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Abstract: Neutrinoless double beta decay is a pivotal weak nuclear process that holds the potential
to unveil the Majorana nature of neutrinos and predict their absolute masses. In this study, we delve
into examining the impact of spin-dependent short-range correlations (SRCs) on the nuclear matrix
elements (NMEs) for the light neutrino-exchange mechanism in neutrinoless double beta (0νββ) decay
of 48Ca, employing an extensive interacting nuclear shell model. All computations are performed
employing the effective shell model Hamiltonian GXPF1A, encompassing the entire f p model
space through the closure approximation. Our investigation examines the NMEs’ dependencies
on factors such as the number of intermediate states, coupled spin-parity attributes of neutrons
and protons, neutrino momentum, inter-nucleon separation, and closure energy. This scrutiny is
performed with respect to both the conventional Jastrow-type approach of SRCs, employing various
parameterizations, and the spin-dependent SRC paradigm. Our findings illuminate a discernible
distinction in NMEs induced by spin-dependent SRCs, differing by approximately 10–20% from those
computed through the conventional Jastrow-type SRCs, incorporating distinct parameterizations.

Keywords: neutrinoless double beta decay; short-range correlations; nuclear shell model

1. Introduction

Neutrinoless double beta decay (0νββ) is a rare and crucial weak nuclear decay that
occurs in certain even–even nuclei such as 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 124Sn, 130Te,
126Xe, etc. In this process, two neutrons inside the decaying nucleus are converted into
two protons and two electrons without emitting any neutrinos that violate the lepton num-
ber conservation. The neutrino appears as a virtual intermediate Majorana particle [1–5].
Although predicted long back in 1939 by Wolfgang Furry [6,7] based on E. Majorana’s sym-
metric theory for fermion and anti-fermion [8] followed by G. Racah’s chain reactions [9]
in 1937, this rare process has yet to be observed by experiment. However, observing this
rare process would prove the existence of the Majorana neutrino, which is indeed widely
favored in many beyond the standard model (BSM) physics theories for the explanation of
the smallness of neutrino mass [10–12]. Furthermore, there is no definite value of absolute
neutrino mass measured yet by experiment. An upper limit for the absolute neutrino mass
of 0.8 eV has been derived through the tritium beta decay experiment-KATRIN [13] and
the precise upper limit on the effective Majorana neutrino mass of 36–156 meV is predicted
in 0νββ decay experiment KamLAND-Zen on 136Xe [14]. In this context, the 0νββ process
can also provide information on the absolute mass scale of neutrinos [5,15], which makes
this process more interesting.

A number of particle physics mechanisms have been proposed for the 0νββ decay
process. One of them is the widely studied standard light neutrino-exchange mecha-
nism [16,17], which will also be the focus of this study. Other mechanisms include the
heavy neutrino-exchange mechanism [7], the left-right symmetric mechanisms [18,19], the
supersymmetric particle exchange mechanisms [20,21], etc.
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The half-life for 0νββ decay is connected with absolute neutrino mass through a
quantity called the nuclear matrix elements (NMEs), which are theoretically calculated in
different nuclear many-body models [4] such as quasiparticle random phase approxima-
tion (QRPA) [7], the interacting shell-model (ISM) [22–26], the interacting boson model
(IBM) [27,28], the generator coordinate method (GCM) [29–31], energy density functional
(EDF) theory [29,30], relativistic energy density functional (REDF) theory [30,31], and the
projected Hartree–Fock–Bogolibov model (PHFB) [32], the ab initio variational Monte Carlo
(VMC) technique [33–35], etc. The accuracy of NME calculations plays an important role
in predicting the correct value for the half-life of 0νββ decay and absolute neutrino mass.
Hence, calculating the NMEs accurately is one of the central themes of research for studying
the 0νββ decay.

Around the world, several major experimental investigations are being carried out for different
0νββ decaying candidates such as GERDA (76Ge), MAJORANA DEMONSTRATOR (76Ge), LEG-
END (76Ge), CUORE (130Te), CUPID (82Se/100Mo/130Te),
AMoRE (100Mo), EXO-200 (136Xe), nEXO (136Xe), NEXT (136Xe), PandaX-III (136Xe), KamLAND-
Zen and KamLAND2-Zen (136Xe), CANDLES (48Ca), and Super-NEMO (82Se) [1]. Our particular
interest in this study is the 0νββ decay of 48Ca, which is one of the simplest decay candidates with
significant experimental interest. In particular, we aim to examine the effect of spin-dependent SRCs
on the NMEs for the 0νββ decay of 48Ca using the nuclear shell model.

0νββ decay in 48Ca proceeds as:

48Ca→48 Ti + e− + e−. (1)

The computation of NMEs corresponding to the light neutrino-exchange mechanism
of the 0νββ decay in 48Ca was carried out in several studies ([23–25,36–42]). In these inves-
tigations, the influences of SRCs were integrated through a Jastrow-type approach [43,44],
characterizing the radial-dependence effects of SRCs. An alternative method, known as the
Unitary Correlation Operator Method (UCOM) [45–47], also accounted for SRCs via radial
dependence. More recently, in a notable advancement [48], the interplay of spin in conjunc-
tion with SRCs was incorporated to compute NMEs for the light neutrino-exchange 0νββ
decay in 48Ca. This study, however, operated within a confined valence space, focusing
exclusively on the f7/2 orbital within the p f -shell. The main findings in Ref. [48] emphasize
that accounting for spin-dependent SRCs leads to an approximate 20% reduction in the
NMEs when compared to the no-SRC scenario within the pure shell model framework.

Motivated by these advances, our current endeavor aims to expand the computational
scope. Specifically, we engage the complete f p model space encompassing the orbitals 0 f7/2,
0 f5/2, 1p3/2, and 1p1/2 for 48Ca. This comprehensive approach enables us to thoroughly
assess the cumulative effect of spin on SRCs for the 0νββ decay in 48Ca. Furthermore,
we undertake an in-depth exploration of the variances between the spin-dependent SRC
scenario and the conventional Jastrow-type SRC approach. We systematically investigate
the dependencies of NMEs on factors such as the coupled spin-parity of protons and
neutrons, the number of intermediate states, neutrino momentum, inter-nucleon separation,
and closure energy. Our goal is to uncover how these dependencies diverge under the
influence of spin-dependent SRCs and to contrast them with the outcomes of the traditional
Jastrow-type SRC approach. As our investigation progresses, we envision extending this
approach to encompass other decay candidates within the 0νββ realm, thereby offering a
more comprehensive understanding of this intriguing nuclear process.

Driven by this motivation, the rest of this paper is structured as follows. Section 2
outlines the formulation of the decay rate, NMEs, and transition operators pertinent to 0νββ
decay. In Section 3, we delve into the integration of SRC effects within both the Jastrow-type
approach and the spin-dependent approach. The methodology for calculating NMEs using
the shell model within the closure method is detailed in Section 4. Subsequently, Section 5
presents the comprehensive results and initiates discussions around the observed outcomes.
Lastly, Section 6 encapsulates the synthesis of our findings and delineates potential avenues
for future exploration.
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2. The Decay Rate and NMEs for 0νββ Decay

The decay rate for the light neutrino-exchange mechanism of 0νββ decay can be
written as [17]

[T0ν
1
2
]−1 = G0ν|M0ν|2

( 〈mββ〉
me

)2

, (2)

where G0ν is the phase-space factor that can be calculated accurately [49], M0ν is the total
nuclear matrix element for the light neutrino-exchange mechanism, and mββ is the effective
Majorana neutrino mass defined by the neutrino mass eigenvalues mk and the neutrino
mixing matrix elements Uek

〈mββ〉 =
∣∣∣∣∣∑k

mkU2
ek

∣∣∣∣∣. (3)

The total nuclear matrix element M0ν is the sum of Gamow–Teller (MGT), Fermi (MF),
and tensor (MT) matrix elements, as given by [5]:

M0ν = MGT −
(

gV
gA

)2
MF + MT , (4)

where gV and gA are the vector and axial-vector constants, respectively. In this study,
gV = 1 and the bare value of gA = 1.27 is used. The matrix elements MGT , MF, and MT of
transition operator Oα

12 of 0νββ decay are expressed as [25]:

Mα = 〈 f |Oα
12|i〉 (5)

where α ∈ F, GT, T, |i〉 corresponds to the 0+ ground state of the parent nucleus 48Ca
in the present study, and | f 〉 corresponds to the 0+ ground state of the granddaughter
nucleus 48Ti.

The calculation of two-body matrix elements (TBMEs) for 0νββ decay scalar two-
particle transition operators Oα

12 have both spin and radial neutrino potential parts. These
operators are given by [24]:

OGT
12 = τ1−τ2−(σ1 · σ2)HGT(r, Ek),

OF
12 = τ1−τ2−HF(r, Ek), (6)

OT
12 = τ1−τ2−S12HT(r, Ek),

where, τ is the isospin annihilation operator, r = r1− r2 is the inter-nucleon distance of the de-
caying nucleons, and r = |r|. The operator S12 is defined as S12 = 3(σ1 · r̂)(σ2 · r̂)− (σ1 · σ2).
For the light neutrino-exchange mechanism of 0νββ decay, the radial neutrino potential with
explicit dependence on the energy of the intermediate states is given by [24]:

Hα(r, Ek) =
2R
π

∫ ∞

0

fα(q, r)qdq
q + Ek − (Ei + E f )/2

, (7)

where R is the radius of the parent nucleus, q is the momentum of the virtual Majorana
neutrino, Ei, Ek, and E f are the energies of the initial, intermediate, and final nuclei,
fα(q, r) = jp(q, r)hα(q, r) with jp(q, r) is a spherical Bessel function with p = 0 for Fermi
and Gamow–Teller type NMEs and hα(q, r) is the term that accounts for the effects of
higher-order currents (HOC) and finite nucleon size (FNS) [17] given by [17,43]:
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hF(q2) = g2
V(q

2), (8)

hGT(q2) =
g2

A(q
2)

g2
A

(
1− 2

3
q2

q2 + m2
π
+

1
3

(
q2

q2 + m2
π

)2)

+
2
3

g2
M(q2)

g2
A

q2

4m2
p

, (9)

hT(q2) =
gA(q2)

g2
A

(
2
3

q2

q2 + m2
π
− 1

3

(
q2

q2 + m2
π

)2)

+
1
3

g2
M(q2)

g2
A

q2

4m2
p

. (10)

In this regard, the gV(q2), gA(q2), and gM(q2) form factors, which account for FNS
effects, are used. In the dipole approximation, the form factors are given by the following
Equations [17,23]:

gV(q2) =
gV(

1 + q2

M2
V

)2 , (11)

gA(q2) =
gA(

1 + q2

M2
A

)2 , (12)

gM(q2) = (µp − µn)gV(q2). (13)

where gV , gA, µp, and µn are the vector, axial-vector, and magnetic moment coupling
constants for the nucleon, and MV and MA are the vector and axial-vector meson masses,
respectively. The values of MV and MA are 850 MeV and 1086 MeV, respectively, while a
µp − µn value of 4.7 is used in the calculation [23]. The masses of the proton and pion are
denoted by mp and mπ , respectively.

3. The Effects of Short-Range Correlations on 0νββ Decay

In the computation of the NMEs for 0νββ decay, it becomes imperative to factor in the
influences of SRCs, as discussed previously. Over time, various techniques have been em-
ployed to integrate SRC effects into NME calculations for 0νββ decay. One of the extensively
utilized and classical methodologies is known as the Jastrow approach, as discussed in ref-
erences [43,44]. More recently, a novel spin-dependent approach has emerged, as outlined
in reference [48]. Both of these methodologies are delineated comprehensively below.

3.1. The Jastrow Approach

A standard method to include SRCs is via a phenomenological Jastrow-like func-
tion [43,44]. By including the SRC effect in the Jastrow approach, one can write the NMEs
of 0νββ defined in Equation (5) as [43]

Mα = 〈 f | f Jastrow(r)Oα
12 f Jastrow(r)|i〉, (14)

where the Jastrow-type SRC function is defined as

f Jastrow(r) = 1− ce−ar2
(1− br2). (15)

In the literature, three different SRC parameterizations are used: Miller–Spencer,
Charge-Dependent-Bonn (CD-Bonn), and Argonne V18 (AV18) to parameterize a, b, and
c [23]. The parameters a, b, and c in different SRC parameterizations are given in Table 1.
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This approach of using a Jastrow-like function to include the effects of SRCs is extensively
used in Refs. [23,41,42].

Table 1. Parameters for the Jastrow-type function of Equation (15).

SRC Type a b c

Miller–Spencer 1.10 0.68 1.00
CD-Bonn 1.52 1.88 0.46

AV18 1.59 1.45 0.92

3.2. Spin-Dependent Approach

Recently [48], for the first time, the short nature of nucleon–nucleon correlations was
accounted for based on the dependence of the SRC operator in spin and coordinate space.
The new spin-dependent SRC correlation function is defined as

fSD(r) = f (r) + g(r)σ1.σ2. (16)

The transition operators for 0νββ decay incorporating spin-dependent SRCs are writ-
ten as

Õα
12 = fSD(r)Oα

12 fSD(r). (17)

Using the relation (σ1.σ2)2 = (3− 2(σ1.σ2)), the new Fermi operator of 0νββ decay
is written as

ÕF
12 = [ f (r)2 + 3g(r)2]HF(r) + (σ1.σ2)2g(r)[ f (r)− g(r)] ∗ HF(r) (18)

and the Gamow–Teller operator of 0νββ decay is written as

ÕGT
12 = [ f (r)2 − 4g(r) f (r) + 7g(r)2]HGT(r)(σ1.σ2) + 6g(r)[ f (r)− g(r)]HGT(r) (19)

The functions f (r) and g(r) are defined as [48,50,51]

f (r) = a1 − b1e−c1r2
+ d1e−e1(r− f1)

2
, (20)

g(r) = a2e−b2r2
(1 + c2r + d2r2). (21)

The different parameters of f (r) and g(r) are presented in Table 2. These parameters
are good for full f p and other configuration spaces. The authors of [48] may have considered
only the 0 f7/2 orbital as they wanted only to acquire initial insights through the pure shell
model. Explicit details of using this SRC approach can be found in Ref. [50]. The derivation
of the above formalism can be found in Refs. [50,51].

Table 2. Parameters of f (r) and g(r) for the spin-dependent SRCs.

Parameters for f (r) Value Parameters for g(r) Value

a1 1.00 a2 0.04
b1 0.92 b2 1.39
c1 2.56 c2 2.92
d1 0.33 d2 −5.97
e1 0.57
f1 −0.94

In addition to the above, the authors of [52,53] have recently proposed another method,
namely, the Unitary Correlation Operator Method [45–47], to estimate the effects of SRCs,
which leads to a much smoother correction [44]. In the present study, we only focus
on using a standard Jastrow-type approach and a spin-dependent approach to estimate
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the effects of SRCs. Detailed descriptions of incorporating the SRC effects in different
approaches can be found in Refs. [43,44].

It is worthwhile to mention that in a recent work [54], the short-range (SR) matrix
element, a leading-order factor in light neutrino-exchange 0νββ decay, as established in a
previous notable study [55], was meticulously computed. This calculation employed the
generalized contact formalism (GCF) in conjunction with the shell model. The resulting
total NME is composed of a long-range term, denoted as M0ν

L = MGT + MF + MT , and a
short-range term, M0ν

S . The investigation revealed a substantial contribution of the SR term
to the total NME. Specifically, for nuclei with A = 48, M0ν

S accounted for approximately
35–60% of M0ν

L . Moreover, it was observed that the SR term amplifies the total NME by
25–40% in heavier nuclei, indicating a significant impact on the half-life of 0νββ decay,
while an intriguing avenue of inquiry lies in assessing how spin-dependent SRC effects
might influence the SR matrix element, it should be noted that this current manuscript
does not delve into that particular investigation, as it falls outside the scope of the present
study. For those interested in a more comprehensive understanding of SR matrix elements,
detailed information can be found in Refs. [54–56].

4. The Closure Method of NME Calculation for 0νββ Decay through the
(n− 2) Channel

Now we discuss, including all the effects, how NMEs are calculated in the nuclear
shell model. First, there are two approaches, nonclosure and closure. The nonclosure
approach [24,36,37] considers the effects of excitation energies of a large number of in-
termediate states of the true virtual nucleus (48Sc in the present case) explicitly through
the denominator of Equation (7). In closure approximation [23], one approximates the
term Ek − (Ei + E f )/2 in the denominator of the neutrino potential of Equation (7) with a
constant closure energy (〈E〉) value such that

[Ek − (Ei + E f )/2]→ 〈E〉. (22)

Closure approximation avoids the complexity of calculating a large number of inter-
mediate states, which can be computationally challenging for nuclear shell models for
higher mass isotopes. The difficult part of closure approximation is picking the correct
closure energy, which has no definite method yet and can greatly influence the accuracy of
the calculated NMEs. Recently, there have been many studies of the nonclosure approach
for 0νββ decay of 48Ca [24,36,37], which predicted that 〈E〉 = 0.5 MeV is an optimal value
of closure energy that gives values of the NMEs in the closure method very close to those
in the nonclosure method. Hence, we use the closure method of NME calculation with a
closure energy value 〈E〉 = 0.5 MeV.

Based on the closure approach, the MGT , MF, and MT matrix elements of the scalar
two-body transition operator Oα

12 of 0νββ can be expressed as the sum over the product
of the two-body transition density (TBTD) and anti-symmetric two-body matrix elements
(〈k′1, k′2, JT|Oα

12|k1, k2, JT〉A). For the first, we write the partial NME as a function of the
coupled spin-parity (Jπ) of protons and neutrons and a number of intermediate states (Nm)
of the TBTD calculations as [25]

Mα(Jπ , Nm) = ∑
k′1≤k′2,k1≤k2

TBTD( f , m, i, Jπ)〈k′1, k′2, JπT|Oα
12|k1, k2, JπT〉A, (23)

such that the final required Fermi, GT, and tensor-type NME of Equation (5) can be written as

Mα = ∑
J,Nm6Nc

Mα(Jπ , Nm), (24)
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where, α = (F, GT, T), Jπ is the coupled spin-parity of two decaying neutrons or two
final created protons, A denotes that the two-body matrix elements are obtained using
anti-symmetric two-nucleon wave functions, k stands for the set of spherical quantum
numbers (n; l; j), Nc is cutoff on number of states of intermediate nucleus (46Ca in the
present case) for TBTD calculations. In our case, |i〉 is 0+ g.s. of the parent nucleus 48Ca, | f 〉
is the 0+ g.s. of the granddaughter nucleus 48Ti, and k has the spherical quantum numbers
for 0 f7/2, 0 f5/2, 1p3/2, and 1p1/2 orbitals. The TBTD can be expressed as [25]

TBTD( f , m, i, J) = 〈 f ||[A+(k′1, k′2, J)⊗ Ã(k1, k2, J)](0)||i〉, (25)

where,

A+(k′1, k′2, J) =
[a+(k′1)⊗ a+(k′2)]

J
M√

1 + δk′1k′2

, (26)

and
Ã(k1, k2, J) = (−1)J−M A+(k1, k2, J,−M) (27)

are the two-particle creation and annihilation operators of rank J, respectively.
To evaluate TBTD, one needs a large number of two-nucleon transfer amplitudes

(TNAs). The TNAs are calculated with a large set of intermediate states |m〉 of the (n-2)
nucleon system (46Ca in the present study), where n is the number of nucleons for the
parent nucleus. The TBTD in terms of TNAs is expressed as [25]

TBTD( f , m, i, J) = ∑
m

TNA( f , m, k′1, k′2, Jm)TNA(i, m, k1, k2, Jm), (28)

where the TNAs are given by

TNA( f , m, k′1, k′2, Jm) =
〈 f ||A+(k′1, k′2, J)||m〉√

2J0 + 1
. (29)

Here, Jm is the spin of the allowed states of 46Ca, J0 is spin of |i〉 and | f 〉, and Jm = J
when J0 = 0 [25].

5. Results and Discussion

The TNAs are evaluated utilizing the nuclear shell model. For this purpose, we employ
the KSHELL code [57], which facilitates the computation of essential wave functions and
energies concerning the initial, intermediate, and final nuclei involved in the 0νββ decay
process of 48Ca. Subsequently, these calculated wave functions are harnessed to determine
the TNAs, a pivotal component within the expression of NMEs for the 0νββ decay.

For these calculations, we utilize the shell model Hamiltonian GXPF1A [58], tailored
for the f p model space, serving as a foundational input for our computations.

The f p model space comprises the f7/2, p3/2, f5/2, and p1/2 orbitals. The computation
of the two-body matrix element (TBME) components within the NMEs is executed using
a proprietary code developed by us. The outcomes of distinct NME types, computed
through the shell model approach with the Jastrow methodology employing various SRC
parameterizations, and spin-dependent SRCs are presented in Table 3.
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Table 3. NMEs for 0νββ decay (the light neutrino-exchange mechanism) of 48Ca calculated with
nuclear shell model for spin-dependent SRCs and Jastrow-type SRCs with different parameterizations.
Calculations are conducted within the closure approximation in the (n− 2) channel, employing the
GXPF1A effective shell model Hamiltonian.

NME Type SRC Type NME Value

MF None −0.215
MF Miller–Spencer −0.144
MF CD-Bonn −0.232
MF AV18 −0.213
MF Spin-Dependent SRCs −0.190

MGT None 0.774
MGT Miller–Spencer 0.540
MGT CD-Bonn 0.806
MGT AV18 0.740
MGT Spin-Dependent SRCs 0.674
M0ν None 0.873
M0ν Miller–Spencer 0.629
M0ν CD-Bonn 0.950
M0ν AV18 0.872
M0ν Spin-Dependent SRCs 0.792

It is important to note that the presentation of tensor-type NMEs is omitted from
Table 3 due to the lack of a solvable expression for the TBMEs inclusive of the spin-
dependent SRC function specified in Equation (16). This is not a critical concern as the
Gamow–Teller (GT) and Fermi-type NMEs overwhelmingly dominate over tensor-type
NMEs. Therefore, in Table 3, the calculation of total NMEs solely considers the Fermi and
GT-type contributions.

The NMEs corresponding to the application of spin-dependent SRCs are approximately
10% diminished in comparison to those calculated with AV18-type NMEs, as well as SRC-
none scenarios, across Fermi, Gamow–Teller (GT), and total NMEs. In contrast, when
gauged against CD-Bonn-type, the NMEs with spin-dependent SRCs experience a more
pronounced reduction, approximately 20%, across Fermi, GT, and total NMEs.

Remarkably, among the various SRC parameterizations, the Miller–Spencer-type
NMEs manifest the most pronounced impact of SRC. Notably, NMEs with spin-dependent
SRC showcase an expansion of approximately 20% relative to Miller–Spencer type NMEs,
encompassing the realms of Fermi, GT, and total NMEs.

As mentioned above, the main findings of Ref. [48] is that accounting for spin-
dependent SRsC leads to an approximate 20% reduction in NME values when compared to
the no-SRC scenario within the pure shell model framework. In our analysis, we observe a
comparable 10% decrease in NME values under the same conditions relative to the no-SRC
case, but in the interacting shell model. These differences may be attributed to our consid-
eration of the entire f p model space, encompassing 0 f7/2, 0 f5/2, 1p3/2, and 1p1/2 orbitals
in contrast to the approach in Ref. [48], which employed a simplified shell model with a
single active orbital, 0 f7/2.

5.1. Dependence of NMEs on Coupled Spin-Parity (Jπ) of Two Decaying Neutrons and Two
Created Protons

Next, we examine the comparison of the contributions from different coupled spin-
parities in the NMEs for CD-Bonn-type NMEs and spin-dependent SRCs. To do this, we
decompose NMEs in terms of partial nuclear matrix elements of coupled spin-parity (Jπ)
of two decaying neutrons or two created protons as

Mα(Jπ) = ∑
Nm≤Nc

Mα(Jπ , Nm), (30)
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where one can define M0ν
α (Jπ) using Equation (23). It should be noted that jπ in the above

equation also represents the spin-parity of the states of the intermediate nucleus 46Ca.
The contributions of NMEs through different Jπ are shown in Figure 1. We observe

that for all types of NMEs, the most dominant contributions come from the 0+ and 2+

states. Additionally, the contribution from the 0+ and 2+ states have opposite signs, leading
to a reduction in the total NMEs. There are also small contributions from the 4+ and 6+

states, with almost negligible contributions from odd-Jπ states. This is due to the pairing
effect, which is responsible for the dominance of even-Jπ contributions [25]. Note that
spin-dependent SRCs are smaller in magnitude than CD-Bonn-type SRC parameterizations.
However, the overall pattern of dependence on Jπ is very similar for both SRCs.

 Gamow-Teller (CD-Bonn SRC)
 Gamow-Teller (Spin-Dependent SRC)

Coupled spin-parity of neutrons and protons (Jp)

0+ 1+ 2+ 3+ 4+ 5+ 6+

(b)

Figure 1. (Color online) Contribution of various coupled spin-parity states (Jπ) of two initial neutrons
or two final created protons for (a) Fermi-type and (b) Gamow–Teller-type NMEs. The illustrated
NMEs pertain to the light neutrino-exchange mechanism in the context of 0νββ decay of 48Ca.
Calculations have been carried out utilizing the nuclear shell model, considering both CD-Bonn and
spin-dependent SRCs.

5.2. Variation in NMEs for 0νββ with the Cutoff Number of States (Nc) of 46Ca

To assess the impact of the number of states on the calculated NMEs, we examine the
dependence of the NMEs on the cutoff number of states (Nc) for each allowed Jπ

m of 46Ca,
which acts as an intermediate nucleus for TNA calculations. Shell model code packages like
KSHELL do not provide options for setting a cutoff for the excitation energy, which may
be more relevant, but they do provide options to set a cutoff for the number of states for
each spin-parity of the intermediate states of 46Ca. Hence, we consider a certain number of
intermediate states for each spin-parity of 46Ca with a cutoff according to the computational
power available for the calculations. We express the NMEs as a function of Nc in the closure
method as

Mα = ∑
J,Nm6Nc

Mα(Jπ , Nm) (31)

where Mα(Jπ , Nm) is the same as that defined in Equation (23).
The dependence of the different types of NMEs on Nc is shown in Figure 2. We

compare the results for CD-Bonn-type SRC parameterization with spin-dependent SRCs.
We find that the first few low-lying states contribute constructively and destructively,
but after Nc = 30, the different types of NMEs reach a stable value. For larger Nc, the NMEs
become mostly constant. To obtain NMEs with negligible uncertainty, we were able to
consider Nc = 100 for each allowed Jπ

m of 46Ca. We note that a similar dependence of NMEs
on Nc is seen for other SRC parameterizations. The overall pattern of dependence of NMEs



Universe 2023, 9, 444 10 of 15

on Nc for spin-dependent SRCs and CD-Bonn-type SRCs is similar, but spin-dependent
SRC NMEs are much smaller in magnitude compared to NMEs for CD-Bonn-type SRCs.
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 Gamow-Teller (Spin Dependent SRC)

(b)

Figure 2. (Color online) The graph illustrates the variation in (a) Fermi and (b) Gamow-Teller NMEs
for the 0νββ (the light neutrino-exchange mechanism) of 48Ca with the cutoff number of states (Nc)
of the intermediate nucleus 46Ca (for TNA calculation). The NMEs are calculated using the GXPF1A
Hamiltonian for CD-Bonn-type and spin-dependent SRCs.

5.3. Neutrino Momentum (q) and Radial (r) Distribution of NMEs

We have also examined the neutrino momentum transfer (q) distribution of NMEs.
One can define q dependent distribution (Cα(q)) such that the NME defined in Equation (5)
can be written as [59]

Mα =
∫ ∞

0
Cα(q)dq. (32)

The distribution of different Cα(q) is shown in Figure 3. Here, NMEs are compared for
CD-Bonn-type SRC parameterization and spin-dependent SRCs. It is found that most of the
contributions of the NMEs come from q below 500 MeV. The peak contributions come from
q around 10 MeV and 180 MeV with a peak value around 0.003 MeV−1 for GT-type NMEs
with CD-Bonn-type SRCs and a peak value around 0.0027 MeV−1 for GT-type NMEs with
spin-dependent SRCs. The peak value for Fermi-type NMEs is around −0.001 MeV−1 for
both CD-Bonn-type and spin-dependent SRCs. The overall pattern of the dependence of
NMEs for both CD-Bonn-type and spin-dependent SRCs is similar.

The radial distribution of NMEs is also explored. One can write the radial-dependent
NME distribution (Cα(r)) [42,59,60] such that

Mα =
∫ ∞

0
Cα(r)dr. (33)

The distribution of different Cα(r) is shown in Figure 4. Here, NMEs are calculated
using the closure method for CD-Bonn-type and spin-dependent SRCs with 〈E〉 = 0.5 MeV.
It is found that most of the contribution comes from r less than 4 fm. The NMEs peak
around 1 fm for both CD-Bonn-type and spin-dependent SRCs. The maximum value for
Cα(r) is near 1.2 fm−1 For GT-type and around −0.5 fm−1 for Fermi-type NMEs for both
CD-Bonn-type and spin-dependent SRCs. Here also, the overall pattern of variation for
CD-Bonn-type and spin-dependent SRCs is similar, but they differ slightly in magnitude.
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Figure 3. (Color online) Distribution of NMEs (Cα(q)) with neutrino momentum (q) transfer.
The NMEs are computed employing the closure method, considering both CD-Bonn-type SRC
parameterization and spin-dependent SRCs. These calculations are executed utilizing the GXPF1A
Hamiltonian with closure energy 〈E〉 = 0.5 MeV.
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Figure 4. (Color online) Radial distribution of NMEs (Cα(r)) with inter-nucleon distance (r).
The NMEs have been computed utilizing the closure method, considering both CD-Bonn-type SRC
parameterization and spin-dependent SRCs. These calculations are performed using the GXPF1A
Hamiltonian with a closure energy 〈E〉 = 0.5 MeV.

5.4. Variation in NMEs with Closure Energy

Finally, we also show the variation in different types of total NMEs with closure energy
〈E〉 in Figure 5. The NMEs shown here are the total NMEs in different parameterizations of
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the Jastrow-type approach and spin-dependent approach. In total NMEs, the Fermi- and
GT-type NMEs are only considered, and tensor-type NME is not included for the reason
mentioned above. In changing 〈E〉 = 0 to 15 MeV, there are about 10–15% decrements of
total NMEs in the closure method. Other than varying in magnitude, the spin-dependent
SRCs vary very similarly to other SRC parameterizations of the Jastrow-type approach.
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 Total NME (Miller-Spencer SRC)
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 Total NME (AV18 SRC)
 Total NME (Spin Dependent SRC)

Figure 5. (Color online) Variation in total NMEs pertaining to the 0νββ decay via the light neutrino-
exchange mechanism in 48Ca, in relation to the closure energy 〈E〉. These computations employ the
GXPF1A Hamiltonian and adopt different SRC parameterizations through the closure method. It is
worth noting that the calculation of total NMEs does not encompass the tensor-type NMEs.

6. Summary and Conclusions

In summary, our investigation has centered on comprehensively exploring the effects of
spin-dependent SRCs on the NMEs associated with the light neutrino-exchange 0νββ decay
of 48Ca. This exploration was juxtaposed with the traditional Jastrow-type approach to
SRCs, employing diverse parameterizations. All computations were performed within the
framework of a nuclear shell model, incorporating the closure approximation and utilizing
the GXPF1A Hamiltonian to encapsulate the complete f p model space. The nuclear wave
functions were derived through shell model diagonalization, leveraging the KSHELL code.
These derived wave functions formed the bedrock for evaluating a multitude of TNAs,
integral to the formulation of the NMEs. The segment concerning TBMEs within the NMEs
was computed through code developed by us.

Beyond the comparison of the NMEs of different types (Fermi, Gamow, and total)
originating from spin-dependent SRCs and Jastrow-type SRCs, our analysis delved into the
comparative dependencies of NMEs linked to attributes such as the coupled spin-parity
of protons and neutrons, the number of intermediate states of TNA calculation, neutrino
momentum, radial separation, and closure energy.

Our findings prominently highlight a discernible reduction in NMEs resulting from the
application of spin-dependent SRCs, exhibiting, for instance, a 10–20% decrease in NMEs
when contrasted with Jastrow-type SRCs with diverse parameterizations. This substantial
variation may bear noticeable implications for half-life and neutrino mass considerations.
At the same time, while exhibiting a different magnitude, the general pattern of variation
in NMEs under the influence of spin-dependent SRCs still bears a resemblance to that
observed with the Jastrow-type approach.
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In our forthcoming research, our aim is to extend the influence of the spin-dependent
SRC approach to encompass other candidates for 0νββ decay, exploring a spectrum of
mechanisms and scenarios.
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