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Abstract: The effects of the tensor force on the 2y and 0vBB decay nuclear matrix elements (NMEs) of
76Ge,32Se, 139Te, and '3Xe are studied using the Hartree-Fock-Bogoliubov (HFB) plus proton-neutron quasi-
particle random phase approximation (pnQRPA) model based on the Skyrme energy density functional. We include
the full spectra of intermediate states with J™ = 0* ~ 10¥up to the energy cutoff £ = 60 MeV, which is sufficient for
convergence of NME calculations. The isovector (IV) pairing and tensor interactions are considered in both HFB
and QRPA calculations, while the isoscalar (IS) pairing interaction is included only in QRPA calculations. We found
that the tensor force shifts Gamow-Teller (GT) transition strengths substantially to low-energy regions and enhances
the 2v88 decay NME. The inclusion of tensor force enhances the 0v58 NME by approximately 13% for 7°Ge and
82Se and 30% for 130Te and 13¢Xe, for a fixed IS pairing strength. We found that the intermediate 2° state makes an
important contribution to the 0vBB8 NME, which is slightly enhanced by the inclusion of the tensor force. We also
found that the contribution of the 17*state makes important differences through the inclusion of the tensor force,
which enhances the contribution largely. However when the IS pairing strength is increased, the contributions from
1" states are rapidly reduced to be very small, resulting in even negative contributions. Thus, tensor and IS pairing
effects cancel each other, making the net effect on the NME relatively small. Due to this cancellation, if the IS pair-
ing strength is optimized separately for cases with and without the tensor interaction to reproduce the experimental
2vBB NME, the consequent Ov88 NME with the tensor interaction is close to that without the tensor interaction with-
in a 10% difference.
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I. INTRODUCTION

Double beta decay (88 decay) is one of the most act-
ive topics in nuclear and particle physics [1, 2]. There are
two types of B8 decay: two neutrino B8 decay (2vBB de-
cay) and zero neutrino 88 decay (0vB8 decay). The 0v38
decay is predicted by the nature of the Majorana neutrino
hypothesis, where the neutrino is identical to the anti-

neutrino. Experimental observations of the OvSB decay
will justify the existence of Majorana neutrinos and
provide important information on new physics beyond the
standard model.

The 2vBB decay has been detected for decades [3], but
the OvBB decay has no experimental evidence so far, as
the 0vBB decay may have an extremely long half-life,
longer than the age of our universe. Precise prediction of
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the half-life is essential for designing experimental facilit-
ies to detect this decay. Accurate simulations require
knowledge of the neutrino mass term, the phase space
factor, and the nuclear matrix element (NME) of decay-
ing nuclei. While the phase space factor can be evaluated
with high accuracy [4, 5], the NME still has a large vari-
ety depending on nuclear many-body models and also ad-
opted effective interactions.

Several many-body methods have been adopted to
calculate the 0vB38 NME, see for examples the recent re-
views [6—8]. In these models, the so-called closure ap-
proximation is often adopted without the explicit inclu-
sion of excited states of intermediate odd-odd nuclei. In
contrast, the quasi-particle random phase approximation
(QRPA) has been applied extensively to study the 88 de-
cay processes, without adopting the closure approxima-
tion [9—16].

In recent decades, the self-consistent spherical QRPA
model have been applied to study the 88 decays [17-23],
with emphasis on the overlap factor, IS pairing interac-
tion, the paths of calculation. g8 decay is direct a decay,
but QRPA calculations are done through a virtual pro-
cesses, both (Z,N)->(ZN-2)—(Z+2,N-2) and
(Z,N)—= (Z+1,N-1)—> (Z+2,N-2) are different calcu-
laitons paths. The axially symmetric deformations is
taken into account in Refs. [24, 25]. A highly efficient fi-
nite amplitude method QRPA model incorporating axi-
ally symmetric deformation and large model spaces was
developed to calculate the 2vBB8 decay in Ref. [26].
However, these calculations considered the central and
spin-orbit components of the effective interactions, and
the effects of the tensor force have not been explored.

As an important component of nucleon-nucleon inter-
action, the tensor force plays an important role in the
evolution of nuclear shell structure [27—30], the nuclear
collective excitations [31—35] such as the charge-ex-
change Gamow-Teller (GT) and spin-dipole (SD) trans-
itions, and the relevant single beta decay half-lives [36,
37]. As the BB decay is closely related to the charge-ex-
change excitations, it is of interest to explore the effect of
tensor force on the B3 decay. In this study, the 2vB8 and
0vB8 NMEs, M? and M”, of 7°Ge, %2Se, *Xe, and '*'Te
are investigated using the HFB+QRPA model based on
the Skyrme energy density function (EDF) with the
tensor force.

We briefly outline the theoretical framework and cal-
culation details in Sec. II. In Sec. III, we present the ef-
fects of the tensor force on M?* and M® and discuss the
low-energy GT states. A summary is provided in Sec. IV.

II. FORMALISM

The BB decays occur between the even-even nuclei, in
which the initial and final states are denoted by 0} and
0%, respectively. It is a second-order weak process from

the initial to the final nuclei through virtual states of the
intermediate odd-odd nucleus. Throughout this study, we
assume that the 0v8B decay exists, and that the light neut-
rino-exchange mechanism dominates. The half-lives of
the 2vBB decay and 0vBB decay can be expressed separ-
ately as [38, 39]

2

[T2,0; — 001" = G®(0)) | M|, (1)
v 1— v 4 <m > :
(77,1 1=G<°>{M<°>|2(—nfﬁ ) : 2)

where G®(07) and G are the phase space factors ac-
counting for the outgoing leptons, and (myg) is the effect-
ive neutrino mass.

For the 2vBB decay NME, because of isospin sym-
metry, Fermi transition is highly suppressed so that only
the NME of the GT transition, M2}, is considered in cal-
culations. The GT NME, in the QRPA approach is ex-
pressed as [40]
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where 17 and 1; are two sets of 1* intermediate states
constructed on the ground states of the initial and final
nuclei, respectively, using the QRPA method. In QRPA
calculations, the HFB ground states are set as the initial
(07) and final states (07). The energies w, and w, in the
denominator correspond to the excitation energies relat-
ive to the ground states of initial and final nuclei [38]. In

Eq. 3),

0= "o, (4)

which is the Gamow-Teller transition operator. The GT

transition matrix element for QRPA can be expressed as
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The overlap factor in Eq. (3) is evaluated as [40]

I =N Y X X0, =YY )Xplp Yaln'). (7)

p.np'n’

In the above expressions, X and Y are the forward and
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backward amplitudes of the QRPA states, and u and v are
the unoccupation and occupation amplitudes of the HFB
single-particle states in canonical basis [41]. The overlap
of two single-particle states in the canonical basis can be
expressed as

klk'y = Oty O jr (Uil +vkvkr)/ w(Nup (rydr.  (8)
0

N is the overlap factor between the initial and final
ground states, calculated in the canonical basis using the
approach introduced in Ref. [40].

The 0vB88 NME, M®, is usually presented as a sum of
three parts of two-body currents, GT, Fermi (FM), and
Tensor (T) NMEs, expressed in the following separable
form:

2
M = M- (g) MY+ MY, ©)

where gy is the vector constant, and g, is considered to
be the same as g = 1.0, consistent with the 2v58 NME
calculations. Since the tensor term MY is negligibly small
[39], we calculate only the GT and Fermi terms:

MY = (07 || hp(rio, Eti 15 11 0F),
k

Mgy = Z(O} | hgr(ri, E (o - o)ty 25 1107, (10)
K

where rj, = |r; —r,] is the relative coordinates of the two
nucleons. The neutrino potential reads

2R
hx(ri2, Ep) = F/dq

where K denotes Fermi or GT, and R is the radius of the
initial nuclei.
Jo(gri2) is expanded as

qhx(q%)
q+Ek—(Mi+Mf)/2

Jo(griz), (11)

Jolqri) =4m > jiqr)jgr) Y (Q)Ym(Q),  (12)

Im

and the NME can be written as

1
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where J;, and J, are the QRPA excited states with total
angular momentum J, calculated from the ground states
of the final and initial nuclei, respectively. Detailed ex-
pressions of hgr(g®) and hg(g?) are found in Ref. [39].

For the details of QRPA solutions and the Skyrme
HFB, one could refer to [42, 43]. In this study, we adopt
the volume pairing interaction, which is divided into IV
and IS components:

1- P(r
vy = VgTé(r), (14)
1+P,
VS = fVo—5-m6(r), (15)

where r =r, —r, is the distance between the two nucle-
ons, and P, is the spin exchange operator. The IV pair-
ing is included in both HFB and QRPA calculations, and
strength V(g =n,p) is fixed in HFB calculation by em-
pirical pairing gaps of the neutron and proton, respect-
ively. The IS pairing interaction is included only in the
pp channel of the QRPA equation, and the strength is de-
cided by two factors, V, is the mean value of V{ and V{,
and fis a free parameter.

The Skyrme-type tensor interaction is adopted atop
the central part of the EDF in our calculations, given by

T 1
vi= 5{[(0'1 K)oy K) - 3 (01-02)K?16(r)
1
+5(l')[(0'1‘k)(0'2'k)—3(0'1-0'2)1(2]}
U
+ 5{(0'1 -K)o(r)(o2 - K) + (02 - K) 6(r) (071 - K)
2
-3 [(o1- 0K -6(0)k]}, (16)
where k=(V;-V,)/2i acts on the right, and k’'=
—(V{—V5) /2i acts on the left. The parameters 7 and U
denote the strengths of triplet-even (TE) and triplet-odd
(TO) tensor force, respectively. This type of tensor inter-

actions was first presented by T. H. R. Skyrme in the
1950s [44, 45].

III. RESULTS

In BB decay experiments, °Ge has been used in LE-
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GEND [46] and CDEX [47], #2Se will be used in NvDEx
[48], **Xe has been used in KamLAND-Zen collabora-
tion [49], PandaX [50], EXO-200 [51] and NEXT [52],
and "*°Te has been used in CUORE [53]. We perform
self-consistent HFB+QRPA for the 2v and 0vB8 decays
in °Ge, 32Se, *°Te and '**Xe. The calculated results con-
verge when the cutoff energy of the intermediate states is
set to 60 MeV. In our calculations, the Skyrme interac-
tion SGII is adopted [54], which gives a reasonable Land-
au-migdal parameter for the spin-isospin channel,
g, =0.498, having the effective mass m*/m= 0.786. The
tensor interaction is included with (7,U) = (500, —350)
MeV fm’, referred to as "Tel." This strength is optim-
ized based on studies of the centroid energies of GT and
charge-exchange spin-dipole (SD) giant resonances
[55—58]. These studies yield reasonable descriptions of
the low-lying 0", 27, and 3" states, as well as the giant GT
transitions within the subtracted second random phase ap-
proximation (SSRPA) [59, 60].

A. Nuclear matrix element M2, for the 2v53 decay

The dependence of the 88 decay NME on IV and IS
pairings has been well studied in QRPA [15, 24, 61].
These studies suggest that M2} is influenced by the IS
pairing but is not sensitive to the IV pairing [15, 61]. As
the tensor force has strong effect on the low-lying GT
transitions [31], it is valuable to study the effect of the
tensor force on the MZ;.

Before discussing the NME, we first present the over-
lap factors N calculated with and without tensor force in
Table 1. The average value of these overlap factors for
open shell nuclei is approximately 0.8, consistent with

Table 1.
ground states obtained using HFB calculations with the

Overlap factor Nbetween the initial and final

SGII+Tel interaction, including (w/i) and excluding (w/o) the

tensor force.

Nuclei w/o w/i
76Ge 0.789 0.784
825e 0.780 0.773
130 0.808 0.814
136 e 0.447 0.473
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results obtained from deformed calculations [14, 16, 40].
The presence of tensor force does not largely affect this
factor. For '*°Xe, a strong suppression for the overlap
factor is observed due to the neutron magicity N =82 of
this nucleus. For this nucleus, we find that the tensor
force changes this factor by more than 5%. This implies
that, for magic nuclei, the tensor force may affect the
structure of ground state. In contrast, it was suggested in
Ref. [62] that such suppression for magic nuclei may be
overestimated due to the particle number non-conserva-
tion nature of the HFB theory, and a larger overlap factor
is expected when the number projection is applied to the
calculation. To confirm this point, the number projected
by the HFB theory is needed for further investigation.
Figure 1 shows the dependence of M2, on the IS pair-
ing strength and tensor force for °Ge, %2Se, '*’Te, and
36Xe. Two different curves are presented: one with
("w/i") and one without ("w/o") the tensor interaction in
the HFB+QRPA calculations. Our results on the IS pair-
ing strength dependence are consistent with the results of
other QRPA studies [40, 64, 65]. The NME changes
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Fig. 1. (color online) MZ; values of "Ge, 82Se, 13Te and !*Xeobtained by the HFB+QRPA calculation for different strengths of the
IS pairing interaction. Results with (blue dash-dot-dot line) and without (red dotted line) the tensor interaction are labeled "w/i" and
"w/o," respectively. The experimental value is shown as a black horizontal line [63].
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smoothly when the IS pairing strength is small and then
at a certain value of f'close to the critical point, the NME
starts to change drastically until the collapse of QRPA
solutions. This general trend is not altered by including
the tensor force.

For the NMEs of "°Ge and #?Se, as shown in Fig. 1(a)
and (b), the results show that the tensor force enhances
the NMEs notably. In °Ge and #Se, the tensor force in-
creases the NMEs by approximately 20% when the IS
pairing is absent. For "°Ge, when we increase the strength
of the IS pairing up to f =1.0, the NME is enhanced by a
constant amount of approximately 0.1 by the tensor force.
Near the critical value f =1.1, the NMEs drop rapidly for
the cases without and with the tensor force f =1.1, reach-
ing 0.075 and 0.197, respectively. For 32Se, the effect of
tensor force is similar to the case of 7°Ge; it increases the
NME always by 0.05~0.07. When the value f is ap-
proaching to 1.1, the NME is enhanced even more by the
tensor force, i.e., the NME becomes 0.032 and 0.111
without and with the tensor force at f =1.1, respectively.
For '*Te and *Xe, as shown in Fig. 1(c) and (d), the en-

measured NME.

The GT  strength distributions in 7°Ge, #Se, '*Te,
and **Xe calculated using the IS pairing strengths listed
in Table 2 with and without the tensor force are shown in
Fig. 2. For "*Ge as shown in the Fig. 2(a), the QRPA cal-
culations give the three-peak structure observed also in
the experimental data. Including the tensor force shifts
the main peak energy downword by approximately 0.5
MeV and obtains an excitation energy approximately 1
MeV higher than that obtained via experiment. Increas-
ing the IS pairing from f; to f, reduces the strengths in
the giant GT resonances, which is the reason why the in-
creasing of IS pairing rapidly reduces the 2v38 NME. In
contrast, the inclusion of tensor force alters the excitation
energies in both low and high energy region. For #Se as

Table 2. Values of IS pairing strength f'to reproduce the ex-
perimental NMEs and the corresponding MZ;. fi and f, are
the optimized values without (w/0) and with (w/i) the tensor
force, respectively.

hancement of the NMEs by the tensor force is much lar- Nuclei M3, Tensor fiorfo M
ger compared to that for °Ge and ¥ Se. Without IS pair- wlo £ 20.900 0219
ing, the NMEs ipcrease by more than a factor 2.. This en- 8Ge 0.220 Wi b 1075 0291
hancement continues even with a large IS pairing with ) - 0153
f=1.0. When the IS pairing is approaching f =1.1, the 82ge 0.153 W(.) S =0.866 :
NME:s of both *Te and '*%Xe are changed from negative wil f2=1.038 0.153
to positive values by the tensor force. 130 wio f =1.050 0.054
The values of f that reproduce the experimental TTe 0.054 wii f=1274 0,053
NMEs are listed in Table 2. As noted previously, these wio 092 0.030
results confirm that the tensor force enhances the NME, 136Xe 0.031 ] fi=0. ’
and therefore, a larger f value is needed to reproduce the wii fr=1211 0.030
15 T T T 30 T T
fiw/o ------
o fywlo - - - -
; £ Wi - — - ;
Z 10 F fwi 22 @%e{ %
2 2
= =
o Sf 1 ¢
= =
0
i . 1 % 30Ff ". ]
o 00 s : ] (d) 0Xe i
= = -
S = i
m [ : ] = | eXp HA ]
10 il i <) 15 A fh
I N v
0 | | Illl [ ﬁn L 0 \J%(::_,/“-:‘_y \I\\_
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Fig. 2. (color online) GT~ transition strength function for 7°Ge, 82Se, 13Te, and '**Xe. E. is the excitation energy of the final nuclei.
The results obtained by the calculations with (f; -purple dash-dot-dot line, f;-blue dash-dot line) or without ( f; -red dotted line, f,-green
dashed line) tensor interaction are labeled by "w/i" or "w/o0," respectively, and f; and f, are the IS pairing strengths. Experimental data
are shown by black lines for 7°Ge and '3°Te, while the data are given by black horizontal lines for 32Se [69, 70].
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shown in panel (b), the main peak energy is approxim-
ately 1 MeV higher than the experimental data when the
tensor force is absent. Including the tensor force shifts the
peak downward by 1 MeV, achieving good agreement
with the experimental data. For *°Te, the main peak en-
ergy obtained with the tensor force is approximately 1.8
MeV lower than the experimental one, partly due to the
strong IS pairing required to reproduce the NME. For
136Xe, the calculation with the tensor force produces the
low excitation energy distribution at approximately 2
MeV, which is consistent with experimental observations.
The calculated main peak energies for the three nuclei
75Ge, 32Se, and '*°Te obtained with the inclusion of the
tensor force are within a 2 MeV difference from the ex-
perimental data. This is reasonable since the strength of
the tensor force was optimized to reproduce the main GT
peak energies of doubly-closed shell nuclei within 2.5
MeV differences in Ref. [55]. For all four nuclei in Fig. 2,
the inclusion of the tensor force shifts the main peak en-
ergies downward and enhances the strength of low-en-
ergy states, which may explain the enhancement of the
NME owing to the tensor force.

For a more comprehensive understanding of the ef-
fect of the tensor force on M2, we show in Fig. 3 the
GT* strength distributions for the initial and final nuclei
*Ge and %Se as well as 'Te and '*°Xe obtained with
and without the tensor force without the pn pairing. Since
the cases of °Ge and !*°Te are similar to %2 Se and '**Xe
respectively, °Ge and *°Te are chosen as representatives
to examine the tensor force effects on NMEs. For
75Gewith the tensor force included as shown in panel (a),
the lowest GT state is shifted downward by approxim-
ately 0.8 MeV. In contrast, for 7Se as shown in panel (b),
the excitation energy of the lowest GT" state is kept un-

15 T ; . .
f1=0.0 w/o ——
f2=0.0 W/ -e-ee--

~ 10 | ]
o (@)%Ge
= 5} ]
0 + + } "
0.6 | ]
~ (b)"se
s
o
5 0.3 | ]
0 [ L || L Ll

0 2 4 6 8 10
E,,[MeV]

Fig. 3.

changed. The strengths in the lowest states are enhance
by approximately a factor 2 by the inclusion of tensor
force. These two effects of tensor force are the main reas-
on that the tensor force obviously enhances the MZ; of
75Ge. In contrast, for '**Te and '**Xe, as shown in panels
(c) and (d), the lowest GT™ and GT" states shift down-
ward by approximately 2.0MeV and 0.8 MeV, respect-
ively, with the tensor force. Moreover, the GT strengths
in the lowest states are dramatically increased, particu-
larly the GT" strength which is increased by approxim-
ately one order of magnitude. Consequently, a much
stronger effect of tensor force on the NME of '*°Te is ob-
served in Fig. 1.

To further clarify the effect of tensor force on the GT
states, important configurations for *Ge, 7°Se, '**Te, and
130Xe are listed in Table 3. For °Ge and "°Se, the most
important configuration is (72ps;,v2pi1), Wwhile it is
(n2ds,v2d3),) for BOTe and '*°Xe. As reported in Ref.
[27], the tensor force produces an attractive effect
between protons and neutrons in the j. and j< orbits and
a repulsive effect between protons and neutrons in j, and
J= orbits. As a result, the tensor force shifts the lowest
GT states downward. Some differences exist among the
nuclei listed in the table. For 7°Ge and "Se, there are ap-
preciable contributions from the (72p;,,v2p;,,) configur-
ation after the tensor force is included, which cancels the
attractive effect slightly. However, for '**Te and '*°Xe all
the important configurations experience the attractive ef-
fect of the tensor force. This is the reason that the effects
of the tensor force are stronger in '**Te and **Xe.

Recent 2vBB decay experiments provide detailed elec-
tron spectra that offer valuable information about contri-
butions from states with different excitation energies.
This information can be used to further constrain the nuc-

20 T T T T

10 | ©"Te ; ]

B(GT)

0 : Ll L L L : L
0 2 4 6 8 10
E,,[MeV]

(color online) GT* strength distributions for the initial and final nuclei 7°Ge and 7®Se as well as *°Te and 3°Xe obtained with

pn pairing strength /= 0 in cases with (blue dotted lines) and without (red solid lines) the tensor force.
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Table 3.
initial and final nuclei obtained with /= 0.0, in cases with and

Important configurations in the lowest GT states of

without the tensor force.

Nuclei Tensor Eex B(GT=+x) Configuration X2 _y2

76Ge w/o 2.40 0.69 (72p3/2,v2p172) 0.948
(72p1/2,v2p3)2) 0.016

(m2p372,v2p3/2) 0.022

wh 173 131 (210 2p12)  0.045
(m2p372,v2p1/2) 0.895

(m2p3y2,v1fs52) 0.052

765e w/o 1.13 0.07 (72p3/2,v2p172) 0.964
(m2p1/2,v2p3)2) 0.015

(m2p3)2,v2p3/2) 0.011

w/i 1.17 0.18 (72p1/2,v2p1)2) 0.089
(m2p3)2,v2p1/2) 0.887

(72p3/2,v1f512) 0.016

130Te w/o 2.32 1.50 (7351/2,v3512) 0.010
(m2d3)2,v2d3)2) 0.006

(m2ds)2,v2d3)2) 0.925

(n2dspp.v2dsp)  0.022

wh 062 442 (m3s10v2d32) 0046
(n2ds2,v2d5)2) 0.883

(m2ds)2,v1g7/2) 0.046

130Xe w/0 1.47 0.02 (71'3S1/2,V3S[/2) 0.011

(r2d3j2,v2d3;)  0.006
(n2ds;2.v2ds;n)  0.932
(2ds),v2ds;)  0.020
wi 06l 0.19 (3s1/2,v2d32)  0.049
(2ds).v2d3n)  0.894
(2dsp,vgrn)  0.035

lear structure calculations beyond the NME [66]. The
running sums of NMEs in #Se and '*°Xe are measured
[67, 68]. However, the results for **Xe have large uncer-
tainties and cannot uniquely determine the running sum
yet [66]. For #Se, a strong preference to the single-state
dominance (SSD) feature for the running sum is ob-
served, i.e., contribution from the lowest 1% state ex-
hausts almost all of the total MZ;. The running sums of
M2, for %2Se are shown in Fig. 4. Without the tensor
force, the running sum starts at approximately 0.02 and
increases steadily up to a final value of approximately
0.15, with most contributions coming from high-lying
states. When the tensor force is included, the running sum
starts at approximately 0.08, which contributes more than
50% to the total MZ;. This suggests that including the
tensor force is necessary in NME calculations.

03
82 £,=0.866 W/O -:-------
Se f,=1.038 Wi -—--—
— o2} Ty
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o Py
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i ..... o
0
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E,(MeV)
Fig. 4. (color online) Running sum of the NME M2, in 32Se

as a function of the excitation energy E, with the optimized IS
pairing strength f; or f. Ex = (w, +w,)/2 is the averaged ex-
citation energy given in Eq. (3). Results obtained with (blue
dash-dot-dot line) and without (red dotted line) the tensor in-
teraction are labeled "w/i" or "w/o0," respectively.

B. Nuclear matrix element M for the 0v35 decay

After the strength parameter f/ of IS pairing interac-
tion is fixed by the 2vB88 NME, we performed calcual-
tions of the 0vB8 NMEs for ®Ge, 32Se, '*°Te, and '**Xe.
The calculations include intermediate states with J™ ran-
ging from 0* to 107,

The M values for "°Ge, 32Se, *°Te, and '*Xe calcu-
lated with different values of IS pairing strength factor f,
with and without the tensor force, are shown in Fig. 5. As
shown in Fig. 1, reproducing Mg, in the calculations with
or without tensor force need different IS pairing
strengths. In Fig. 5, the IS pairing strength factor fixed by
M, in the calculations without and with the tensor force
are labeled f; and f,, respectively. One can see from the
figure that, when M2, values are reproduced, represented
by filled symbols, including the tensor force brings small
changes to M%, which is consistent with the results in
Ref. [23]. However, for calculations using the same factor
f, either including or excluding the tensor force (indic-
ated by filled or empty symbols of the same shape), the
inclusion of the tensor force leads to evident differences
in theM® values.

The relative change of M® caused by the inclusion of
the tensor force is shown in Fig. 6 as the ratio (M‘?,V/i( -
MY (f)/MY,(f). For the fixed IS pairing strength f; or
/>, the tensor force increases the ratio by approximately
13% for "°Ge and %2Se and approximately 30% for *°Te
and '“Xe. However, the ratio (My)(f2)—My,(f)/
MY (f1) varies only slightly with the change in f factor
from f; w/o the tensor to f, with the tensor; if the pairing
strengths are optimized by the experimental M2} with or
without tensor force, the net results of IS paring and
tensor coupling for M,, cause only small changes, i.e.,
approximately —3% for "°Ge and %Se and —8.0% and
-9.0% for '*°Te and ®Xe, respectively, compared with
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Fig. 5. (color online) M% values for 7°Ge,*Se, ' Te, and

136Xe. The results obtained by the calculations with (blue) or
without (red) the tensor interaction are labeled by "w/i" or
"w/o," respectively.

those obtained with the optimized value f; without the
tensor interaction. As noticed before, this is due to the
fact that the inclusion of the tensor force requires a larger
IS pairing so as to reproduce MZ;, but the stronger IS
pairing cancels the effect of the tensor force.

For more details, the contributions of all the interme-
diate states to M® calculated with different f values f;
and f, are displayed in Fig. 7. For each f'value, we exam-
ine the effect of tensor interaction without introducing the
closure approximation. Since the cases of °Ge and '*°Te
are similar to Se and **Xe respectively, °Ge and '*°Te
are chosen as representatives to examine the interplay
between IS pairing and tensor interactions. Both the
tensor force and IS pairing interactions make small con-
tributions to the NME through the state with J > 2. This
is due to the exchange momentum ¢ in the neutrino po-
tential in Eq. (11); for larger J, larger ¢ is needed to con-
tribute to the matrix element of j,(gr). For "*Ge, as shown
in panels (a) and (b), or (c) and (d), when calculated with
the fixed IS pairing strength factor f; or f,, the tensor
force evidently increases NMEs through 1" and 2" inter-
mediate states. Consequently, including tensor force en-
hances the NME as can be seen in comparisons between
panels (a) and (b) or between (c) and (d). While compar-
ing panels (a) and (d), in which experimental Mg, values
are reproduced by optimized IS pairing strengths, the lar-
ger IS pairing strength f, reduces the NME largely
through 1" states, while the tensor interaction increases
the contribution of 2~ states. Therefore, the effects of the
tensor force and IS pairing on the NME largely cancel
each other in panels (a) and (d).

In the case of '*°Te, comparisons between panels (e)
and (f) or (g) and (h) of Fig. 7 show that including the
tensor force substantially increases the NME through 1°
and 2~ intermediate states, even more than that for °Ge.
For the 2° states, in calculations with both f; and f;
cases, the tensor force slightly enhances the NME. In
contrast, for 17 states, when increasing the IS pairing

50
f;, m
4OF f, e
frep x o
—~ 30} ° u
X
S |
S 20}
= °
S 10} = (]
0 L
X *
-10 } X X
-20 . ' . .
Ge Se Te Xe

Fig. 6. (color online) Relative change of M® caused by the

inclusion of the tensor force. The ratio is defined by
MY (=M ()

MY (f)

w/o
labeled by the IS pairing strength fior f;, while fiprepresents
MY (f)-M) (fi)

MY (D)

, for 7%Ge, 32Se, 13Te, and '3°Xe. Results are

the ratio

strength from f; to f>, the contribution is reduced rapidly
from the magnitude similar to that for 2~ states with f; to
a very small value with f,, even negative in some cases.
As a net effect, we can see that the inclusion of the tensor
interaction enhances the contribution, but cancels largely
the effect of IS pairing. Additionally, the stronger IS pair-
ing f, reduces the NME, especially through 17 states,
compared to the weaker IS pairing f;, as seen between
panels (e) and (g) or (f) and (h).

The present results differ from those reported in Ref.
[10] in which the 1” states also make important contribu-
tions. This discrepancy may arise from differences in the
single-particle states and residual interactions used in the
calculations. Moreover in our calculations, the 1™ states
are located at higher energies which reduce the contribu-
tion to the NME.

In this study, the S8 NMEs are investigated within the
spherical approximation, although the initial and final
nuclei of the four double § decay candidates may be de-
formed. It has been reported that NMEs are reduced when
there is a significant difference in deformation between
the initial and final nuclei [62], as the overlap factor
between the two nuclei decreases with deformation dif-
ference. According to empirical results, similar deforma-
tions of the initial and final nuclei occur for ¥2Se and
136Xe, but evidently different values occur for °Ge and
130Te. The 0vB8 NME:s are studied by using Skyrme inter-
action with axial deformation in Ref. [24]. There, the M?
value for °Ge closely matches our results without the
tensor force, reflecting the similar deformations of the
initial and final nuclei. However, M® values for '*'Te
and **Xe are significantly suppressed due to the evid-
ently different deformations in terms of absolute values
or signs. Since the quadrupole deformation factor B, is
not well reproduced in the HFB calculation even qualitat-
ively, it is valuable to check the 88 NMEs with realistic
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by the experimental value obtained without (w/0) the tensor force (red rectangle), and f> is determined by the experimental value ob-

tained with (w/i) the tensor force (blue rectangle).

deformations qualitatively and quantitatively in future
work.

IV. SUMMARY

HFB+QRPA calculations employing the Skyrme in-
teraction SGII were performed to study the 2vBB8 and
0vBB decay NMEs in "°Ge, #Se, *%Te, and **Xe taking
into account the tensor interaction. Along with the tensor
interaction, the IV pairing interaction was adopted in the
HFB and QRPA calculations, while the IS pairing inter-
action was included only in the QRPA calculations. The
2vBB decay is dominated by intermediate 1" states, and
the inclusion of the tensor force enhances M2, largely be-
cause the tensor force shifts low energy GT states down-
ward, increasing MZ;. Consequently, a stronger IS pair-
ing is required to reproduce the experimental 2vj38
NMEs, M2Z., when the tensor interaction is included,
compared to the calculations without it. Specifically, the
optimized IS strength f; is approximately 0.9 to 1.0 when
the tensor force is absent, but the value f, becomes ap-
proximately 15% larger to be approximately 1.0 for "*Ge
and #2Se and 1.2 for *°Te and **Xe with the inclusion of
the tensor force. Experimental 2v38 electron spectra for
82Se indicate that the running sum is dominated by the
lowest 17 state, and the calculated results are largely im-
proved by the tensor interaction showing a substantially
large contribution from the lowest 1 state.

The 0vB8 NMEs, M, were calculated including the
full spectra of intermediate states with J™ = 0* ~ 10* up to
an energy cutoff E = 60 MeV, which is sufficient for con-
vergence to calculate the NMEs without employing the
closure approximation. In calculations with the fixed IS
pairing strength, the inclusion of the tensor interaction en-
hances the NME by approximately 13% for *Ge and #Se
and by approximately 30% for '3°Te and **Xe. However,
when the IS pairing strengths are optimized to reproduce
experimental 2v88 NME, denoted as f; or f>(f; < f»), the
tensor effect cancels the larger IS pairing effect, resulting
in the net effect of the tensor and IS pairing interactions
becoming smaller, i.e., at most 10%. We found that the 2~
state makes an important contribution to 0v88 NME,
which is affected by the tensor force. More attention
should be given to the 1" state, as its contribution to the
NME is strongly influenced by IS pairing and tensor in-
teraction. Specifically, inclusion of the tensor force signi-
ficantly enhances the contribution to the NME, but its
contribution is reduced significantly by the IS pairing: the
increase in IS pairing strength from f; to f> changes the
contribution of the 1" states from a magnitude similar to
2" state to a very small value, resulting in even a negat-
ive contribution. In other words, although the tensor force
enhances contributions from both 1 and 2~ intermediate
states to M, the stronger IS pairing in the presence of
the tensor force largely suppresses these low spin state
contributions.
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