mo isotopes, respectively and within all the extensions of QRPA, the variation is
about 3.9-12.3, corresponding to Mo and '2Te isotopes, respectively. The calculated
NTMEs within all the models vary by a factor of about 1.2-20, corresponding to *°Nd
and 128Te isotopes, respectively.

The average NTMEs M, evaluated using the PHFB approach are suppressed, except
for 9Te isotope, by a factor between 1.7-2.5 approximately with respect to those of
QRPA [Simkovic et al. (2013)], corresponding to %Zr and °Pd isotopes, respectively.
The M, calculated within PHFB model is larger by a factor of about 1.3 with respect

to QRPA [Simkovic et al. (2013)] value.
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It is clear from above discussion that the validity of nuclear models presently employed
to calculate M, can not be uniquely established due to large error bars in experimental
results as well as uncertainty in g4. Further work is necessary both in the experimental
as well as theoretical front to judge the relative applicability, success and failure of various

models used so far for the study of 55 decay processes.

3.2.1 Deformation effects

To quantify the deformation effect on M,,, we define a quantity D,, as the ratio of Ms,

at zero deformation (¢ 0) and full deformation (¢,, = 1). The deformation effect ratio

aq —

Dy, is given by

D2u

_ M3, (Cgq = 0)
ﬁ (3.66)

a M2V<<q )

The values of Ds, are 2.37, 3.80, 3.41, 25.85, 5.27, 3.50, 4.81 and 12.30 for ?4%7Zr, %Mo,
104R Y, 110Pd, 128130 e and 1°°Nd nuclei, respectively, which suggest that the deformation

play a crucial role in the evaluation of NTMEs M,,,.

3.3 Conclusions

Presently, a number of nuclear models have been employed to calculate M, and the
calculated M, in these models vary substantially. The validity of these nuclear models
can not be uniquely established due to large error bars in experimental results as well
as uncertainty in g4. Further work is necessary both in the experimental as well as
theoretical front to judge the relative applicability, success and failure of various models

used so far for the study of 5 decay processes. In the present work, we have shown that
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the deformations of the intrinsic states play a crucial role in reproducing a realistic NTME.
A reasonable agreement between the calculated and observed spectroscopic properties and
M,,, of 2v3~ 3~ decay for 0t — 07 transition of considered nuclei makes us confident to
employ the same PHFB wave functions to study the Ovf3~ 3~ decay of the mentioned

nuclei, which is given in the Chapter 4.
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Table 3.1: Experimental half lives TIQ/”2

of 2v3~ 5~ decay of A = 48, 76, 82, 94, 96, 100,
110, 116, 128, 130, 136, 150, 238 and 244 nuclei for the 0% — 07 transition. Tdenotes all

modes.

Transition le/”Q (yr) Project Reference

BCa—BTi  (6.4707)x101 NEMO 3 [Arnold.et al.(2016)]
(4.470540.4)x 10" NEMO 3 [Barabash et al.(2011)]
9.0x10" ITEP4+CSNS+  [Bakalyarov et al. (2002)]

JINR+FNSPE

(4.2733)x 10" TGV [Brudanin et al. (2000)]
(4.372141.4)x 10" UC Irvine [Balysh et al.(1996)]
>3.6x10" [Bardin et al. (1970)]
(5.3732)x10" Average [Barabash (2019)]

©Ge—"Se (1.925+0.094)x10**  GERDA [Agostini et al. (2015)]
(1.841018)x10% GERDA [Agostini et al. (2013)]
(1.7440.017518) x 102 [Dorr et al.(2003)]
(1.55+0.0175:12)x 10?1 HM [Klapdor et al. (2001)]
(1.4540.15)x 10** IGEX [Morales (1999)]
(L7700, 1013y x102t HM [Gunther et al. (1997)]
(1.1£0.2) x 10 IGEX [Aalseth et al. (1996)]
(1.2193)x10% [Avignone (1994)]
(8.4739)x10%° IGEX [Brodzinski et al. (1993)]
(9.2 x10% USC+PNL+  [Avignone et al. (1991)]

ITEP+YPI

(1.1198)x10% PNL+USC [Miley et al. (1991)]
(0.940.1)x10* ITEP+Yerevan [Vasenko et al. (1990)]
>5.0x102%° [Vuilleumier et al. (1988)]
>3.0x10%° USC+PNL [Avignone et al. (1986)]
(1.88+0.08) x 10* Average [Barabash (2019)]
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Table 3.1 continued

Transition T 12/”2 (yr) Project Reference

828e—52Kr  (0.939+0.017)x 10% NEMO 3
(9.64+0.3+1.0) x 10 NEMO 3
(10.3+0.2+1.0)x10"  NEMO 3

(0.8340.09 + 0.06)x 102 NEMO 2

Arnold et al. (2018)]
Arnold et al. (2005)]
Lalanne (2005)]
Piquemal et al. (1999)]

[
[
[
[
(8.3+1.04+0.7)x 10 NEMO 2 [Arnold et al. (1998)]
(1.087028)x 1020 UC Irvine [Elliott et al. (1992)]
1.0x10% Geochemical [Manuel et al. (1991)]
(1.240.1) x 10% Geochemical [Lin et al. (1988)]
(1.17908)x10%° UC Irvine  [Elliott et al. (1987)]
(1.340.05)x 10%° Geochemical [Kirsten et al. (1986)]
(0.9340.05)x 10%° Average [Barabash (2019)]
M7Zr—9Mo  >1.1x10'7 NEMO 2 [Arnold et al. (1999)]
%7Zr—%Mo  (2.3540.14+0.16)x 10  NEMO 3 [Argyriades et al. (2010)]
(2.040.3+0.2)x 10" NEMO 3 [Lalanne (2005)]
(9.443.2)x10" Geochemical [Wieser et al. (2001)]
(2.175340.2) x 101 NEMO 2 [Arnold et al. (1999)]
(2.075:240.5) x 1017 NEMO 2 [Barabash (1998)]
(3.940.9)x 10" Geochemical [Kawashima et al. (1993)]
(2.340.2)x 10" Average [Barabash (2019)]
10Mo—1Ru  (6.8140.01)x 10" NEMO 3 [Arnold et al. (2019)]
(7.12%51840.10)x 108 CUPID [Armengaud et al. (2019)]
(6.90+0.15+0.37)x10'®  CUPID [Armengaud et al. (2017)]
(7.15+0.37+0.66) x10'®  INFN [Cardani et al. (2014)]
(7.11£0.02+0.54) x10'®*  NEMO 3 [Arnold et al. (2005)]
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Table 3.1 continued

Transition T 12/”2 (yr) Project Reference
(7.7240.024£0.54)x 10'*  NEMO 3 [Lalanne (2005)]
(2.140.3)x 10" Geochemical  [Hidaka et al. (2004)]
(7.240.941.8)x 1018 ITEP+INEFN  [Ashitkov et al. (2001)]
8.5x10'8 ITEP+INFN  [Ashitkov et al. (1999)]
(6.82703840.68)x10'®  UC Irvine [De Silva et al. (1997]
(7.6722)x10'® LBL+MHC+ [Alston-Garnjost et al. (1997)]

UNM-+INEL

(9.540.440.9)x10*® NEMO 2 [Dassie et al. (1995)]
(11.673:5)x10'® UC Irvine [Elliot et al., (1991)]
(11.5739)x 10 ELEGANT V  [Ejiri et al.(1991)]
(3.3730)x 1018 INS Baksan  [Vasilev et al. (1990)]
(6.88+0.25)x 10'8 Average [Barabash (2019)]

Hpq—-H19Cd  >6.0x10' [Winter (1952)]

16Cd—1168n  (2.637013)x 10" Aurora [Barabash et al. (2018)]
(2.74+0.04+0.18) x 10 NEMO 3 [Arnold et al. (2017)]
(2.80£0.05£0.4)x 10"  INR [Poda et al. (2014)]
(2.88-£0.040.16) x 10'° [Barabash (2011)]
(2.840.140.3)x 10" NEMO 3 [Lalanne (2005)]
(2.940.175:3) x 101 INR [Danevich et al. (2003)]
(2.64£0.175:7) x 101 INR+INFN  [Danevich et al. (2000)]
(3.75+0.35+0.21) x 10  NEMO 2 [Arnold et al. (1996)]
(2.770240.9)x 109 INR [Danevich et al. (1995)]
(2.6702)x 1019 Osaka [Ejiri et al. (1995)]
(2.675:240.35)x 10" [Kume et al., (1994)]
(2.69+0.09) x 10 Average [Barabash (2019)]
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Table 3.1 continued

Transition Tf/”Q (yr) Methods Reference

128Te—128%e  (2.4140.39)x 10* Geochemical [Meshik et al.(2008)]
(2.3+0.3) x 10* Geochemical [Thomas et al.(2008)]
(2.240.3) x 10* Geochemical [Takaoka et al. (1996)]
(7.74£0.4)x10* Geochemical [Bernatovicz et al. (1993)]
2.2x10% Geochemical [Manuel (1991)]
(1.840.7)x 10* Geochemical [Lin et al. (1988)]
>5x10% Geochemical [Kirsten et al. (1986)]
(2.25+0.09) x 10%* Recommended  [Barabash (2019)]

130Te—130Xe  (7.940.140.2) x 10%° CUORE [Caminata et al. (2019)]
(8.240.240.6) x 1020 CUORE 0 [Alduino et al. (2017)]
(7.04£0.941.1)x 10% NEMO 3 [Arnold et al. (2011)]
6.1+£1.4722 INFN+LNGS [Arnaboldi et al. (2003)]
>3.0x10% INFN+LNGS [Alessandrello et al. (2000)]
(7.9£1.0) x 10% Geochemical [Takaoka et al. (1996)]
(2.740.1)x 10* Geochemical [Bernatovicz et al. (1993)]
0.8x10* Geochemical [Manuel (1991)]
>8.0x10%° [Bellotti et al. (1987)]
(2.740.1)x 10 Recommended  [Elliott et al. (2002)]
(7.1940.21)x 10% Average [Barabash (2019)]

136Xe—13Ba  (2.2140.0240.07)x 102! KamLAND Zen [Gando et al. (2016)]

(2.1654-0.0164-0.0059) x 10%*

(2.30i0.02:t0.12)><1021
>1.0x 10?2
>8.1x10%
>5.5x10%

EX0-200
KamLAND-Zen
INFN

INR

Gotthard tunnel

[

[Albert et al.(2014)]
[Gando et al.(2012)]
[Bernabei et al. (2002)]
[Gavriljuk et al. (2000)]
[Busto et al.,(1996)]




Table 3.1 continued

Transition T 12/”2 (yr) Project Reference
(2.1840.05)x 10%* Average [Barabash (2019)]
150Nd—1%0Sm  (9.3440.2240.63)x 10  NEMO 3 [Arnold et al.(2016)]
(9.11702340.63)x10'*  NEMO 3 [Argyriades et al. (2009)]
(9.7+0.74+1.0)x 108 NEMO 3 [Lalanne (2005)]
(6.751937+0.68) x10'®  UC Irvine [De Silva et al. (1997)]
(18.8755+1.9)x10'® ITEP +INR  [Artemiev et al. (1995)]
(17135, £3.5)x 108 ITEP +INR  [Artemiev et al. (1993)]
9.0x10'® UC Irvine [Elliott et al. (1993)]
>11.0x10'® INS Baksan [Vasilev et al. (1993)]
>18x10"® INR [Klimenko et al. (1986)]
(8.441.1)x 10" Average [Barabash (2019)]
2WU-%Pu >8.1x10™ INR [Tretyak et al. (2005)]
(2.0£0.6) x 10* Radiochemical [Turkevich et al. (1991)]
2Py 240 >1.1x10% Radiochemical [Moody et al. (1992)]
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Table 3.2: Theoretically calculated NTMEs M, within the PHFB model with four
different parametrizations and their average value M,, along with experimental values

[Barabash (2010)].

Nuclei M, M, My, (Exp.)

PQQ1 PQQHH1 PQQ2 PQQHH?2

U7r  0.064 0.060 0.133 0.058  0.079+0.036 -
%7Zr  0.055 0.056 0.053 0.054  0.054+£0.001  0.048%392
10Mo  0.127 0.128 0.127 0.127  0.1274£0.001  0.123%5552
104Ry  0.020 0.021 0.023 0.022  0.021+0.001 -
10pq  0.085 0.124 0.105 0.115  0.107£0.017 -
128Te  0.026 0.022 0.027 0.021  0.024+0.003  0.0241555%
180T 0.047 0.044 0.041 0.050  0.045+0.004  0.017+3992

BONd 0010 0.008  0.010  0.008  0.009£0.001  0.031+35%
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Table 3.3: Theoretically calculated NTME Ms, and half-life Tf/”2 of 2v5~ 3~ in different
nuclear models for the 0 — 0% transition of *#%Zr, %Mo, 1%4Ru, 11°Pd, 128130Te and

1%0Nd nuclei. The numbers corresponding to (a) and (b) are calculated for g4 = 1.2701

Wk

and 1.0 respectively. denotes present calculation.

Nuclei ~ Model Reference | My, | T
947y PHFB  * 0.079 (a) 6.52
(10?2 yr) (b) 16.98
SRQRPA  [Bobyk et al. (2000)] 3.08-659
OEM [Hirsch et al. (1994)] 168
QRPA [Staudt et al. (1990)] 6.93
967y PHFB  * 0.054 (a) 221
(10" yr) (b) 5.76
FSQP [Eijri (2017)] 0.045 (a) 3.19
(b) 8.29
QRPA [Simkovic et al. (2013)] 0.090 (a) 0.80
(b) 2.07
SRQRPA  [Bobyk et al. (2000)] 0.452-61
SU(4),r  [Rumyantsev et al. (1998)] 0.0678 (a) 1.40
(b) 3.65
RQRPAT  [Toivanen et al. (1997)] 4.4
RQRPA*!  [Toivanen et al. (1997)] 4.2
QRPA [Barabash et al. (1996)] 0.12-0.31 (a) 0.45-0.067
(b) 0.12-0.17
SRPA [Stoica et al. (1995)] 0.022 (a) 13.33
(b) 34.69
OEM [Hirsch et al. (1994)] 20.2
QRPA [Staudt et al. (1990)] 1.08
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Table 3.3 continued

Nuclei ~ Model Reference | Ma, | T,
QRPA [Engel et al. (1988)] 0.124 (a) 0.42
(b) 1.09
100\ PHFB  * 0127  (a) 8.19
(108 yr) (b) 21.30
FSQP  [Eijui (2017)] 0.096 () 14.33
(b) 37.29
QRPA [Simkovic et al. (2013)] 0.232 (a) 2.45
(b) 6.38
SSDH [Simkovic et al. (2000)] (a) 7.15-8.97
SRQRPA  [Bobyk et al. (2000)] 5.04-16800
SU(4),,  [Rumyantsev et al. (1998)] 0.1606 (a) 5.12
(b) 13.32
SSDH [Civitarese et al. (1998)] 0.18 (a) 4.08
(b) 10.61
SRPA [Stoica et al. (1995)] 0.059 (a) 37.93
(b) 98.71
pSU(3)™  [Hirsch et al. (1995a)] 0.152 (a) 5.71
(b) 14.87
pSU(3)** [Hirsch et al. (1995a)] 0.108 (a) 11.32
(b) 29.46
OEM [Hirsch et al. (1994)] 35.8
QRPA [Suhonen et al. (1994)] 0.101 (a) 12.94
(b) 33.69
QRPA  [Griffith ef al. (1992)] 0.256 () 2.01
(b) 5.24
QRPA [Staudt et al. (1990)] 1.13
QRPA [Engel et al. (1988)] 0.211 (a) 2.97
(b) 7.72
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Table 3.3 continued

Nuclei ~ Model Reference | Ma, | T
104Ru PHFB * 0.021 23.19
(102 yr) 60.35
OEM  [Hirsch et al. (1994)] 3.09
QRPA  [Staudt et al. (1990)] 0.629
110pq PHFB * 0.107 2.80
(10%° yr) 7.28
FSQP  [Eijri (2017)] 0.145 1.52
3.96
QRPA  [Simkovic et al. (2013)] 0.263 0.46
1.20
SSDH  [Semenov et al. (2000)] 1.6
SSDH  [Civitarese et al. (1998)] 0.19 0.89
2.31
SRPA  [Stoica (1994)] 0.046 15.13
39.38
OEM  [Hirsch et al. (1994)] 12.4
QRPA  [Staudt et al. (1990)] 0.116
128 Te PHFB * 0.024 2.64
(10%* yr) 6.87
FSQP  [Eijri (2017)] 0.019 4.21
10.96
QRPA  [Simkovic et al. (2013)] 0.048 0.66
1.71
SSDH  [Semenov et al. (2000)] 0.048 0.66
1.72
SM [Caurier et al. (1999)] 0.5
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Table 3.3 continued

Nuclei ~ Model Reference | Ma, | T
SU(4)sr  [Rumyantsev et al. (1998)] 0.053 (a) 0.54
(b) 1.41
SSDH [Civitarese et al. (1998)] 0.013 (a) 8.99
(b) 23.40
MCM [Aunola et al. (1996)] 0.046 (a) 0.72
(b) 1.87
SRPA [Stoica (1994)] 0.006 (a) 42.22
(b) 109.9
OEM [Hirsch et al. (1994)] 0.21
QRPA [Staudt et al. (1990)] 2.63
QRPA [Engel et al. (1988)] 0.074 (a) 0.28
(b) 0.72
IBM [Scholten et al. (1985)] 0.09
WCSM  [Haxton and Stephenson (1984)] 0.120 (a) 0.10
(b) 0.27
80Te  PHFB  * 0.045  (a) 130
(10%° yr) (b) 3.38
FSQP  [Eijri (2017)] 0.017  (a) 9.11
(b) 23.70
QRPA [Simkovic et al. (2013)] 0.034 (a) 2.29
(b) 5.96
SM [Caurier et al. (1999)] 0.030 (a) 2.92
(b) 7.61
SU(4),r [Rumyantsev et al. (1998)] 0.0468 (a) 1.20
(b) 3.13
RQRPAT  [Toivanen et al. (1997)] 0.009 (a) 32.50
(b) 84.57
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Table 3.3 continued

Nuclei ~ Model Reference | Ma, | T
RQRPA?*  [Toivanen et al. (1997)] 0.009 (a) 32.50
(b) 84.57
MCM [Aunola et al. (1996)] 0.028 (a) 3.36
(b) 8.74
SU(4)sr  [Rumyantsev et al. (1995)] 7.0
SRPA  [Stoica (1994)] 0.016  (a) 10.28
(b) 26.76
OEM [Hirsch et al. (1994) 0.79
QRPA [Staudt et al. (1990)] 18.4
QRPA [Engel et al. (1988)] 0.049 (a) 1.10
(b) 2.85
IBM [Scholten et al. (1985)] 0.17
WCSM  [Haxton and Stephenson (1984)] 0.114 (a) 0.20
(b) 0.53
150Nd PHFB * 0.009 (a) 138.7
(10'8 yr) (b) 361.0
SU(4),r [Rumyantsev et al. (1998)] 0.0642 (a) 2.73
(b) 7.09
pSU(3)  [Castanos et al. (1994)] 0.055 (a) 3.71
(b) 9.67
OEM [Hirsch et al. (1994)] 16.6
QRPA [Staudt et al. (1990)] 7.37

TAWS basis; WS basis; *Spherical occupation wave functions; T+ Deformed occupation

wave functions
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Chapter 4

0v3~ 5~ decay of 7+9Zr, 1Mo, VR,
Hipq, 12813076 and 1°YNd nuclei in
the left-right symmetric grand

unified theory

The flavor oscillation of neutrinos has been confirmed at atmospheric [Fukuda et al.
(1998),(1999)], solar [Ahmed et al. (2001),(2002),(2004)], reactor [Eguchi et al. (2003)]
and accelerator [Aguilar et al. (2001)] sources, which imply that the neutrinos have mass.
On the other hand, the possibility of finite neutrino mass has been already suggested by
left-right symmetric models (LRSM) based on quark-lepton symmetry [Pati and Salam
(1974), Mohapatra and Pati (1975), Senjanovic and Mohapatra (1975)]. The possible
existence of right handed V' + A currents and right handed heavy Majorana neutrinos is
suggested by LRSM. The non-vanishing mass of neutrinos suggest that the latter may
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be Dirac or Majorana particles. The possible occurrence of Ov3~ 5~ decay requires two
necessary conditions, namely finite neutrino mass and helicity matching so that the neu-
trino is a Majorana particle and v.;, = T.. The latter condition is also satisfied if the
neutrino has a finite mass because the emitted neutrino v, can be in a minor helicity state
h = 1/2 in proportion to (m,/w), where m, and w are the mass and the energy of the
neutrino respectively. The transition amplitude will be proportional to (m, /m.) and this
is the well known mass mechanism. Alternatively, the helicity matching is also satisfied
in the presence of right handed V + A currents. In this case, a neutrino mass is also
induced as a perturbative correction by the Ovf3~ 3~ decay. Thus, the two possibilities
regarding the nature of neutrinos can be resolved only through the experimental study of
Ovp~ [~ decay. Further, the study of Ov3~ 5~ decay also provides information regarding
the parameters of right handed currents and mass of heavy neutrinos.

The left-right symmetric models (LRSM) [Pati et al. (1974), Mohapatra et al. (1975)
and Senjanovic et al. (1975)] aim at explaining two puzzling aspects of the SM, namely
(i) violation of parity in the weak interactions and (ii) masslessness of neutrinos both of
which are intimately related to Ov3~ 3~ decay [Doi et al. (1985)]. There exists a common
solution to both the above mentioned questions. The process of spontaneous symmetry
breaking of the SU(2)r symmetry group suppresses the right handed V' + A currents at
low energies and gives non-zero mass. The LRSM provides a very attractive explanation
for non zero mass values of neutrinos, when compared to those of charged leptons via the
well known seesaw mechanism [Gell Mann et al. (1979) and Mohapatra et al. (1981)].

The present chapter is organized as follows. The Ovf3~ 5~ decay has been already

studied extensively in the light neutrino approximation [Haxton et al. (1984), Doi et al.
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(1985), Vergados [(1986), (2002)], Tomoda (1991), Suhonen et al. (1998), Faessler et al.
(1998)]. In LRSM, the Ov3~ 3~ decay has been studied by Mohapatra [(1986)], Doi et al.
(1993) and Hirsch et al. (1996). Therefore, the theoretical formalism for Ov3~ 5~ decay
in LRSM is given briefly in Section 4.1. In Section 4.2 , results of our calculation are
presented and discussed. The role of deformation on the NTMEs due to light Majorana

(0v)

neutrino exchange M () as well as heavy Majorana neutrino exchange M ©Y) is studied

in the same Section. Finally, we present concluding remarks in Section 4.3.

4.1 Theoretical formalism

The weak interaction effective Hamiltonian Hyy including hadronic currents is written as

G ) ) ) .
Hy = (ﬁ) []LMJQ” + ki 4+ iR I+ Njru JE | + hec. (4.1)
where
gt =" (1 —75) ver =" (1 +75) vog (4.2)
and
Ver, = Z UeijL V/eR = Z ‘/eijR (43)
j j

The left and right handed weak hadronic V' + A currents are given by

T = gyt (1 — ) d Jal = glayt (1 + ;) d (4.4)

The following approximations are taken in deriving the decay rate of Ov3~ 3~ decay.
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(i) The light neutrino species (m; < 10 MeV) and heavy neutrinos (m; > 1 GeV') are
considered.
(ii) The total angular momentum transferred from the nucleus can be 0,1 or 2. The s and
p waves are considered to describe the final leptonic states.
(iii) The nonrelativistic impulse approximation is considered for the hadronic currents.
However, the recoil terms are retained.
(iv) In the case of Ov3~ (5~ decay, the exchanged neutrinos are virtual particles. The
energy of neutrinos are much larger than the typical excitation energy of the intermediate
nuclear states. Hence, the closure approximation is valid and it is usually used.
(iv) No finite de Broglie wave length correction is considered. This assumption is helpful
in the calculation of phase space factors.
(vi) The CP invariance is assumed so that the effective neutrino masses (m,) and (My)
for the light and heavy neutrinos are also real since U, and V,; are both real or pure
imaginary depending on the CP parity of the mass eigenstate neutrino N.

ov

In the mass mechanism, the inverse half-life 7] /o of OvB~ 3~ decay for the 07 — 0T

transition is given by

0 — 0 = () ent o (Y oo () (Yot
where

(m,) = S.U%m, (4.6)

17 et

(My)™ = Z{UZm; (4.7)

and the nuclear factors-of-merit C,,,, are defined by the following relations.
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2
CEE = Gt MO = Gor (=M + MG + ) (4.8)
2
N = Gor [MOV]* = Gor (=M5Y + M) + M5 (49)
CNE = 2Gy, ( M + MGy + MJ(?”)> (—M}OhN o MR + MY )> (4.10)

where the NTMEs M\ (K = F, GT, T, Fh, GTh, Th and I = Ov, ON) are [Simkovic et

al. (2001), (2008), (2009)]

My _Z<0;}|0Knmr Sl1or) (4.11)
with

Or = Hp(rwm) (4.12)

Ogr = 0n-0nHer (Tum) (4.13)

Or = [B(ow Tum) (Om Tum) = O - o] Hr (rum) (4.14)

Orn = Hpw (Thm) (4.15)

Ogrn = O TmHarn (Tam) (4.16)

Orn = [3(on Tum) (Om  Tum) = On - O] Hrp (Tam) (4.17)

The neutrino potentials due to light Majorana neutrino exchange H, (7,,,) and heavy
Majorana neutrino exchange H,(7p,) associated with Fermi, Gamow-Teller (GT) and

tensor operators are given by

_ =h Ja (qrnm)
Ho(rmm) = - q+A) ha(q)qdq (4.18)

Hah<rnm) = m m /fa qrnm a )q2dq (419)
p!lle



where f, (qram) = jo (qrnm) for o = F, GT and fr (¢rpm) = Jjo (¢nm)- The effects due
to the FNS are incorporated through the dipole form factors and the form factor related

functions hr(q), har(q) and hr(q) are written as

he(q) = gv (¢°) (4.20)
@[, 2 ge(@®)d 1 gp(d®)dt T | 290
horle) = Zor l 394(6?)2M, * 3 95(a?)AM ]+3 gRAM

Q

(A_?a)“[l_z q2 1 ]
¢+ A% (¢ +mi) 3 (g +m3)”
_'_

ov ' P (A Y (4.21)
ga) 6M? @+ A2 '
hela) = 94(¢%) [2 gr(¢®)® 1 gb(d)q" 193¢
’ A 139a(¢®)2M, 3gA(¢)AME] 3 gAAM2

(75) bots }
2+A%) [3(2+m2)  3(g2+m2)

L) Ee (A Y (4.22)
ga) 12M?2 @+ A2 '

Q

where

gv(@®) = gv( Ay )2

ga \@®+ A3,
2
94(¢®) = ga (ﬁ) (4.23)
gu(@®) = kgv (q2fVA2V )2
gp(¢®) = ?;prg;) (Aa‘ A—imi) (4.24)

with gy = 1.0, g4 = 1.2701, kK = p, — p,, = 3.70, Ay = 0.850 GeV, A4 = 1.086 GeV
and m, is the pion mass. The presence of pseudoscalar and weak magnetism terms of the
higher order currents (HOC) [Simkovic et al. (1999)] results in no change of the Fermi
matrix element M }(,I) (I = Ov,0N), the addition of three new terms Mg%f PP MgT)f AP
MgT)f ws to the conventional GT Mg% = MgT)f 44 Matrix element and the addition of
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three new terms M:(Flz pPs M}Q AP M:(Flz v s the tensor matrix element M:(FI).

The short range correlations (SRC) arise mainly from the repulsive nucleon-nucleon
potential due to the exchange of p and w mesons and have been incorporated by using
effective transition operator [Wu et al. (1985)], the exchange of w-meson [Hirsch et al.
(1995)] , UCOM [Simkovic et al. (2008), Kortelainen et al. (2007)] and the self-consistent
CCM [Simkovic et al. (2009)]. The SRC can also be incorporated phenomenologically by
Jastrow type of correlations with Miller-Spenser parametrization [Miller et al. (1976)].
Further, it has been shown in the self-consistent CMM [Simkovic et al. (2009)] that the
SRC effects of Argonne and CD-Bonn two nucleon potentials are weak and it is possible
to parametrize them by Jastrow type of correlations within a few percent of accuracy.

Explicitly,

fr)=1—ce ™ (1 — br?) (4.25)

where a = 1.1, 1.59 and 1.52 fm=2, b = 0.68, 1.45 and 1.88 fm~2 and ¢ = 1.0, 0.92
and 0.46 for Miller-Spencer parametrization, CD-Bonn and Argonne V18 NN potentials,
respectively. In present work the NTMEs M I(<I ) (K=F, GT, T, Fh, GTh, Th and I = Ov,
ON) are calculated in the PHFB model for the above mentioned three sets of parameters
for the SRC, denoted as SRC1, SRC2 and SRC3, respectively.

Employing closure approximation in conjunction with the HFB wave functions, the

NTMEs M I((I ) are calculated by using the expression [Rath et al. (2010), (2012)] as follows:
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MY = (07 |0k 0F)

™

= [njf—on‘”_o}I/Q/H(Z,N),(Z+2,N2)(9) X Z (aB|O0k]|~0)

0 afyo
()%
(fZ+2N—2> B
1+FZN( )fZ+2N 2):| co

F(V)*)
( ZN nd

(1+ FO )|

R

X

sin 0d6 (4.26)

where

n’ = j [det (1 + F™ fWﬂ v [det (1 + FW fWH Y @)sin(0)de (4.27)
0
and
n(zn),(z+2,N-2)(0) = [det (1 + ngN ZV+2 N— 2)] v
 [det (1 FS s a)] (1.28)

The 7(v) represents the proton (neutron) of nuclei involved in the Ov5~ 3~ decay process.

The matrices fz n and Fz n(f) are given by

fZ7N = Z Czja Mo CZ]B mpg (Uima /ulma) 5ma7*mﬁ (4'29)

Fzn(0) = Z d. di,fﬁm (0) fiami, ams, (4.30)

The phase space factor Gy of the Ov5~ 3~ decay can be evaluated by using the fol-
lowing integral [Doi et al. (1985)]
(Gga)'m?

Go1 = bo1d, 4.31
. 647?5(meR)21n(2)/ o (4.81)
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where

dQOV = 2m;5p1p2€1825 (El + €9 + MF — M[) d€1d€2

Using

2
/on,, = —5/p1p261€2d€1
me

one obtains

2(Gga)tm? /
Gy = - b €169de
01 6475 (meR)2ln(2) 01P1P2€1€20€7
g(OV)

= (m R)2 /bo1p1p25152d51

where

(ov) _ (GgA)4mg
g )

3275 1In(2
and the nuclear radius

R=12AY3 fm
The kinematical factors by, is given by
bor = a4 + B,

Using the approximate relation

oy

(2182 £ m) Coo

N —

By

and

Coo = Fo (Z, 81) Ey (Z, 82) /8182

the phase space integral is finally given by

(0v) T+me
Gor = 2 / Fo(Z,e1) Fo (Z, g2) pipacicader
(meR) Me
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(4.35)
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(4.37)

(4.38)

(4.39)
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4.2 Results and discussions

Employing the same PHFB wave functions generated with four parametrizaions of pairing
plus multipolar type of effective two-body interaction as used in Chapter 2 and Chapter
3 to calculate spectroscopic properties and NTMEs Ms,, the required NTMEs due to
light Majorana neutrino exchange M) as well as heavy Majorana neutrino exchange
MON) for 94967y 100\[g 104Ry, 0P, 128130 e and '"°Nd isotopes are calculated with
the consideration of three different parametrizations of the Jastrow type of SRC.

The decomposition of NTMEs M [(? Y) into Fermi, Gamow-Teller and tensor components
due to light Majorana neutrino exchange for *®*Mo are presented in Table 4.1 for point case
P (3rd column), including finite size effect FNS (4th column) and with the consideration of
FNS and SRC simultaneously (F+SRC -5th to 7th columns) for all four parametrizations,
namely PQQ1, PQQHH1, PQQR2 and PQQHH?2 used in the present work. To test the
validity of closure approximation, the NTMEs M [(?”) are also calculated for Z/ 2 in the
energy denominator in the case of F+SRC given in 8th to 10th columns of Table 4.1. The

) due to heavy Majorana

Fermi, Gamow-Teller and tensor components of NTMEs M I(? N
neutrino exchange for 1Mo are given in Table 4.2 for P, FNS and F+SRC case. It
is observed from Table 4.1 and 4.2 that the contribution of conventional Fermi matrix
elements is about 20% to the total matrix element. The Gamow-Teller matrix element
is noticeably modified by the inclusion of the pseudoscalar and weak magnetism terms
in the hadronic currents. The tensor matrix elements have a very small contribution,

smaller than 4%, to the total transition matrix elements. The inclusion of short range

correlations changes the nuclear matrix elements significantly, whose effects are large for
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the Gamow-Teller and Fermi matrix elements but small in the case of tensor ones.

In Table 4.3, we present NTMEs M) due to light Majorana neutrino exchange for
94,967y 100Mo, 194Ru, HOPd, 128130 e and ¥°Nd isotopes calculated in the same approxi-
mations as mentioned above. It is noticed in general but for 1'°Pd isotope that the NTMEs
evaluated for both PQQ1 and PQQ2 parameterizations are quite close. The inclusion of
the hexadecapolar term tends to reduce them by magnitudes, specifically depending on
the structure of nuclei. The maximum variation in M) due to the PQQHH1, PQQ2 and
PQQHH?2 parameterizations with respect to PQQ1 for all nuclei except '°Pd is about
15%. However, the maximum variation in case of 1'°Pd is about 37%. The relative change
in NTMEs M), by changing the energy denominator to A/2 instead of A is in between
7.5%-12.4%, which confirms that the dependence of NTMESs on average excitation energy
A is small and thus, the validity of the closure approximation for Ov3~ 3~ decay is sup-
ported. In Table 4.4, the NTMEs M©N) due to heavy Majorana neutrino exchange are
presented for all the nuclei under consideration and the effect of different parametrizations
is found same as in case of NTMEs M) due to light neutrino exchange.

In Table 4.5 and 4.6, we compare our results of NTMEs M©) and M©M) | respec-
tively, with those of calculated in other nuclear models. In comparison to the recent SM
and QRPA (including its extensions) values, presently calculated NTMEs M) differ
by a factor of about 0.5-0.9 and 0.5-2.5, respectively. However, the difference between
the calculated values of M) turns out to be a factor of about 1.3-1.6 and 1.5-7.5 in

comparison to SM and QRPA (including its extensions) results.
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4.2.1 Effect of FNS and SRC

In Table 4.7, the relative changes in NTMEs M (in %) (I = Ov,0N) due to the different
approximations are presented. It is noticed that the consideration of FNS induces changes
about 9.0%-12.0% in the NTMEs M (%) with respect to point nucleon case. The NTMEs
M) are further reduced by approximately 13.0%-17.0%, 1.0%-2.0% and 2%-3.0% with
the addition of SRC1, SRC2 and SRC3, respectively, relative to the FNS case.

In case of heavy Majorana neutrino exchange, the change in A/ Y) is about 29%-33%
due to the FNS with respect to the point nucleon case. With the inclusion of effects due
to both FNS and SRC, the NTMEs change by about 65%-68%, 39%-42% and 18%-20%

for F+SRC1, F+SRC2 and F4+SRC3, respectively.

4.2.2 Extraction of effective neutrino mass

The limits on the effective mass of light Majorana neutrino (m,,) as well as heavy Majorana
neutrino (My) are extracted from the most recent observed limits on half-lives Tl% of
Ovp~ B~ decay using the average NTMEs VAR (I = 0v,0N). We use the phase space
factors Gg; calculated by Stoica and Mirea (2013) and rescale them at g4 = 1.2701
[Beringer et al. (2012)]. However, the Go; of **Zr isotope is not available. We take Gy
for %Zr isotope from Boehm and Vogel (1992) and rescale them at g4 = 1.2701. The
experimental half-life limits Tl% and phase space factors (Gg; used in the present work
are given in Table 4.8. The average NTMEs VAR along with calculated parameters are
presented in Table 4.9. Tt is observed that the extracted upper limits on (m,) for 1Mo

and 13°Te nuclei are 0.45 eV and 0.17 eV, respectively. The predicted half-lives of 0v3~ 3~
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decay of 9497Zr, 190Mo, 119Pd, 128:130Te and ®°Nd isotopes are also given for (m,) = 50
meV. We also extract lower limits on the effective mass of heavy Majorana neutrino (M)
from the recent observed limits on half-lives T’ 10/”2 of O~ 3~ decay. The extracted lower
limits on (My) are 3.27 x 107 GeV and 8.99 x 107 GeV, for 1Mo and *°Te nuclei,
respectively.

In the same Table 4.9, we present the nuclear sensitivities & (D (I = 0v,0N), which are

related to mass sensitivities, defined by Simkovic et al. (1999)

¢ =108/ Goy | M| (4.41)

with an arbitrary normalization factor 10® so that the nuclear sensitivities turn out to be
order of unity. It is observed that the nuclear sensitivities £ ) for light neutrino exchange
of 19Mo, 130Te, 15ONd, %Zr, 110Pd, %Zr and '?8Te isotopes are in the decreasing order of

(ON)

their magnitudes. The nuclear sensitivities & for heavy neutrino exchange of 1Mo,

130, 967y, 150Nd, 10Pd, Zr and '2%Te isotopes are in the decreasing order of their

magnitudes.

4.2.3 Uncertainties in NTMEs

The uncertainties associated with the NTMEs M©) and M©N) for 0v5~ 3~ decay are
estimated by preforming a statistical analysis by employing set of twelve NTMEs listed
in the columns 4-6 of Table 4.3 and Table 4.4, respectively. The mean VAR and their
variances AM" are calculated by using Egs. (3.64) and (3.65) of Chapter 3. It turns out
that the uncertainties AM " are of the order of 10%, but for 1°Pd for which A

is approximately 14%. For the case of NTMEs associated with heavy Majorana neutrino
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exchange, the maximum uncertainty AN is about 37%.

4.2.4 Deformation effect

The effect of deformation on M) is quantified by the quantity D) defined as the ratio

of M) at zero deformation (¢,, = 0) and full deformation ((,, = 1) [Chaturvedi et al.

(2008)].

0)
1)’

In Table 4.10, we tabulate the values of DU for 9497y 100\[o, 104Ry, 110Pd, 128:130Te

M
DU — 4.42
i (4.42)

(I)(qu
(u )(qu
and '°Nd nuclei. It is observed that owing to deformation effects, the NTMEs M) are

suppressed by factor of about 2—11 in the mass range A = 90— 150. Thus, the deformation

plays a crucial role in the nuclear structure aspects of Ov3~ /3~ decay.

4.3 Conclusions

The required NTMEs to study the Ov3~ 3~ decay of *4%Zr, 1Mo, *Ru, 110Pd, 128130 e
and %°Nd isotopes within mass mechanism are calculated within PHFB model using four
different parametrization of pairing plus multipolar type of effective two body interaction
with three different parametrizations of SRC. It is observed that the closure approxi-
mation is quite valid as expected. The effect due to FNS is about 12% and 33% for
light and heavy neutrino exchange, respectively. With the consideration of the SRCs, the
NTMEs M) (M©N)) are in addition reduced by approximately 17%(68%), 2.0%(42%)
and 3%(20%) for SRC1, SRC2 and SRC3, respectively. The effects due to deformation are

in between a factor of 2-11. We have also extracted limits on the effective neutrino mass
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(m,) and (My) from the available limits on experimental half-lives Tf/”Q using average
NTMEs M(I)(I = Ov,0N) calculated in the PHFB model. The extracted limits on (m,,)
and (My) for 3%Te nuclei is very stringent and equal to 0.17 eV and 8.99 x 107 GeV,

respectively, from the observed limit on the half-live Tl% > 1.5 % 10% yr of Ov3~ 3~ decay

[Alduino et al. (2018)].
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Table 4.1: Decomposition of NTMEs M (%) calculated in (a) PQQ1, (b) PQQHH1, (c) PQQ2 and (d)

PQQHH?2 parametrizations for the Ov3~ 5~ decay of 1°°Mo nuclei due to the exchange of light Majorana

neutrinos.
NTME P FNS F+SRC F+SRC(4/2)
SRC1  SRC2  SRC3 SRC1  SRC2  SRC3
(a) MO 1.2464  1.0823  0.9501  1.0830  1.1201 1.0401  1.1803  1.2191
MO . -6.0238 -5.4951 -4.7297 -5.4237 -5.6420 -5.2338  -5.9633 -6.1901

MéOTVzPP -0.4786 -0.3625 -0.2354 -0.3251 -0.3627 -0.2431 -0.3348 -0.3730

MO . 15317 12486 09179  1.1747  1.2710 0.9584 1.2221  1.3204
M) -0.3044  -0.1892 -0.0945 -0.1458 -0.1755  -0.0982 -0.1505 -0.1806
M) -5.2750 -4.7981 -4.1417 -4.7199 -4.9092  -4.6167 -5.2266 -5.4233
M), -0.0498 -0.0366 -0.0371 -0.0379 -0.0378  -0.0380 -0.0388 -0.0387
M), 01356 0.1044 01059 0.1075  0.1073 0.1084 0.1101  0.1098
M), 00165 0.0095 0.0096 0.0100  0.0100 0.0098  0.0102  0.0102
M 0.1024  0.0774 0.0783  0.0797  0.0795 0.0302 0.0815  0.0813
| M) 6.4190 58031 50134 57232  5.9498 55767 6.3254  6.5610
(b) M 1.0816  0.9237 0.7956 0.9231  0.9590 0.8619  0.9964  1.0339
ME) . 57962 -5.2855 -4.5463 -5.2166 -54275  -5.0266 -5.7312 -5.9502
M) . -0.4624 -0.3503 -0.2275 -0.3141 -0.3505  -0.2349 -0.3235 -0.3605
MY . 14804 12069 0.8875 1.1355  1.2286 0.9266 1.1813  1.2762
ME) 02941 -0.1827 -0.0913 -0.1408 -0.1695  -0.0949 -0.1454 -0.1745
MO -5.0723 -4.6116 -3.9776 -4.5361 -4.7189  -4.4298 -5.0189 -5.2089
M), -0.0390 -0.0284 -0.0289 -0.0205 -0.0294  -0.0295 -0.0302 -0.0301
M, 01014 00767 0.0778 0.0791  0.0790 0.0793  0.0807  0.0805
M), 00131 00074 0.0074 0.0078 0.0078 0.0076  0.0079  0.0079
M 0.0755 0.0556 0.0563 0.0574  0.0573 0.0573  0.0584  0.0583
| ()| 6.0783 54797 47169 54017  5.6206 5.2343  5.9568  6.1844
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Table 4.1 continued

NTME P FNS F+SRC F+SRC(4/2)
SRC1  SRC2  SRC3 SRC1  SRC2  SRC3
() M) 12474 1.0834 0.9513 1.0842 11213 1.0414  1.1816  1.2203
ME) . -6.0033 -54753 -4.7108 -5.4041 -5.6221  -52127 -5.9415 -6.1679
MO L, -04780 -0.3621 -0.2351 -0.3247 -0.3623  -0.2428 -0.3344 -0.3726
MO . 15288 12460 09156 11722 12684 09560 12193  1.3175
MO L, 03040 -0.1889 -0.0944 -0.1456 -0.1753  -0.0981 -0.1504 -0.1804
M -5.2566 -4.7804 -4.1247 -4.7023 -4.8913  -4.5976 -5.2069 -5.4034
M), -0.0519 -0.0382 -0.0387 -0.0395 -0.0394  -0.0397 -0.0405 -0.0404
MP), 01415 01090 0.1106 0.1122 0.1120  0.1132  0.1149  0.1146
MO,y 00172 0.0099 00100 0.0104 0.0104 00102 0.0106 0.0106
M) 0.1068 0.0808 0.0818 0.0831 0.0830  0.0837 0.0851  0.0849
| M) 6.3972 57830 4.9943 57034 5.9297  5.5553 63034  6.5388
@ M) 1.0654  0.9086 0.7814  0.9080 0.9437  0.8456 09792  1.0164

ME) . 57221 52152 -4.4812 -5.1466 -5.3559  -4.9530 -5.6525 -5.8699

ME) pp 04590 -0.3476  -0.2257 -0.3117 -0.3478  -0.2331 -0.3210 -0.3577
ME) . 14674 11959  0.8787 1.1249  1.2173 09173 11701  1.2644
M) o -0.2919  -0.1814  -0.0906 -0.1398 -0.1682  -0.0941 -0.1443 -0.1732
M -5.0057 -4.5483 -3.9188 -4.4732 -4.6547  -4.3620 -4.9477 -5.1363
M), -0.0408 -0.0209 -0.0303 -0.0309 -0.0309  -0.0310 -0.0316 -0.0316
M%), 01062 0.0804 0.0816 0.0830 0.0828 0.0832  0.0846  0.0844
M), 00136 0.0077 0.0078 0.0081  0.0081 0.0079  0.0083  0.0083
M) 0.0790  0.0583  0.0591  0.0602  0.0600 0.0601  0.0612  0.0611
| M) 5.9921 53986 4.6411 5.3211  5.5384 51484  5.8657  6.0917
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Table 4.2: Decomposition of NTMEs M (©N) calculated in (a) PQQ1, (b) PQQHH1, (¢) PQQ2 and (d)

PQQHH?2 parametrizations for the 03~ 3~ decay of 1°°Mo nuclei due to the exchange of heavy Majorana

neutrinos.

NTME P FNS F+SRC
SRC1 SRC2 SRC3
(a) MON) 85.5809 55.4045 28.9452 43.6462 51.9028
MEN 4141650 -304.4840  -118.1970  -198.5860  -259.5880
MY ., -83.8104 -55.3411 -7.6215 -24.2524 -40.3074
MEN . 208.8210 144.4150 36.4057 78.0266 113.9140
MEN, L, -68.8591 -34.1591 12.5725 5.5036 -11.3419
MEN) -358.0135  -249.5692 -76.8403  -139.3082  -197.3233
M), 23.9353 15.9262 15.6489 16.9109 16.9494
M), -9.8403 -6.2621 -6.1031 -6.6918 -6.7148
M 4.3340 2.0213 1.8079 2.1621 2.2050
MY 18.4290 11.6855 11.3537 12.3812 12.4396
| M ON) | 425.1653 293.2883 94.4319 170.5732 236.7865
by MEN 82.6694 53.0080 27.5202 41.6264 49.5854
MEN L -400.0750  -204.1170  -114.1750  -191.8250  -250.7490
MEN L -80.9412 -53.4358 -7.3409 -23.4053 -38.9136
MEN . 201.6890 139.4670 35.1355 75.3386 110.0040
MYy -66.5406 -32.9884 12.1525 5.3243 -10.9477
MEN) -345.8678  -241.0742 -74.2278  -134.5674  -190.6063
MO, 19.2273 12.6177 12.3731 13.4124 13.4468
M) -7.9505 -4.9869 -4.8493 -5.3338 -5.3540
MmN 3.6053 1.6338 1.4560 1.7471 1.7830
M) 14.8821 9.2646 8.9798 9.8257 9.8758
|MOM|  413.6552 284.8176 92.7683 166.3681 230.3159
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Table 4.2 continued

NTME P FNS F+SRC
SRCI1 SRC2 SRC3
() MO 85.4586 55.4104 28.9733 43.6719 51.9204
MEN) . -4135740  -304.1090  -118.0630  -198.3560  -259.2780
MO L, -83.7057 -55.3005 -7.6434 -24.2537 -40.2876
MEN . 2085640 144.2940 36.4249 77.9955 113.8360
MEN, ., -68.6855 -34.1155 12.5533 5.4944 -11.3286
MEN) -357.4012  -249.2310 767282 -139.1198  -197.0583
M), 24.8640 16.5860 16.3028 17.6076 17.6468
M) -10.2133 -6.5176 -6.3546 -6.9634 -6.9869
MmN 44743 2.0967 1.8764 2.2428 2.2870
MY 19.1250 12.1651 11.8246 12.8870 12.9469
IMOM | 423.7348 202.4763 93.8770 169.9046 236.0318
@ M5y 82.0667 52.6416 27.3340 41.3432 49.2455
MO, -397.1580  -201.9360  -113.3100  -190.3870  -248.8310
MEN L, -80.4078 -53.0961 -7.3393 -23.2854 -38.6803
MY . 200.3270 138.5400 34.9725 74.8793 109.2920
MY i -66.0566 -32.7720 12.0384 5.2596 -10.8935
MEN) -343.2954  -239.2641 -73.6384  -133.5335  -189.1628
M), 19.9498 13.1646 12.9189 13.9865 14.0209
M), -8.2334 -5.1955 -5.0564 -5.5542 -5.5745
MmN 3.6932 1.6894 1.5073 1.8066 1.8433
MO 15.4096 9.6585 9.3699 10.2389 10.2897
|MOM| 409.9525 282.2472 91.6026 164.6378 228.1186
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Table 4.3: Calculated NTMEs M (%) with (a) PQQ1, (b) PQQHH1, (c) PQQ2 and (d) PQQHH?2
parametrizations for the 0v5~ 3~ decay of ?496Zr, 199Mo, 194Ru, 10Pd, 128:130Te, 150N( isotopes due to
the exchange of light Majorana neutrinos.

Nuclei FNS F+SRC F+SRC(A/2)
SRC1 SRC2 SRC3 SRC1 SRC2 SRC3

%7y (a) 3.7246  3.1870 3.6620 3.8170  3.5047 4.0050 4.1662
(b) 3.4234 29215 3.3642 3.5089  3.2101 3.6765 3.8269
(c) 4.0451  3.5364 3.9950 4.1419  3.9152 4.3983 4.5509
(d) 3.3124 28224 3.2542 3.3954  3.1017 3.5565 3.7033
9%7r (a) 25806 21919 25336 26450 24317 2.7919 2.9077
(b) 25258 21277 24764 25904 23528 2.7203 2.8389
(c) 25140  2.1339 24679 25768 23671 27192 2.8324
(d) 24626  2.0741 24143 25256 22937 2.6524 2.7681
100Mo  (a) 5.8031  5.0134 5.7232 59498 55767 6.3254 6.5610
(b) 54797 47169 54017 5.6206 52343 59568 6.1844
(c) 5.7830  4.9943 57034 5.9297 55553 6.3034 6.5388
(d) 5.3986  4.6411 53211 55384 51484 5.8657 6.0917
4Ry (a) 3.1853  2.6665 3.1506 3.3002  2.8886 3.3995 3.5551
(b) 2.9767 24805 29421 3.0850  2.6794 3.1665 3.3152
(c) 3.2079 27646 3.2617 3.4154  2.9982 3.5220 3.6828
(d) 3.0190 25173 29838 3.1283  2.7205 3.2129 3.3633
10pg  (a) 3.8919  3.3612 3.8442 3.9962  3.7599 4.2703 4.4286
(b) 5.3346  4.6238 5.2693 54730 51702 5.8524 6.0646
(c) 5.0913  4.4049 50304 52272  4.9224 55834 5.7883
(d) 4.7101  4.0666 4.6508 4.8350  4.5450 5.1623 5.3542
128Te  (a) 2.8055  2.4823 28541 29720  2.7698 3.1639 3.2879
(b) 2.6329 22211 25900 2.7082 24623 2.8533 2.9767
(c) 29615 25421 29197 3.0404  2.8375 3.2377 3.3636
(d) 2.6043 21902 25612 2.6800  2.4244 28175 2.9416
10Te  (a) 4.3429  3.7772 4.2822 4.4452  4.2441 A7795 4.9497
(b) 3.9744  3.4207 3.9106 4.0699  3.8329 4.3523 4.5186
(c) 3.9575  3.4266 3.8994 4.0522  3.8459 4.3472 4.5067
(d) 4.3409  3.7584 42763 4.4440  4.2160 4.7650 4.9401
L50Nd 15651  1.3601 1.5489 1.6080 15187 1.7194 1.7812

a)

b) 1.3442 1.15561 1.3286 1.3831 1.2803 1.4648 1.5217
c) 1.5389 1.3374 1.5230 1.5811 1.4934 1.6907 1.7515
d) 1.3313 1.1458 1.3162 1.3696 1.2712  1.4523 1.5082
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Table 4.4 : Calculated NTMEs M(N) with (a) PQQ1, (b) PQQHH1, (¢) PQQ?2 and (d) PQQHH?2
parametrizations for the 0v5~ 3~ decay of ?49%Zr, 199Mo, 194Ru, 10Pd, 128:130Te, 150N( isotopes due to

the exchange of heavy Majorana neutrinos.

Nuclei FNS F+SRC
SRC1 SRC2 SRC3
947y a) 203.2751 67.8689 119.6413 164.7657

(

(b) 189.5836 63.2916 111.5600 153.6496
(¢) 200.7418 71.5457 121.6008 164.6023
(d) 184.4190 61.2271 108.2680 149.3274

%7y (a) 141.9017  44.9432 81.8051  114.1234
(b) 145.3457  46.1813 83.8631  116.9214
(c) 1385449  43.7558 79.7812  111.3773
(d) 141.6329  44.8727 81.6315  113.8885
100Mo  (a) 2932883  94.4319  170.5732  236.7865
(b) 2848176  92.7683  166.3681  230.3159
(c) 2924763  93.8770  169.9046  236.0318
(d) 2822472  91.6026  164.6378  228.1186
4Ry (a) 203.8109  70.5058  122.7010  166.9829
(b) 1951071  67.8059  117.6135  159.9077
(c) 209.0557  72.0996  125.6824  171.1804
(d) 197.0849  68.3978  118.7301  161.4859
110pq  (a) 198.2846  63.9080  115.6405  160.3442
(b) 270.9020  90.7743  160.3396  220.2645
(c) 257.9370  83.8262  150.9320  208.8491
(d) 2441266  81.3110  144.1521  198.3176
128Te  (a) 160.8075  55.2432 96.1106  131.2360
(b) 159.6205  54.7378 95.3085  130.2117
(c) 163.3688  56.1680 97.6757  133.3445
(d) 160.5424  55.0992 95.8922  130.9814
180T (a) 2223150  77.7118  133.5565  181.6968
(b) 2169775  76.0308  130.3507  177.2936
(c) 207.3902  71.9214 1241740  169.2793
(d) 229.7443  81.0846  138.4904  187.9900
150Nd  (a) 804797  27.2294 47.9481 65.6449
(b)  73.9475  24.9391 43.9845 60.2743
(¢) 79.1299  26.7764 47.1469 64.5455
(d) 726078  24.5094 43.2064 59.1931
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Table 4.5: Comparison of NTMEs due to light neutrino exchange M (9%) in different nuclear models.

Nuclei Model References gA M)
Jastrow AV18 CD Bonn UCOM
967y PQQ1 Present work 1.2701 2.192 2.534  2.645
PQ®HH1 Present work 1.2701 2.128 2476  2.590
PQQ2 Present work 1.2701 2.134 2.468 2.577
PQQHH2 Present work 1.2701 2.074 2.414  2.526
QRPA [Faessler et al. (2012)] 1.254 1.22 2.07 228 1.77
pnQRPA  [Civitarese et al. (2009)] 1.25 2.065 3.117
pnQRPA  [Hyvarinen et al. (2015)] 1.26 3.14
QRPA(I) [Simkovic ef al. (2013)]  1.27 2.717  2.957
RQRPA [Faessler et al. (2012)] 1.254 1.31 2.01 219 1.77
EDF [Vaquero et al. (2013)] 1.25 6.498
IBM-2 [Barea et al. (2013)] 1.254 2.53 2.89 3.00
IBM-2(I)  [Barea et al. (2015)] 1.269 2.83
CDFT [Song et al. (2017)], 1.254 4.84 558  5.82 6.47
[Yao et al. (2015)]
1000 PQQ1 Present work 1.2701 5.013 5.723  5.950
PQQHH1 Present work 1.2701 4.717 5.402 5.621
PQRQ2 Present work 1.2701 4.994 5.703  5.930
PQQHH2 Present work 1.2701 4.641 5.321 5.538
QRPA [Faessler et al. (2012)] 1.254 3.64 5.18  5.73 4.71
pnQRPA  [Civitarese et al. (2009)] 1.25 2.737 3.931
pnQRPA  [Hyvarinen et al. (2015)] 1.26 3.90
QRPA(I)  [Simkovic ef al. (2013)]  1.27 5.402  5.850
RQRPA [Faessler et al. (2012)] 1.254 3.03 420  4.67 3.88
EDF [Vaquero et al. (2013)] 1.25 6.588
IBM-2 [Barea et al. (2013)] 1.254 3.73 431 450
IBM-2(I)  [Barea et al. (2015)] 1.269 4.22
CDFT [Song et al. (2017)], 1.254 9.38 10.80 11.27 6.58
[

Yao et al. (2015)]

123



Table 4.5 continued

Nuclei Model References ga MOv)
Jastrow AV18 CD Bonn UCOM
Hopqd  PQQ1 Present work 1.2701 3.361 3.844  3.996
PQQHH1 Present work 1.2701 4.624 5.269 5473
PQQ2 Present work 1.2701 4.405 5.030 5.227
PQQHH2 Present work 1.2701 4.067 4.651 4.835
pnQRPA  [Hyvarinen et al. (2015)] 1.26 6.52
QRPA(I)  [Simkovic et al. (2013)] 1.27 5.762 6.255
IBM-2 [Barea et al. (2013)] 1.254 3.62 4.15 431
IBM-2(I)  [Barea et al. (2015)] 1.269 4.05
128Te  PQQ1 Present work 1.2701 2.482 2.854 2973
PQ®HH1 Present work 1.2701 2.221 2.590 2.708
PQRQ2 Present work 1.2701 2.542 2.920 3.040
PQQHH2 Present work 1.2701 2.190 2.561  2.680
ISM [Menendez et al. (2009)], 1.25 2.26 2.88
[Caurier et al. (2008)]
QRPA [Faessler et al. (2012)] 1.254 3.97 5.38  5.99 5.04
pnQRPA  [Civitarese et al. (2009)] 1.25 3.383 4.790
pnQRPA  [Hyvarinen et al. (2015)] 1.26 4.92
QRPA(I) [Simkovic et al. (2013)] 1.27 4.563  5.084
RQRPA [Faessler et al. (2012)] 1.254 3.52 471 5.26 4.45
EDF [Vaquero et al. (2013)] 1.25 5.687
IBM-2 [Barea et al. (2013)] 1.254 4.48 4.97 5.13
IBM-2(I)  [Barea et al. (2015)] 1.269 4.10
B0Te  PQQ1 Present work 1.2701 3.777 4.282 4.445
PQQHH1 Present work 1.2701 3.421 3.911  4.070
PQQ2 Present work 1.2701 3.427 3.900 4.052
PQQHH2 Present work 1.2701 3.758 4.276  4.444
SM [Menendez et al. (2018)]  1.27 2.76  2.96
ISM [Menendez et al. (2009)], 1.25 2.04 2.65

[Caurier et al. (2008)]
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Table 4.5 continued

Nuclei Model References gA M(Ov)
Jastrow AV18 CD Bonn UCOM
QRPA [Faessler et al. (2012)] 1.254 3.56 4.77 5.37 4.53
pnQRPA  [Civitarese et al. (2009)] 1.25 2.993 4.221
pnQRPA [Hyvarinen et al. (2015)] 1.26 4.00
QRPA(T) [Simkovic et al. (2013)]  1.27 3.888 4.373
RQRPA [Faessler et al. (2012)] 1.254 3.22 4.27 4.80 4.07
DQRPA(I) [Fang et al. (2018)] 1.27 2.00  3.22
EDF [Vaquero et al. (2013)] 1.25 6.405
IBM-2 [Barea et al. (2013)] 1.254 4.03 4.47 4.61
IBM-2(I) [Barea et al. (2015)] 1.269 3.70
CDFT [Song et al. (2017)], 1.254 8.03 9.38  9.82 4.98
[Yao et al. (2015)]
15ONd  PQQ1 Present work 1.2701 1.360 1.549 1.608
PQQHH1  Present work 1.2701 1.155 1.329 1.383
PQRQ2 Present work 1.2701 1.337 1.523 1.581
PQQHH2  Present work 1.2701 1.146 1.316  1.370
DQRPA  [Fang et al. (2011)] 1.25 3.34
DQRPA(I) [Fang et al. (2018)] 1.27 3.01 343
EDF [Vaquero et al. (2013)] 1.25 2.190
IBM-2 [Barea et al. (2013)] 1.254 2.32 274  2.88
IBM-2(T) [Barea et al. (2015)] 1.269 2.67
CDFT [Song et al. (2017)], 1.254 11.11 13.00 13.62 5.60
[

Yao et al. (2015)]
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Table 4.6: Comparison of NTMEs M(N) due to heavy neutrino exchange in different nuclear models.

Nuclei Model References gA MON)
Jastrow AV18 CD Bonn
967y PQQO1 Present work 1.2701 44.943 81.805  114.123
PQQHH1 Present work 1.2701 46.181  83.863  116.921
PQRQ2 Present work 1.2701 43.756  79.781  111.377
PQQHH2 Present work 1.2701 44.872 81.631 113.888
pnQRPA  [Hyvarinen et al. (2015)] 1.26 307.9
IBM-2 [Barea et al. (2013)] 1.254 59.0 99.0 135
IBM-2(I)  [Barea et al. (2015)] 1.269 98.7
CDFT [Song et al. (2017)], 1.254 89.0 177.7 250.5
[

Yao et al. (2015)]

100Mo  PQQ1 Present work 1.2701 94.432 170.573  236.786
PQQHH1 Present work 1.2701 92.768 166.368  230.316
PQQ2 Present work 1.2701 93.877 169.905  236.032
PQQHH2 Present work 1.2701 91.603 164.638 238.119
pnQRPA  [Hyvarinen et al. (2015)] 1.26 350.8
RQRPA [Simkovic et al. (2010)]  1.25 392
IBM-2 [Barea et al. (2013)] 1.254 99.3 165 224
IBM-2(I)  [Barea et al. (2015)] 1.269 164
CDFT [Song et al. (2017)], 1.254 1741 346.7 4874

[

Yao et al. (2015)]

HOpd - PQQ1 Present work 1.2701 63.908 115.640 160.344
PQQHH1 Present work 1.2701 90.774 160.340  220.264
PQQ2 Present work 1.2701 83.826 150.932  208.849
PQQHH2 Present work 1.2701 81.311 144.152  198.318
pnQRPA  [Hyvarinen et al. (2015)] 1.26 475.7
IBM-2 [Barea et al. (2013)] 1.254 95.7 155 208
IBM-2(I)  [Barea et al. (2015)] 1.269 154

128Te  PQQ1 Present work 1.2701 55.243 96.111 131.236
PQ@HH1 Present work 1.2701 04.738 95.308  130.212
PQRQ2 Present work 1.2701 56.168 97.676  133.344

126



Table 4.6 continued

Nuclei Model References gA MON)
Jastrow AV18 CD Bonn

PQ®HH2  Present work 1.2701 55.010 95.892 130.981
pnQRPA [Hyvarinen et al. (2015)] 1.26 396.1
IBM-2 [Barea et al. (2013)] 1.254 48.4 101 152
IBM-2(I) [Barea et al. (2015)] 1.269 101

B0Te  PQQ1 Present work 1.2701 77.712 133.556  181.697
PQQHH1  Present work 1.2701 76.031 130.351 177.294
PQQ2 Present work 1.2701 71.921 124174 169.279
PQQHH2  Present work 1.2701 81.085 138.490 187.990
SM [Menendez et al. (2018)] 1.27 146 210
pnQRPA [Hyvarinen et al. (2015)] 1.26 338.3
RQRPA [Simkovic et al. (2010)]  1.25 362
DQRPA(I) [Fang et al. (2018)] 1.27 1914 303.5
IBM-2 [Barea et al. (2013)] 1.254 44.0 92.0 138
IBM-2(I) [Barea et al. (2015)] 1.269 91.8
CDFT [Song et al. (2017)], 1.254 1685  339.2 4728

[Yao et al. (2015)]

150Nd  PQQ1 Present work 1.2701 27.229 47.948  65.645
PQ®HH1  Present work 1.2701 24.939 43.984  60.274
PQRQ2 Present work 1.2701 26.776 47.147  64.545
PQ®HH2  Present work 1.2701 24.509 43.206  59.193
DQRPA(I) [Fang et al. (2018)] 1.27 206.1  337.0
IBM-2 [Barea et al. (2013)] 1.254 68.4 116 160
IBM-2(I) [Barea et al. (2015)] 1.269 116
CDFT [Song et al. (2017)], 1.254 237.7 481.7 667.9

[

Yao et al. (2015)]
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Table 4.7: Changes (in %) of the NTMEs M) (I = 0v,0N) due to exchange of light and heavy
Majorana neutrinos, for the Oy~ 3~ decay with the inclusion of FNS and F+SRC ((i) F+SRC1, (ii)
F+SRC2, (iii) F+SRC3) for the four different parametrizations of the effective two-body interaction.

Parametrization M) M(ON)
FNS F+SRC FNS F+SRC
PQRQO1 9.51-11.66 (i) 13.03-16.29 29.25-33.37 (i) 65.04-68.33
(ii) 1.04-1.82 (i) 39.80-42.35
(iii) 2.35-3.61 (iii) 18.07-19.58
PQQHH1 9.55-11.93 (i) 13.32-16.67 29.43-33.46 (i) 64.96-68.23
(ii) 1.16-1.96 (ii) 39.72-42.30
(iil) 2.40-3.64 (iii) 18.04-19.56
PQQ2 9.44-11.57 (i) 12.57-16.17 29.29-32.91 (i) 64.36-68.42
(ii) 1.03-1.83 (i) 39.42-42.41
(iil) 2.39-3.56 (iii) 18.00-19.61
PQQHH?2 9.73-11.89 (i) 13.42-16.62 29.44-33.48 (i) 64.71-68.32

(if) 1.14-1.96
(iif) 2.38-3.62

(ii) 39.72-42.36
(iif) 18.06-19.59

Table 4.8 : Experimental Half-life Tl(% ) and Phase space factor Goy [Stoica et al. (2013)] for the Ov3~ 8~

decay of 9497y 100Mo, 11OPd, 128:130Te and P°Nd isotopes.

Nuclei Tl(og) (Exp.) Reference Gor (yr1)
97y 1.9x1019 [Arnold et al. (1999)] 1.750x 10~ 15%
967y 9.2x10%! [Barabash et al. (2011)] 5.283x 10714
100Mo 1.1x10%* [Arnold et al. (2015)] 4.086x10714
Hopq 6.0x10%7 [Winter (1952)] 1.246x10~ 14
128Te 1.1x10%3 [Arnaboldi et al. (2003)] 1.444x10715
130T 1.5x10% [Alduino et al. (2018)] 3.669x10~14
150Nd 2.0x10%2 [Arnold et al. (2016)] 1.613x10713

“’ Value taken from Boehm and Vogel (1992).
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Table 4.9: Average NTMEs 3" (I = 0v,0N) and uncertainties A" along with effective neutrino

mass (m,) (in eV), (

Mpy) (in GeV), predicted half-lives

Oov
Ty

(for light neutrino exchange at (m,) =

50 meV) and nuclear sensitivities E(I) for the OvB~ 5~ decay of 9496Zr, 100)\[o, 110p(, 128:130T¢ and

150N isotopes.

Nuclei Light neutrino exchange Heavy neutrino exchange
M(OIJ) AM(OV) (my) Tfog) 5(0,/) M(ON) AM(ON) (My) 5(0]\,)

97r 3467  0.399  8.08x10% 4.96x10%7 14.50 113.11  39.73  1.93x10* 4.73x10?
%Zr 2396 0206  9.67 3.44x10%  55.07 80.26 29.54  1.66x10° 1.84x10°
10Mo 5379 0.448  0.45 8.84x10%° 108.7 164.62  59.66  3.27x107 3.33x10°
HOpd 4565  0.648  1.29x10%  4.02x10%¢  50.97 139.89  53.05  1.13x10* 1.56x103
128Te 2,647  0.273  15.32 1.03x10%®  10.06 94.33 3251 1.12x10°  3.58x102
130Te  3.980  0.350  0.17 1.80x10%¢  76.24 129.13  44.04  8.99x107 2.47x103
150Nd  1.388  0.152  6.48 3.36x10%°  55.75 44.62 15.75  2.38x10% 1.79x10°

Table 4.10 : Deformation ratios D) (I = 0v,0N) of OvB~ 8~ decay of %49Zr, 190Mo, 194Ru, 10Pd,

128,130Te and '°Nd isotopes for the PQQ1 parametrization.

Nuclei D) DON)
FNS F+SRC FNS F+SRC

SRC1 SRC2 SRC3 SRC1 SRC2 SRC3
947y 236 240 237 236 218 220 219 218
967 4.43 455 446  4.44 4.03 435 416  4.08
100Mo 3.46  3.51 347  3.46 3.33 358 343 337
104Ry 801 836 801 7.93 6.15 6.07 6.09  6.12
110pq 549 561 551 548 504 553 523 512
128 e 3.08 314 3.09 3.08 2.74 278 277 275
130Te 3.78 392  3.81  3.77 298 311  3.04 3.01
150Nd 10.97 10.94 10.96 10.97 10.98 10.68 10.86 10.93
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Chapter 5

Conclusions

The implications of present studies on nuclear 33 decay are far reaching in nature. The
validity of different models employed for nuclear structure calculations can be tested
by studying the 2v/3~ 5~ decay. It is observed that in all cases of the 2v5~ 3~ decay, the
NTMEs Ms, are sufficiently quenched. The main motive of all the theoretical calculations
is to understand the physical mechanism responsible for the suppression of Msy,. The
Ovp~ [~ decay is a convenient tool to test the physics beyond the SM, and it has not
been observed so far. Hence the models predict half-lives assuming certain value for the
neutrino mass or conversely extract various parameters from the observed limits on half-
lives Tl% of the Ov3~ 3~ decay. The reliability of predictions can be judged a priori only
from the success of the nuclear model in explaining various observed physical properties
of nuclei. The common practice is to calculate the Ms, to start with and compare with
the experimentally observed value as the two decay modes involve the same set of initial
and final nuclear wave functions.

The PHFB model is one of the convenient many-body techniques to study the medium
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and heavy mass nuclei in which the pairing and deformation degrees of freedom are treated
on equal footing. The pairing part of the two body interaction is responsible for the reduc-
tion of collectivity where as the quadrupole-quadrupole plus hexadecapole-hexadecapole
(QQ) interaction enhances the collectivity in the nuclear intrinsic wave functions. Hence,
the PQQHH interaction seems to be the most appropriate choice to examine the ex-
plicit role of deformation degrees of freedom vis-a-vis the suppression of Ms,. In the
present work, our aim was to study the Ov3~ 3~ decay of 4%7Zr, %Mo, “Ru, '°Pd,
128,130Te and '%°Nd for the 0t — 0F transition within the PHFB model using pairing
plus multipolar type of effective two-body interaction. Specifically, we use pairing plus
quadrupole-quadrupole plus hexadecapole-hexadecapole interaction and derive four dif-
ferent parametrizations, namely PQQ1, PQQHH1, PQQ2 and PQQHH?2. The single
particle energies used in the present work were derived from Woods-Saxon potential for
the nuclei participating in 5~ 3~ decay and adjusted to reproduce the experimentally ob-
served sub-shell occupation numbers where ever available. We have tested the quality
of wave functions by comparing the calculated values of a number of nuclear properties
with the available experimental data. To be more specific, we have computed the yrast
spectra, reduced B(E2:07 — 27) transition probabilities, deformation parameters [3,
g-factors g(2%) and NTMEs M, of 2v3~ 3~ decay for the 0t — 0T transition. It is
observed from the trends of results that the validity of nuclear models presently employed
to calculate the NTME Ms, as well as half-life T12/”2 can not be uniquely established due
to large error bars in experimental results as well as uncertainty in ¢g4. Hence, further
work is necessary both in the experimental as well as theoretical front to judge the relative

applicability, success and failure of various models used so far for the study of 2v5~ 3~

131



decay processes.

In case of OvB3~ 3~ decay, we have studied the 0t — 0% transition of %%Zr, %Mo,
104Ry, 110Pd, 12130 e and !5°Nd nuclei in the mass mechanism and extracted limits on
effective mass of light neutrino (m,) and heavy neutrinos (My) from the observed limits on
half-lives Tl% for the 0 — 07 transition. The best limit comes from the 03~ 3~ decay of
130Te nucleus studied experimentally under the ‘CUORE’ project [Alduino et al. (2018)].
The extracted limits on (m,) and (My) for 3%Te nuclei is 0.17 eV and 8.99 x 107 GeV,
respectively, from the observed limit on the half-live Tl% > 1.5 x 10% yr of Ov3~ 5~ decay
[Alduino et al. (2018)]. The study of role of deformation on the NTMEs M) (I = 0v,0N)
of Ov3~ 3~ decay for the 0T — 07 transition suggests that the nuclear structure effects are
also important in case of Ov3~ 5~ decay. The uncertainties associated with the NTMEs
M©) and MON) for OvB~ 5~ decay are estimated by preforming a statistical analysis
by employing set of twelve NTMEs listed in the columns 4-6 of Table 4.3 and Table
4.4, respectively in Chapter 4. The mean M and their standard deviations AM " are
calculated and it turns out that the uncertainties AM """ are of the order of 10%, but for
10pq for which AM ™ is approximately 14%. For the case of heavy Majorana neutrino
exchange, the maximum uncertainty AN is about 37%.

The phase space factors are calculated exactly and the main uncertainty in the cal-
culation of decay rates comes from the NTMEs, which are model dependent. The PHFB
method includes the pairing and deformation degrees of freedom on equal footing. How-
ever, the trend of results suggest that it is necessary to incorporate a number of improve-
ments in our study of 53 decay in general and 2v3~ 5~ decay in particular, which are

discussed in the below.
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(1) The proton-neutron pairing should be included so that the Hamiltonian will be isospin
symmetric and the summation method will be exact.

(2) In the present version of the PHFB model, it is not possible to study the structure of
odd-odd nuclei. Hence, the single beta decay rates and the distribution of Gamow-Teller
strength can not be calculated. On the other hand, the study of these processes has
implications in the understanding of the role of the isoscalar part of the proton-neutron
interaction. This is a serious draw back in the present formalism of the PHFB model.
However, this limitation can be over come by extending the HFB formalism using complex
Bogoliubov transformation.

(3) The fluctuations in average particle numbers is around 5%. None the less, it is
necessary that number projection should be carried out for consistency.

(4) The study of 2v3~ 5~ decay suggests that a reasonably large model space is more ef-
fective in reproducing the observed quenching of NTMEs. One needs appropriate effective
two-body interaction for a large model space. Therefore, it will be illustrative to study
BB decay in the PHFB model using a large model space in conjunction with appropriate
effective two-body interaction.

(5) The deformed Hartree-Fock (DHF) model [Ripka (1968), Brink (1966), Guney and
Warke (1967), Praharaj (1988)] is one of the another convenient choices, in which pairing
and deformation degrees of freedom can be treated on equal footing. Further, it has been
shown by Ahlpara et al. (1985) that it is possible to get the shell-model results in DHF
by mixing a few intrinsic states. This suggests that a band mixing in an extended PHFB
model using complex Bogoliubov transformation will be the best alternative.

The OvB~ B~ decay is possible in a number of gauge theoretical models in addition
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to the GUT. Hence, the investigation of Ov5~ 3~ decay in (i) GUT, (ii) Majoron mod-
els, (ili) R,-MSSM, (iv) Lepto-quark exchange mechanism (v) sterile neutrino and (v)
compositeness scenario has the potential to assess the validity of different gauge models.
The study of other decay processes like positron emission, electron capture and double
electron capture (e*3) of S8 decay will be interesting both from experimental as well as
theoretical point of view. A reliable and timely prediction of the half-life of e* /33 modes
will be helpful in designing of an experimental set up and analysis of data. Once, the
Ovf3~ 3~ decay is observed, the e™ 33 processes would play a crucial role in discriminating
the finer issues like dominance of Majorana neutrino mass or the right handed current.
Last but not the least, a study of Ov3~ 3~ decay can draw inferences regarding the dark

matter, dark energy and violation of weak equivalence principle.
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I ntroduction Theoretical framewor k

The study of neutrinoless double betdJsing approximation of Doiet al [6,7] and
(Ovpp) decay has far reaching consequences ifomoda [8], the inverse half-life of thev®p
the panorama of lepton number violatingdecay for 0 0" transition is given by
processes. Over the past years, the theoretical wes[<m > 2 <m >
studies devoted to the calculation of NTMEs [T, =[j Cmm+(]</]>cm
have been excellently reviewed in refs. [1,2,3] m M

. 1
anq r_eferences th(_ere in. Inv@p decay, the . +(< m >j <n>C,+<A>2C, @)
emission of a neutrino from one nucleon and its
absorption by another nucleon implies the +<n>*C,+<A><n>C,

Majorana nature of neutrinos with finite mass4n, 4 the nuclear structure fact@g are given as
The QPP decay is not necessarily linked with M2

the exchange of neutrino between two nucleongmm = Gor
but is also possible with the simultaneousc , =M*(G,M,, —G,M,.)
existence of right-handed V+A and left-handed o
. =M M,, —G,M, —G, M, + G, M

V-A currents. In the present work, we consider ™ (GoaM 2. = GouM = GosMe + GogM )
the electron emittinguB B~ decay mode. C, = OZ‘MZ_‘Z —3G03(M1+M2_)+1(304\M1+

The @WBP decay has not been observed so 9 9
far and present status for the search of thiss -

. . . nn C;02“\/|2+
particular mode has been given in refs. [4,5]. The
nuclear models predict half-liveg ;" of (Wpp’ ~ Gy (M M R)+GOB‘MP‘2 +G09‘MR‘2
decay assuming certain value of neutrino mass or
conversely, limits on various lepton number G = ~2G(M2.M;.)
violating gauge-theoretical parameters are 2
extracted from the observed experimental half- +§Gos('\/|z+'\/|1+ +M, M,)
life limits by calculating the appropriate NTMEs. 2

In the present work, our aim is to calculate ~g Cor(Mi-M..)
the NTMEs of @B B decay of some nuclei in the

mass range A=90-150 for th€-80" transition \yhere the combinations of NTMESIY andM,,
within mechanisms involving the light Majorana j=1 2) are defined as B

2

2 1
’ _§Gos(M1—M2+)+§Go4‘M1—‘2

@)

neutrino, and right handed V+A current and to o _ _
2 A . . MY =My —Mg +M;
extract limits on the effective light Majorana
neutrino mass <gr, the effective weak coupling My = Mggr ~6Mg £3M e
of right-handed leptonic current with right- 1 3)

handed hadronic current\x and the effective Ma: =Myor M, _§M1¢
weak coupling of right-handed leptonic currentre values ofM® have been taken from 9]

with left-handed hadronic currenfi= from the (eevaluated atgs=1.2701. The phase space
observed limit on half-life;,>.
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factors are taken from ref. [10] reevaluated abn half-lives T,,” =9.2¢10% [12] and 2.&10%

ga=1.2701. [13] for *Zr and '°%Nd, respectively. The
] _ extracted limits on <ge, <A> and €> for *°Zr
Results and discussions (*°Nd) are 10.92 eV (3.88 eV), 8.280°

The NTMESM, have been calculated employing(2-94<10°)  and ~ 9.6810°  (4.61x10°),
projected  Hartree-Fock-Bogoliubov ~ (PHFB)respectively.

model with four parametrizations of pairing plus .

multipolar  effective two-body interaction, Conclusions

namely PQQ1, PQQHH1, PQQ2 and PQQHHZsing HFB wave functions generated with
and three parametrizations of short rangeQQ1 parametrization of pairing plus multipolar
correlations (SRC) due to Miller-Spencertype of effective two body interaction, and three
parametrization (SRC1), Argonne NN (SRC2)ifferent parametrizations of SRC, the NTMEs
and CD-Bonn potentials (SRC3) including finiteMquF, Mucraes Mgr. Mp, and Mg of OvBB
size (F) of nucleons. The details about thesgecay for the 0-0* transition have been
parametrizations and method to fix them haveg|cylated for%zr and ®WNd nuclei. Limits
been given in ref. [11] and references there iyptained for the case dfNd nuclei are more
Due to paucity of space we present the results gfiingent.

only °Zr and ™Nd nuclei for PQQ1

parametrization in Table 1. References

Table 1. Theoretically calculated NTMEs M [1] \izgtjfggg)n O. Civitarese, Phys. R8O,

(a= aF,qF,aGT,_q_GT,_qT,P,Rof WP de_cay_ for [2] A. Faessler and F. Simkovic, J. Phys24;

the 0“—>(T)+ transition in PQQ1 parametrization. 2139 (1998).

Nuclei | NTME F+SRC [3] J. Engel and J. Menéndez, Rep. Prog. Phys.
SRC1| SRCZ SRC 80, 046301 (2017).

7 | M- 0425 0496 0517 [4] Reyco Henning, Reviews in Physics 2B,

O

i (2016).
Mgr 0.496| 0.542 0.547 [5] 1. Ostrovskiy, Modern Physics Letters 24,
Myer | -2.054| -2.429 -2.553 1630017 (2016).

[6] M. Doi, T. Kotoni and E. Takasugi, Prog.
Theor. Phys. Supp3, 1 (1985).
M. Doi and T. Kotani, Prog. Theor. Phys.,

Mger | -2.651| -2.957| -3.00%
Mgt 0.074| 0.073 0.073 7]
|
p

Mp 2.169| 2.325 2.34] 89, 139 (1993).
Me 1.211] -1.967] -2.472 [8] T. Tomoda, Rep. Prog. Phys. 54, 53 (1991).
=0 [9] P. K. Rath, R. Chandra, K. Chaturvedi, P.
Nd | M.r 0475 0537 0.554 Lohani, P. K. Raina, and J. G. Hirsch, Phys.
Mqe 0.632| 0.674 0.67% Rev. C88, 064322 (2013).

M.or | -2.164| -2.496 -2.602 [10]D. Stefanik, R. Dvornicky, F. Simkovic, and
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Subsequently, nuclear structure fact@g are (2016).

calculated using appropriate NTMB€, and
phase space factors. Using the average nuclear
structure factors, on-axis limits on gm <A>

and > are extracted from the observed limits
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Introduction There is no specific prescription in practice to fi

. . the two basic ingredients of any nuclear model
The neturinoless double betgplo, decay is one i.e. the model space and appropriate effective

of th_e potential keys to open the window forWo-body interaction. Generally, different model
physics beyond standard model of electrowe

ot SM it violates the lent b ace and different effective interactions are
unimcation (SM) as it violates the lepton num €lsed in models. Further, even for the same model
conservation. In order to get the absolute ma

%?)ace the basic approach to fix the parameters of

‘;/l”q unfold ;[]he natudre of r.‘e”:]””os |.e.ID|r:ap Obffective two-body interactions is different.
ajorana, the[{B)o, decay is the natural choice Moreover, the choice of axial vector coupling

theoretically as well as experimentally [1,2]. TheConstant g and short range correlations also

(BPov ha; not been opserved exper[mentally an(‘Elon'[ribute to uncertainty in the NTMEs. Faessler
only limits on half-lives are available. The

. . et al. [6] has shown the importance of correlated
neutrino mass and other gauge theoretlci

- uclear matrix elements uncertainties within
parameters can be.extracted fro_m the availab RPA model in comparing the decay rates of
half-l!fg limits _using  appropriate nuclear (BB)o, decay for different nuclei.
transition matrix elements (NTMEs) and The projected Hartree-Fock Bogoliubov
accurately calculable phase space factors %E,HFB) model has been successfully employed
(BB)oy decay. The accuracy of these extracte

. . study the decay (see [7] and references
gauge theoretical parameters highly depends QHereingl. In KE%OQ presyegt W[Ol’]k we establish

the reliability of NTMEs of ), decay. The correlations between NTMEs Mof *7r 1Mo
NTME M% is a model dependent quantity and iN10p,§ 12813005 2ndt5ONg calculated with’in PHEB

the absence of experimental data the calculatiorgodel
of the M of (BB)o, decay is a formidable task. '
The two-neutrino double bet#f),, decay has .
been observed experimentally for twelve nucle-irheore'“C":1| framework
[3] and experimental NTMEs M for this mode In the approximation of light Majorona
are available. In practice, the reliability of® neutrinos, the inverse half-life off§)o. decay for
for (BB)o, decay is tested by reproducing thed*—O0* transition is given by [8],
experimentally extracted Mof (Bp),, decay as 2
both the modes involve same set of wave[-l- ov ]—l — (m,) G |(M v\ r
functions. 12 m, o AN F

The NTMEs M are mainly calculated in _ @
three types of models namely, shell-modelyhere G is the phase space factor which can be
quasiparticle random phase approximatiogalculated exactly and the NTMEs are given by
(QRPA) and alternative models along with their
several variants and extensions [4,5]. It is found M, = Z<O; o rrt 0|+>

)

2
J H (rlz)' OGT = Jl'JZH (r12)

knm® n®m

that there is a large uncertainty in the values of

M® calculated in these models. Even the NTMEgith

calculated in the same type of generic model (g
v

have noticeable uncertainty. There are severalg =
9a

reasons for the observed uncertainty in NTMEs.

@)
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Results and discussions It is observed from Table 1 that there is a
ositive correlation between NTMEs oo,

The model space, single particle energie ecay of two or more nuclei within PHFB

(SPE's), parameters of the pairing plus multipol : : :

(PQOHH) type of effective two-body interactionmgdsel' The_ detailed results will be presented in
. X ymposium.

have been already given in Ref. [9]. The

effective Hamiltonian used in the present work is

given as References

H=H_, +V(P)+V(QQ+V(HH) (4) )

whereHs,, V(P), V(QQ) andV(HH) denote the [1] J. Engel and J. Menéndez, Rep. Prog. Phys.

single particle Hamiltonian, pairing, quadrupole- 80, 046301 (2017).

quadrupole and hexadecapole-hexadecapd@] |. Ostrovskiy, Modern Physics Letters 24,

parts of the effective two-body interaction. We 1630017 (2016).

use four parametrizations of effective two-body3] R. Saakyan, Annu. Rev. Nucl. Part. &S,

interaction namely, PQQ1, PQQHH1, PQQ2 and  gg3 (2013).

PQQHH2. The details about thes .
parametrizations and method to fix them ha\(/al.-] ‘iggs?r;gg)n O. Civitarese, Phys. R8O,

been provided in our earlier work [10]. Further, ) .
the NTMEs have been calculated by consideringp] A. Faessler and F. Simkovic, J. Phys24
the finite size of nucleon and Jastrow type of 2139 (1998).
short range correlations with Miller-Spencer[6] A. Faessler, G. L. Fogli, E. Lisi, V. Rodin,
Argonne V18 and CD-Bonn NN potentials. A M. Rotunno and F. Simkovic, Phys. Rev.
Hence, with four parametrizations and three 79, 053001 (2009).
st]ro“;[IErs?g:ae(;?:rr:er:zag?enuss.We have a set of twelv[%] P. K. _Rath, R. Qhandra, K. Chz_aturvedi, P.

Following Faessler et al. [6], the associated ~Lohani, P. K. Raina, and J. G. Hirsch, Phys.
covariance matrx is given as Rev. C88, 064322 (2018

cov(n,n) = P;j0i0; [8] W. C. Haxton and G. J. Stephenson Jr.,

where diagonal elements coincide with the Prog. Part. Nucl. Phy42, 409 (1984).
variancess;’, ny is matrix elementg; is the error [9] R. Chandra, K. Chaturvedi, P. K. Rath, P. K.

and p; is the correlation. Here, we analyze the  Raina and J. G. Hirsch, Europhys. L&,
correlation between NTMEs of°zr, Mo, 32001 (2009).

10y, 128.13%re and™Nd nuclei calculated within .
PHFB model. The results are given in Table 1. [10] ;é:fw.aR::c]i, ? gha:i?sr;K.P(;S:tqudgzpl K,

Table 1: Correlation matrixp; between NTMEs 064310 (2010).
M® of (BB)o, decay of°Zr, **Mo, *%Pd,*?*+*Te
and*®Nd nuclei calculated within PHFB model. Acknowledgment
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%Zr 1.00
®Mo | 0.86| 1.00
"pd | 0.74| 0.82 | 1.00
»Te | 0.52| 0.44 | 0.40| 1.00
®Te | 0.70| 0.90 | 0.96 0.34 1.0p
"Nd | 0.53| 0.80| 0.92 0.20 0.9F 1.0p
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Introduction

The nuclear BB decay, in which the charge
Z of an even Z-even N nucleus is changed by two
units while the mass number A remains the same,
is a rare and spontaneous process of weak
interaction in nature. The BB decay can be
categorized in mainly two modes, namely two
neutrino double beta (Bp),, decay and
neutrinol ess double beta (Bf), decay. The (Bp).,
decay establishes the validity of different nuclear
models employed for nuclear structure
calculations by calculating the nuclear transition
matrix elements (NTMES) M,,. The (BB)o, decay
violates the lepton number conservation by two
units and can be studied in any theory in which
lepton number conservation is not exact. Hence
(BB)ov decay is an excellent process to probe the
new physics beyond the standard model (SM) of
electroweak unification. Apart from the well
studied left-right symmetric model, the (BB)o,
decay can also be studied in Maoron models, R-
parity violating as well as conserving
supersymmetric (SUSY) models. Further, the
(BB)oy decay can verify issues like
compositeness, leptoquarks, sterile neutrinos and
violation of weak equivalence principle. The
detailed progress of experimental as well as
theoretical studies on Bp decay in general and
(BB)oy decay in particular can be found in
references [1,2] and references thereiin.

The PHFB model in conjunction with
pairing plus multipole type of two-body effective
interaction has been successfully applied to study
the (BB)ov decay [3-7]. In present work the same
PHFB model has been applied to study the (BB)o,
decay in various theories beyond the SM.

Theoretical framework

The details about the model space, single
particle energies, PQQ type of effective two-
body interaction and the procedure to fix its
parameters have been given in Refs. [3,4]. The
Hamiltonian of the effective two-body
interaction used in the present work is given as

H=H,, +V(P)+V(QQ)+V(HH) (1)
where Hsp,, V(P), V(QQ) and V(HH) denote the
single particle Hamiltonian, pairing, quadrupole-
quadrupole and hexadecapole-hexadecapole
parts of the effective two-body interaction. We
use four different parametrizations of the
interaction Hamiltonian, namely PQQ1, PQQ2,
PQQHHL and PQQHH2 [5]. Further, we use the
Jastrow type of short range correlations with
Miller-Spencer, Argonne V18 and CD-Bonn NN
potentials [5,8]. The detailed theoretica
formalism to study the (BB)o, decay in Majoron
and SUSY models are given in refs. [9,10,11].
Further, the theory of compositeness and
leptoquark in connection with (Bp)o, decay is
giveninrefs. [12,13].

Results and discussions

The NTMEs involved in (BB)o, decay in
various theories stated above are calculated
within PHFB model using pairing plus multipole
type of two-body interaction. The NTMES have
been calculated by considering the finite size of
nucleon (F) and Jastrow type of short range
correlations  (SRC) with  Miller-Spencer,
Argonne V18 and CD-Bonn NN potentias for
(BB)oy decay of *%zr, 1Mo, 31Te and ™°Nd
isotopes for the 0" - 0" transition. At present,
some results are presented for the case of *®Mo
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with PQQ1 parametrization. The detailed results
will be presented in the symposium.

Table 1: NTMEs for the Majoron accompanied

(BB)oy decay of '®Mo for the PQQ1
parametrization.
NTME F F+S
SRC1 SRC2 SRC3
M g{ 215 1.89 215 222
M ggm -5.52 -4.72 -5.43 -5.66
M T(fr(L) 0.05 0.05 0.05 0.05
MWD -0.26 -0.23 -0.26 -0.27
CR
M &) 1.18 114 1.19 1.20
Faf
x10?
M -5.79 -5.60 -5.86 -5.901
GTa?
x10°

Table 2. NTMEs of (BB)o, decay in SUSY
models via exchange of gluinos for Mo with in
PHFB model using PQQL1 interaction.

NTME F F+S
SRC1]| SRC2| SRC3
MV 0.716 | 0.037 0.056 0.067
M 0.007 | 0.003| -0.002| 0.002
MNgr | -0210 | -0.108 | -0.164 | -0.196
MFsr | -0.023 | 0.009 | 0.004 | -0.007
M7 | 5422 | 2.169 380 | 4831
MZ7s | 2613 | 1.856 245 | 2661
MF; 0.001 | 0.001 0.001 0.001
M 0285 | 0285| 0302 0.302
M 0130 | 0132 | 0.134| 0134

Table 3: NTMEs of (BB)o decay in SUSY
models via exchange of squark for ‘Mo with in
PHFB model using PQQL1 interaction.

NTME F F+S

SRC1| SRC2| SRC3
Mg 2587 | -131.7 | -201.4 | 2411
Marwr | 4124 | 2074 | 3188 | 3821
Marap | -25.77 | -2000 | -24.92 | -2657
Marn 5064 | 4418 | 5112 | 5289
Mryr | -1033 | -10.36 | -10.85 | -10.83
Map 113 | -114| -115]| -115
Myn 1790 | 1806 | 1809 | 1807

Proceedings of the DAE-BRNS Symp. on Nucl. Phys. 61 (2016)

In Table 1, 2 and 3, SRC1, SRC2 and SRC3
denote the Jastrow type of short range
correlations  (SRC)  with  Miller-Spencer,
Argonne V18 and CD-Bonn NN potentials,
respectively.
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Introduction models and majoron models. This motivates us
, _ . to calculate the relevant NTMEs o7 )o
The non-obsefvatmn OB o decay 1S decay of nuclei in the mass range 94—-150 within

.er-vioIating SUSY models involving squark-

th? M"}Jofa”a mssz 0]]: thEt} neytrmc;.ﬂl:owteve:jr, I(i\eutrino mechanism using PHFB model in
principié in any kind ot extension of the stanaar onjunction with pairing plus multi pole type of

model (SM) of electroweak unification, which two body interaction. Finally the constraints on

allows lepton number violation at some Ievel,[he lepton number violating SUSY parameters

one can expect contributions B"§7o, decay, q aytracted from the available half-life limits o
not necessarily related to the mass of th “B)o, decay
o :

neutrino. Supersymmetric (SUSY) theories wit
R-parity violation are the most prominent .
examples of this class of models. In susyl neoretical framework
models, the new SUSY partner differ from theThe inverse half life of {"B7)o, decay in Rp-
SM field content in a discrete multiplicative violating SUSY model is given by [4]
quantum number R-parity (R defined as 4 2l 12
R,=(-1)®*""*® where B, L angl S denote the Tuz _GM‘M'?‘ ks @)
baryon number, lepton number and spin of where G, is phase space factor. The nuclear
particle leading to F+1 for the SM particles matrix elementsmare denoted asmg, and
and R=-1 for superpartners. ~ ) i

The quark-level lepton number violating M7 for the 2N and pion mode, respectively and
interactions and nuclear structure aspect@xpressed as
relevant for the Rviolating SUSY mechanism M3, =M+ M3 +MZ
have been widely studied in the literature [1]With
The two types of Rviolating SUSY mechanism ) ) ) 3
at quark level are (i) the short range mechanism M e = (M fcr ()0, + H e (5)S0)) (3)
with the exchange of heavy superpartners [2] and A Z 4
(i) the long range mechanism involving the M“q”_<H&T‘GT(“Z)J“+HE”‘T(EZ)S“» @
exchange of heavy squark and the light neutrino M =(Hi - () 5)
[3] known as squark-neutrino mechanism [4]. and

Faessler et al. [4] has shown thaj- R _ _ _
violating SUSY contributes to th@ ™), decay M3z :<H7qu—GT (rlz)Ulz+H§‘N-T(flz)$lz)> ©)
dominantly via exchange of charged pion, pyER model using closure approximation the

between the decaying nucleons by employingitp1es M. are calculated as
QRPA model for the calculation of relevant : > @
+ O-Iv»

nuclear transition matrix elements (NTMES). M, = Z<02H0a,nmfn+fm
In reference [5] and references there in, the e

PHFB model has been successfully applied to

study the [§B)o, decay in left-right symmetric

)
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Nuclei | M, F+SRC
SRC1 SRC2 SRC3

10C -
Mo | mg, | 4416| 8048 103.35

M7 459.81| 529.29 547.01

15C -
Nd | Mg | 2102 3755 4767

M? 219.22| 249.90 257.56

In Table 1, SRC1, SRC2 and SRC3 denote the
Jastrow type of short range correlations (SRC)
with Miller-Spencer, Argonne V18 and CD-
Bonn NN potentials, respectively. The
calculation of NTMEs for rest of the nuclei
stated above along with the extracted limits on
SUSY parameters will be presented in the
symposium.

Conclusions

To summarize, we study thp 7)o, decay
of 949y, %B1%\o, YRy, "%Pd, **Te and
1*Nd isotopes for the "0.0" transition within
Rp-violating SUSY models involving squark-
neutrino mechanism using PHFB model. The
lepton number violating parameters of,-R
violating SUSY model using calculated NTMEs
and experimental data will be extracted and
presented in the symposium.
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