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We carry out the nuclear shell model calculations for nuclei wWits 76 andA = 82, and the
energy levels are compared with the experimental data for nucleiAwtt82. We then estimate

the nuclear matrix element (NME) for the#@3 decay by using the ground state wavefunctions.

In order to investigate the model dependence of the NMEs, the pair-truncated shell model calcu-
lations are performed and the NMEs in terms of the wavefunctions are also calculated. It is found
that the NMEs are considerably different in the models, although the number occupancies in the
ground states of the parent and the daughter nuclei are almost unchanged.
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Table 1: Adopted single-particle energies (T = v or 1) for neutron holes or proton particles (in MeV).
] o2 P2 P32 fp2
& 00 05 10 30
& 33 11 06 00

Table 2: Adopted two-body interaction strengths. The strengthlBfinteraction Go;) are given in units
of MeV, and those oQP andQQ interactions Gy;, Kr, andk, ) are given in units of Me\b*.
Gov Gy Kv  Gor Gon  Kn Kvm
82Se 0.20 0.060 0.24 0.20 0.02 0.08-0.20
82Kr 0.22 0.045 0.22 0.20 0.00 0.10-0.20
®Ge  0.34 0.095 0.19 0.22 0.03 0.14-0.20
6se  0.32 0.065 0.07 0.18 0.03 0.21-0.20

1. SHELL MODEL CALCULATIONS FOR NUCLEAR STRUCTURE

Systematic studies were carried out for the even-even, odd-mass, and doubly-odd nuclei in the
mass regiom\ = 80 in terms of the shell model (SMJ[. In the present study, four specific nuclei
with A= 76 andA = 82 are focused for the application to the neutrinoless double beta decay. For
single-particle levels, all the fourf§),, 1ps/2, 1p1/2, and @/, orbitals in the major shell between
the magic numbers 28 and 50 are taken into account for neutrons as holes and protons as patrticles.
The single-particle energiess (T = v or 1) employed in the present calculations are listed in
Tablel

As an effective interaction, the pairing plus quadrup®&le-QQ) interaction is employed. The
SM Hamiltonian is written as

H=H, +Hz+Hynr, (1.1)

whereH,,, Hy, andH, ;; represent the neutron interaction, the proton interaction and the neutron-
proton interaction, respectively. The interaction among like-nuclétnér = v or m) consists

of spherical single-particle energies, monopole-pairM) interaction, quadrupole-pairin@P)
interaction, and quadrupole-quadrupd]) interaction, i.e.,

Hr = Z EjTC;'rmTijr - GOrPrT(O) Pr(o) - GZTP‘IT(Z) : F~)r(2) —Kr:Qr-Qr:, (1.2)
m

where :: denotes normal ordering. It is assumed that the interaction between neutrons and protons
Hy r is just given by theQQ interaction,

Hyr = —KynQvu - Qnr. (1.3)

As for the single-particle basis states, the harmonic oscillator basis states with the oscillator param-
eterb = \/h/Mw are employed. The adopted two-body interaction strengths are listed inJable

Figurell shows the theoretical energy spectra¥8e and®®Kr in comparison with the ex-
perimental datdd [F. The energy levels of the yrast states are well reproduced. The large energy
gap betweenBand 1q state is reproduced, but thejl@nd 12 states are slightly lower than the
experimental energies fi{Se.
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Figure 1: Comparison between the experimental energy spectra (expt.) and those of the shell model (SM)
for 82Se and®?Kr. Experimental data are taken from R&, ).

2. THEORETICAL FRAMEWORK AND RESULTS FOR NEUTRINOLESS
DOUBLE BETA DECAY

The inverse half-life for the @33 decay is given afi[l} (17

(ov)] 1 0 0
[Tl/zvq — gOv) |pov)

whereG(%) is a phase-space factor including the axial-coupling congtgi®) [I3, (m,) is the

effective Majorana neutrino massg is the electron mass, amd©) is the nuclear matrix element

(NME), which depends on the nuclear ground states of the parent and the daughter nuclei.
The NME for the @33 decay is given as

MO = 5 M = M2+ Mgy +Mr”, (22)

whereK indicates eitheF (Fermi), GT (Gamow-Teller), ofT (Tensor) type. Note here that we
do not follow the usual definition of the Fermi-type matrix element, which is denoted in this paper
asM®”) = —[ga(0)/av (0)]2ML). The coupling constantsy (0) = 1.00 andga(0) = 1.25 are
adopted in this paper. The NME of each type is given by the corresponding neutrino pafential
as[4

M = (Win (Ogs) [ Vi |Wini (0gs)) - (23)

where| Wi (035 )) and|Wsn (0§ ) ) stand for the wavefunctions of the ground states in the initial
(parent) and the final (daughter) nuclei, respectively.
TheF, GT, andT type neutrino potentials can be explicitly written B3]

- T ()
Vi zAéﬁsL\/m > T T HAk (rig) <Y(M (i, ij) - [Zi(sl) ®2552)] > , (2.4)
]
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Table 3: The adopted parameters for each type, FeF) Gamow-Teller GT), and TensorT).
K F GT T

A 0 0 2
ss O 1 1
S 0 1 1
Als 1 —V3 /23

wherei, j represent decaying nucleons, afid = 1 fors= 0 and=® = ¢ for s= 1. Here, 1t
andY ) indicate the isospin increasing operator and the spherical harmonics of r@nk 0 for
F andGT, andA = 2 for T), respectively. The adopted coefficieqigfs)z is tabulated in Tabl& for
each typeft, GT, or T) together with the coefficients, s;, ands,. The orbital part of the neutrino
potential, H, k (rij), is given in momentum representation as

R 2 1 K /o 2
Hyk (r) = g%(())/nq(%A)h (@) ja (ar)gdo, (2.5)
wherej, is the spherical Bessel function of rark The explicit form of the neutrino potential
hX for each typeK is given in Ref[[4]. HereR indicates the nuclear radius using the formula
R =roAY3 (rp = 1.2 fm) for massA. The short-range correlations (SRC) are taken into account by
multiplying the orbital potential by the Jastrow function squarid)?, with f(r) = 1— e‘arz(l—
br?) adopting the Miller-Spencer parametrizatian= 1.1 fm~2 andb = 0.68 fm~2 [I3. In this
paper the NMEs are calculated in the pure closure approximation with the closure énergy
(En) — ((E1) + (Er))/2, where(Eyn), (E;) and(Eg) stand for the energies of the intermediate, the
initial, and the final states, respectively. Hére 10.08 MeV @ = 9.41 MeV) is adopted for the
decay off?’Se (%Ge) [[d. Tableld shows the NME in the SM calculated using the wavefunctions
obtained in the previous section. The total NME in the SM is a few times smaller compared to the
previous results in other models, the interacting shell models (ISE&BIH, the quasi-particle
random phase approximation (QRPAM and the interacting boson model (IBMZ{J]. There
should be a caution here for the IBM results. They noted in REj] (page 6) that their results,
expressed in units of fit, are multiplied by R, whereR = 1.2AY3 is the nuclear radius in fm.
Thus their results might be reduced by half to compare them with our results. For one’s reference,
one half of their results are also shown in Tdflle

In order to investigate the dependence of the NMEs on the wavefunctions of the ground states,
the PTSM wavefunctionf][7 ] are also used to estimate the NME. We construc&ipair sub-
space, th&D-pair subspace, theDG-pair subspace, and tiBDGH-pair subspace and diagonalize
the Hamiltonian with the same set of parameters as used in the SM calculations. The NMEs in the
PTSM are shown in Tabldfor A= 82.

By increasing the number of types of pairs in the PTSM fi®ta SD, SDG andSDGH pairs,
the NMEs are gradually (not monotonically) approaching the full SM results. In fact there is a
slight increase in the NME from th@Dto theSDGcases. In the construction of the wavefunction
|SY), theSpair is defined as

S'= 3 aiAs (i), (2.6)
]
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Table 4: NMEs (in dimensionless units) for thevB decay of®2Se are given in the SM (the present
study), the PTSM (the present study), the ISEIE [I§, the QRPA[LY], and the IBM EJ]. For the PTSM
calculations, the results within tf®#DGH-pair subspace, those within G pair subspace, those within
the SD-pair subspace, and those within tBair subspace are presented. For the IBM results, one half of
their results ( IBM /2) are also shown for reference (see text). The axial coupling congidot each

Model is given in the second column.

Model L SR Y VICO IR VICY

SM 125 0281 —0.439 0.648 —0.067 0.861
SDGH-pair 125 0.358 —0.560 0.707 —0.083 0.982
SDGpair 125 0.429 —0.670 0.822 —0.098 1.152
SD-pair 125 0.468 —0.731 0.732 —0.113 1.086
Spair 125 0669 —1.045 1.230 —0.139 1.830

ISM [7] 1.25 2.11

ISM 18] 1.25 2.18
QRPA (Argonne V18[9 1.27 ~1531 4.207 —0516 4.642
QRPA (CD-Bonn)[@  1.27 ~1.618 4.484 —0.470 5.018
IBM [0 1.269 ~0.60 359 -023 373
IBM [2] /2 1.269 ~0.30 1.80 -0.12 1.87

Table 5: NMEs (in dimensionless units) for the/B 3 decay of 5Ge. In this case, another shell model result

(ISM [27]) is also given.

Model g M® NM® M M MmO

SM 125 0282 —0.443 0.462 —0.096 0.648
SDGHpair 1.25 0484 —0.756 0.758 —0.125 1.117
SDGpair 125 0502 —0.784 0.782 —0.129 1.155
SD-pair 125 0571 —1.893 1.021 —0.134 1.458
Spair 125 0.862 —1.346 1578 —0.185 2.255

ISM 17 1.25 2.22

ISM [19] 1.25 2.30

ISM [2]] 1.254 —0.65 295 -001 3.35
QRPA (Argonne V18)[9 1.27 ~1615 4.715 —0.561 5.157
QRPA (CD-Bonn)[@ ~ 1.27 ~1.713 5.018 —0510 5571
IBM [0 1.269 068 4.49 -023 4.68

IBM [20 /2 1.269 —0.34 225 -012 234

where the structure constamf is determined so as to minimize the shell-model Hamiltonian,

5(SV|H|SY) =0.

(2.7)

Therefore the WavefunctiojSN> constructed by th& pair corresponds to the number-conserved
BCS wavefunction. In this sense the PTSM approach even only wit8 plags should be superior
to the mean field approaches with the pairing interaction, where only the mean value of the particle

number is determined.
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The NMEs for the © 83 decay of'®Ge in the SM and in the PTSM are calculated and shown
in Tablel They are compared to the other models previously cited in Babtere in addition the
results in a recent shell model (ISEJ]) are also shown. The total NME in the SM is a few times
smaller compared to the previous results in the other models, the [BMEF 2]], the QRPA[LY],
and the IBM EJ. By increasing the number of types of pairs in the PTSM fi8o SD, SDG
andSDGH pairs, the NMEs are monotonically approaching the full SM results.

In order to investigate what kind of physical quantities of the wavefunctions of the ground
states, we calculate the expectation value of the number operator for each pfHilinumber
occupancy) of the ground state. The number occupaf*u'csldefined as

Vi = (W (0ds)| Ry |W(0gs)), (2.8)

whereri] is the number operator for the orbitaland |W (0f, )) is the ground state of a specific
nucleus.

8

20 B 8,0 gm
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e/, e,

neutron occupancies
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Figure 2: The occupation numbers f6fSe in the SM and those in the PTSE gair, SD-pair, SDGpair,
andSDGH-pair subspaces) are shown for neutrons (left panel) and protons (right panel).
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Figure 3: The occupation numbers f8#Kr.
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Figureld shows the number occupancies calculated in the SM and the PTS¥Ser The
left (right) panels show the results for neutrons (protons). There are good agreements among the
results in the various configuration spaces (i.e Sipair subspace, tHeD-pair subspace, thHeDG
pair subspace, theDGH-pair subspace, and the full shell model space). In particular the neutron
occupancies fof2Se are little dependent on the models, because the orbitals between the magic
numbers 28 and 50 are almost fully occupied in this nucleus.

Figurel@ shows the same as Figilebut for8Kr, the daughter nucleus of the/@3 decay of
82Se. Good agreements among the results by the various models are also seen in this case. This fact
indicates that the number occupancy does not depend sensitively on the ground state wavefunctions.
On the other hand, as seen in Tallehe NMEs change considerably according to the different
models. This means that the realization of the number occupancy is not correlated to the NMEs.

3. Summary

In the present study, the nuclear shell model (SM) calculations are carried out for nuclei with
A = 76 andA = 82. The energy levels of the yrast state§38e and®?Kr are shown in this paper
and have good agreement with experimental dat&Se the large energy gap betwegnahd 10
state is reproduced, but thejl@nd 12 states are slightly lower than the experimental energies.

Nuclear matrix elements (NMESs) for the’B decay are evaluated in terms of the SM and
the pair-truncated shell model (PTSM) for two cases (ff88e to82Kr and from7%Ge to’Se).
Compared our results with those in other models, QRPA, IBM, and ISM, the NMEs in our SM
are calculated a few times smaller, indicating the sensitivity on different wavefunctions of various
nuclear models. In fact, it is shown that by expanding the model space in the PTSN-fsamto
SD-pair, SDG-pair, andSDGH-pair subspaces, the results are gradually approaching the SM results
and at most a few times different among the results. This means that the ground state correlations
are important for the NMEs.

The number occupancy calculated for each orhitaf the ground state does not depend sen-
sitively on the ground state wavefunctions. Therefore the realization of the number occupancy is
not correlated to the NMEs. In other words we do not support the validity of the NMEs calculated
by using the wavefunctions, which even reproducing the experimental occupancies.
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