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We present the results of our calculation of the nuclear matrix element
for the 2v33 decay *8Ca — 48Ti, performed using a post-Hartree-Fock
(HF) Density Functional Theory-based No-Core Configuration-Interaction
(DFT-NCCI) framework developed by our group. The preliminary value
we have obtained for the nuclear matrix element describing this process,
|M?¥| = 0.056(6) MeV 1, is in excellent agreement with the results of the
shell-model study by Horoi et al., which yielded 0.054 (0.064) MeV~! for
the GXPF1A (GXPF1) interactions, respectively. It is also in reasonable
agreement with the most recent experimental estimate from the review by
Barabash, which is 0.068(6) MeV !, assuming a quenching factor gga =~ 1.
The consistency of our prediction with the shell-model results strengthens
our confidence in the nuclear modeling of this second-order, extremely rare
process, which is of paramount importance for the further modeling of the
OvBp decay.
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1. Introduction

Two-neutrino double-beta decay (2v3/3) is the rarest radioactive process
known in physics. It has been observed only within 11 even—even nuclei
that are close to the valley of stability [1]. For these nuclei, a single-beta
transition of an even—even nucleus into a neighboring odd—odd nucleus is
forbidden. However, if it is followed immediately with a secondary decay,
a daughter even—even nucleus is lighter than the mother, and thus, the
whole process turns out as energetically allowed. This reaction is a weak-
interaction process of the second order, half-life Tf/”Q of which is given by
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In the above equation, G? stands for the leptonic phase-space factor and
M?¥ — the so-called nuclear matrix element, which contains all information
about the nuclear quantum states active in the process. The latter is of
primary theoretical interest, as the accuracy of its evaluation directly reflects
the capability of a nuclear model to reproduce the strong-interaction-driven
eigenstates involved in the process.

The nuclear matrix element for 2v85 can be estimated using Fermi’s
golden rule. However, since single-§ transitions are forbidden, the process
must be treated as a second-order perturbation. The resulting formula for
M? (in the case of 0% — 07 transition) is given by [2]
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where the sum runs over the m-intermediate states. The transition operators
are GT operators, Qg is the 2v33 Q-value, AFE,, is the excitation energy
of the m™ intermediate state relative to the nucleus’s ground state, and
AM = My — M; is the mass difference between the intermediate (Mjy,) and
mother (M;) nuclei. Due to the strong suppression of the Fermi transition
between neighboring nuclei, only the Gamow—Teller mode will be discussed
in this 2v36 analysis.

The nuclear level structure of *8Ca and its neighboring nuclei is dis-
tinctive. Similarly to ?°Zr, a single-3 transition to the ground state of the
intermediate nucleus is, in principle, allowed [3]. However, because this
would require the emission of a large angular momentum (]**Ca;0f) —
148Sc; 6;}), such a process is strongly suppressed. Consequently, the two-
neutrino double-beta decay directly to *®Ti is much more probable.

The goal of our work was to evaluate nuclear matrix element M2 for
the ¥Ca — 48Ti transition. Applying the Fermi golden rule, we obtain the
master formula in terms of the intermediate 48Sc states
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2. DFT-NCCI model

2.1. Overview of the framework

For almost a decade, the research group at the Faculty of Physics, Univer-
sity of Warsaw [4] has been developing the so-called DFT-rooted No-Core
Configuration-Interaction (DFT-NCCI) model, which combines projection
techniques with configuration mixing. In this approach, depicted in Fig. 1,
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the configuration space is first constructed as a set of mean-field Slater de-
terminants |¢;) corresponding to the nuclear ground state and a selected
number of low-lying excitations, such as 1p—1h, 2p—2h, etc. This step is
carried out within the single-reference density functional theory (SR-DFT)
framework using the SV-parametrized Skyrme functional.

|INCCIL,)
INCCIs)
INCCI4 INCCL)
|NCCIs)
INCCIe)
5 INCCLy)
(a) Nuclear Skyrme SV (b) Mean-field Slater |¥;) (c) NCCI basis

energy functional determinant

Fig. 1. Depiction of the DFT-NCCI procedure. The nuclear Skyrme SV energy
functional is variated over nuclear densities (a) — (b) resulting in a mean-field
Slater determinant. It is subsequently projected onto a good angular momen-
tum 7. Performing this operation for a set of mean-field I-configuration space and
rediagonalizing in the Hill-Wheeler procedure (b) — (c) results in an NCCI basis
with good quantum numbers restored.

In order to determine the necessary transition rates in the regime of
DFT, one needs to extend the formalism to be able to restore the relevant
broken symmetries, so a state may again be labelled with a specific angular
momentum. Each configuration is being projected first on the well-defined
angular-momentum I, using the three-dimensional ]5]{4 ) brojection operator

o IMK;T,) = Plyyle) (4)

where T, denotes the z-component of total isospin T". The angular-momentum
projector can explicitly be expressed as

R 27 +1 . A
Pyx =55 | Daix(@)R(2)d02, (5)

where Dj’\/[ i 1s Wigner function with M, K as the angular-momentum com-

ponents along the laboratory (M) and intrinsic z-axis (K), and R(£2) is
rotation in space (3D rotation). The proper symmetry restoration requires
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additional mixing of the projected state (5) within the K quantum number

i IM;T,) = —e—e=> | IMK;TS). (6)

/Ny, %

Finally, the eigenstates and eigenenergies in the DFT-NCCI model may be
determined by solving the Hill-Wheeler equation in the specific subspace of
the linearly-independent vectors |¢; IM;T,). As a result of its diagonaliza-
tion, one obtains normalized DFT-NCCI states

UM T) ™ = ——— 5" o IM; T (7)

Y IM T ij

where the sum runs over all i-configurations and over the index j, which
denotes consecutive K-mixed states of the same I within the fixed i-configu-
ration.

2.2. Gamow-"Teller matrixz elements in DFT-NCCI

Calculation of the matrix elements is based on the computation of the ex-
pected values of Fermi and Gamow—Teller operators between two I-projected
mean-field Slater determinants and their further reevaluation in the basis of
DFT-NCCI states. In the case of the neutrino-abundant S-decays, repre-
senting both operators as rank-1 spherical tensors

(0r) = i (8)
(G6r) = haow 9)

allows to write matrix elements between [-projected mean-field Slater de-
terminants |p; I', M', K'), |v; I, M, K) in the DFT-NCCI framework as [5]
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where ) = R(£2)|1)) denotes the spatially rotated Slater determinant of the
mother nucleus. As a result, the evaluation of My and Mgt boils down to
the determination of the kernels (p|71,[v), (¢|T1,01¢[¢) via the Generalized
Wick Theorem. In the case of 2v33 decay, our interest concerns only the
Gamow—Teller transitions.

3. Nuclear matrix element

3.1. Configuration space

We constructed a configuration space in the DFT-NCCI framework re-
ferring to *8Ca, ®Sc, and “8Ti nuclear states. The *8Ca nucleus is doubly
magic; hence, the only configurations that can mix with the ground-state
configuration are seniority-zero neutron—neutron (nn) pairing excitations
carrying no alignment, i.e., coupled to 2 = 0. In the case of *¥Sc, we
assume that the dominant contributions to the Gamow—Teller (GT) matrix
element arise from virtual |1") states built upon the lowest neutron 1p-1h
and proton 1p—1h seniority-two configurations with 2| = 0, 1. Finally, the
configuration space of *®Ti consists of 49 non-aligned (£2 = 2, + 2, = 0)
configurations. For clarity, it is convenient to divide these configurations
into classes, which are specified in Fig. 2.

48Ca (mother) 48Sc (virtual) 48Ti (daughter)

1. Seniority-zero 1. Seniority-two in f; /o 1. Seniority-zero mn-pairs
nn-pairs 2. Single n-exc. across and pp-pairs in f; ,
N=28 2. mp-pairing in f; 5
3. Single p-exc. across 3. Seniority-zero nmn-pairs
7 =28 across N — 28

4. Seniority-zero pp-pairs

across Z =28

Fig.2. Summary of the nuclear mean-field configuration groups for mother *¥Ca,
virtual *®Sc, and daughter *¥Ti nuclei.
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3.2. Numerical results

The impact of configuration mixing in the three nuclei participating in
the 2v33 decay of *®Ca is illustrated in Fig. 3.
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Fig. 3. Stability of the matrix element M2,

Figure 3 (b) shows the convergence of the matrix element M2 with re-
spect to the number of configurations in the intermediate nucleus **Sc. The
first 11 configurations (Group 1), formed from in-shell v f; /5 ® 7 f7/5 exci-
tations, contribute over 50% to the final value M?” ~ 0.056 MeV~!. The
remaining ones come from cross-shell excitations involving orbitals above
N = Z = 28, although their contribution is modest due to energy suppres-
sion in the denominator of Eq. (3).

Figure 3 (a) demonstrates that the ground-state configuration of 4®Ca
plays a surprisingly small role. Instead, the matrix element is driven by
2p—2h seniority-zero neutron excitations across the N = 28 shell gap. These
configurations are crucial for capturing the collectivity needed to describe
the transition. Proton excitations, in contrast, are found to be negligible.

In *®Ti (Fig. 3 (c)), Group 1 (in-shell nn/pp pairing) configurations re-
duce M2 relative to the ground state. Group 2 (np-pairing) configurations
increase M?”, largely determining its final value. Cross-shell pairing excita-
tions (Groups 3 and 4) have a marginal influence.

The interplay of neutron and proton pairing, particularly the role of np
correlations in 8Ti, highlights the interpretive clarity of the DFT-NCCI ap-
proach. Despite lacking the fine-tuned local calibration of the Nuclear Shell
Model, our prediction, M?¥ = 0.056(6) MeV~!, aligns well with the NSM
results [6-8] and approaches the empirical estimate of 0.068(6) MeV ! [1]
assuming gffﬁ) =1.

We conservatively estimate a theoretical uncertainty of 10%. While the
model appears well converged, missing configurations or energy normaliza-
tion choices (e.g., shifting the 1+ reference state in *8Sc from 2.2 to 3.0 MeV
changes M?” from 0.056 to 0.054 MeV 1) could introduce small shifts.
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4. Summary

1-A3.7

We have performed comprehensive numerical calculations, which esti-
mated the nuclear matrix element for 2v33 decay of *®Ca as M?¥ =
0.056(6) MeV~!. Table 1 presents an overview of NME for the same de-
cay across different nuclear models. All values have been renormalized from
dimensionless Mgf”f to the effective axial-vector coupling constant gzﬁ =1.

Table 1. M?" estimation for “Ca decay within various nuclear models, renormal-

ized to g4 = 1. See the references for dimensionless M?24 values.

Reference Method |M2| [MeV 1
Barabash [1] Experiment 0.068 + 0.006
Horoi et al. [6] Shell model® 0.054

Shell model® 0.064
Iwata et al. [7] Shell model 0.0539
Simkovic et al. [9] ChER 0.0832
Kostensalo, Suhonen [10]  Shell model 0.100
Novario et al. [11] Coupled cluster 0.082
Terasaki, Iwata [8] Shell model 0.0515

QRPA 0.0745
Vesely et al. [12] STDA 0.1668
Miskiewicz, Konieczka, DFT-NCCI 0.056

Satutla [13]

2GXPF1A interaction, "GXPF1 interaction.

Although our result is noticeably lower than the experimental estimate
by Barabash [1], it remains consistent within the uncertainty limits of the
cited works. This agreement supports the validity of our calculation and
motivates the planned extension of the DFT-NCCI framework to the neu-

trinoless double-beta-decay case.
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