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Abstract. The ab initio methods in nuclear physics play a major role
due to their use of realistic internucleon interactions that grant them
predictive capabilities. One of these models — the symmetry-adapted no-
core shell model (SA-NCSM) —is capable of reaching the medium-mass
region of the chart of the nuclides, by exploiting the emergent symme-
tries of nuclei, and is therefore well-suited for studying collective cor-
relations and beta decay modes. We apply the SA-NCSM to calculate
beta-decay observables essential to probe physics beyond the Standard
Model. Our calculations of higher-order recoil terms in the beta decay
of 8Li help to significantly reduce the uncertainties in high-precision
experiments that study the vector minus axial vector (V—A) structure
of the weak interaction. Furthermore, we calculate neutrinoless dou-
ble beta decay matrix elements important for determining whether the
neutrino is its own antiparticle.

KEY WORDS: Ab initio methods, Neutrinoless double beta decay, Physics be-
yond the Standard Model.

1 Introduction

An appealing problem related to the conventional beta-decay processes is the
existence of tensor currents in the weak interactions. The theory of 5 decays
assumes the vector minus axial vector (V—A) nature of interaction to satisfy
the observed violation of the conservation of parity. This is embedded in the
Standard Model of particle physics. So while the V—A theory remains consis-
tent with all data, there remain strong incentives to look for divergences from
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V—A nature in [ decays. In short, despite outstanding successes of the Stan-
dard Model, for many theoretical reasons, particularly those due to the number
of undetermined parameters associated with the models used to describe the un-
derpinning structure, the existence of new physics remains an expectation.

Various extensions to beyond the Standard Model (BSM) permit scalar, tensor
and pseudoscalar interactions to arise [1]. Motivated by this, several experiments
attempt to measure the possible effects of these interactions. In a recent experi-
ment on 8Li 3 decay [2] at Argonne National Laboratory the upper limit on the
tensor coupling constant was set to |C7/Ca|? < 0.011, where C7 and C 4 are
the tensor and axial vector coupling constants. The results were consistent with
a purely V—A interaction. However, one of the largest uncertainties in the ex-
perimental analysis comes from the recoil-order terms in the Li 3 decay. These
terms were previously experimentally deduced in Ref. [3], albeit with large un-
certainties. We provided more precise predictions of these recoil-order terms in
Ref. [4], hence improving the constraints on the tensor force in the weak interac-
tion, by performing ab initio calculations using the symmetry-adapted no-core
shell model (SA-NCSM) [5,6]. In the current work we discuss additional results
that were vital in determining the values of the beta decay recoil-order terms.

Another promising approach for studying physics beyond the Standard Model
is neutrinoless double-beta decay (Ov3/3). The discovery of this phenomenon
and its further study could shed light on some of the most profound questions
in nuclear physics, particle physics, astrophysics and cosmology. In particular,
the observation of Ov33 would provide direct evidence that the neutrinos are
Majorana particles, as well as for a BSM process that violates lepton number
conservation and constrains the neutrino mass scale [7].

To offer deeper insight into the nuclear matrix elements of Ov33, novel ab ini-
tio models are essential. Although often constrained to comparatively light nu-
clei by the exponential growth of the model space with the increasing number
of nucleons, ab initio models are powerful tools for studying nuclear proper-
ties. Recent results from ab initio studies have indicated the need for further
improvements [8]. Namely, while the coupled-cluster theory [9] can provide a
successful description of *Ca, calculating the 0v383 rate to *3Ti is extremely
challenging; another ab initio model, the in-medium similarity renormalization
group (IMSRG) [10], uses highly renormalized interactions that might affect the
final result. The SA-NCSM has been used to describe the structure of *3Ti [11]
and can be employed without the need for using effective operators and charges
for calculations of the lightest Ov3/3 candidate, *®Ca.

2 SLi Beta Decay

The recoil-order terms are usually omitted in 5-decay considerations since they
are of the order of ¢/my or higher, where ¢ is the momentum transfer (typ-
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ically several MeV/c) and my is the nucleon mass. Hence, for most decays,
the recoil effects contribute less than a percent compared to the dominant Fermi
and Gamow-Teller (GT) terms. Yet, for the cases of precise allowed /3 spectra
measurements, these terms must be included in the analysis. The /3 decay recoil-
order terms have been derived using the impulse approximation in Ref. [12]. We
consider the second forbidden axial vector (j5 and j3) terms, since they account
for the recoil-order corrections and their comparatively large uncertainties in the
measurements of weak interaction tensor currents due to the relatively large er-
ror bars on them measured by Ref. [3]. In the impulse approximation the js 3
terms along with the GT (cg) are given as:
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where m y is the nucleon mass g/ (0) = 1 and g4 (0) & 1.27 are the vector and
axial coupling constants, A is the mass number and J and J’ are the total angular
momenta of the initial and final nuclei, respectively. Mgr is the conventional
GT matrix element. The 7;/2 and o;/2 are the isospin and intrinsic spin opera-
tors, and Q; = /167/ 5T$Y2M(ﬁ-), is the quadrupole moment operator, of the
it particle.

The recoil-order form factors are generally reported as ratios j2 3/A%co. Predic-
tion of this ratio require calculations of ¢y or the GT matrix element in the de-
nominator. For the ®Li ground state (2*) 3 decay there is only one final 2 state
available in the currently accepted experimental energy spectrum of the Be.
However, low-lying intruder 2% state has been proposed by Barker in Ref [13]
through R-matrix analysis of experimental data, which also would be available
as a beta-decay final state. Our calculations also indicate the existence of such
state, which has important implications for precision measurements of ®Li and
8B j3 decays. The calculated energy spectrum of Be along with the j5/A%cq
and j3 /A200 predictions can be found in Ref. [4].

It is important to note that the inclusion of a low-lying 2% state in the R-matrix
analysis of § decay data considerably changes the value of the GT matrix el-
ement. The extracted Mgt according to Ref. [15] shows that for a decay to
the lowest 27 state in 8Be decreases by almost 1.5 times when a low-lying 2+
intruder state is added. Such an analysis was also done by Barker in Ref. [16].
The extracted GT matrix element from that work is in a closer agreement with
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Figure 1. SA-NCSM calculations of GT matrix element for 8Li 3 decay to the *Be low-
est 21 state for various model spaces, and A2 =15, 20 and 25 MeV using NNLOg: [14]
interaction, and compared to the experimentally deduced values. The result from War-
burton [15] does not include a low-lying intruder state, while the value from Barker [16]
does. The gray band denoted by “Extrap.” indicates extrapolated value from calculations
with uncertainties.

the SA-NCSM Mgt compared to the one where no intruder 2% state was in-
cluded (see Figure 1). Thus, our calculations provide a further support towards
the existence of intruder states in the low-lying 8Be spectrum.

The energies from Barker’s R-matrix fits for the intruder 0% and 27 states are
~ 6 MeV and 9 MeV, respectively, with o widths > 7 MeV since the energy
available for an « particle decay is large. These excitation energies agree with
the SA-NCSM extrapolated results given the error bars [4], as well as with the
predicted widths. In addition, a recent experimental study has found a tentative
evidence for a broad 0™ state at 12 MeV, prompting a need for further measure-
ments [17]. Various earlier ab initio studies have seen intruder 0T and 21 states
as well [18-20]. In particular, the extrapolations in the earlier study in Ref. [18]
predicted the intruder O state to be at 12 MeV with an uncertainty of almost
5 MeV. It also predicted the corresponding 2+ and 4™ states from the same
rotational band. Moreover, in the recent calculations with the Daejonl6 NN
interaction in Ref. [20] the energy of the intruder 0% is shown to drop to 11.71
MeV in the largest model space with i) =15 MeV. The study also calculated
the widths of the 0" and 2 states to be 8.86 MeV and 3.57 MeV, respectively,
using NCSM combined with the resonating group method (RGM).
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3 Neutrinoless Double Beta Decay in Light Nuclei

Double-beta decay is the process in which two electrons or two positrons are
emitted from a nucleus. Such processes occur when the energy of a nucleus
with odd protons and odd neutrons is higher than the energies of both of its
neighboring even-even nuclei (e.g., see red arrow in Figure 2). Since proton-
neutron pairing correlations can explain this even-odd energy difference, it has
been suggested that proton-neutron pairs play important role in calculating the
double-beta decay rate. Double-beta decays are products of second-order per-
turbation induced by weak interaction and, therefore, have much smaller rates of
occurrence or much longer half-lives (7 /5 > 102 years) than single 3 decays.

/

/

Ground state energy (MeV)

V4

Figure 2. The experimental ground state energies of A = 48 nuclei (isobaric chain). The
green arrows represent single S decay, and the red arrow displays the double-beta decay.

Double-beta decays with emission of two neutrinos (antineutrinos) have been
detected for a number of nuclei. Nevertheless, one of the profound questions in
modern physics is whether the double-beta decay can take place without emitting
neutrinos. If neutrinos are Majorana particles (meaning there is no distinction
between neutrino and antineutrino) and have a non-zero mass, then the neutrino-
less double-beta decay can be imagined as absorption of the neutrino from the
first S-decay in the intermediate state which induces the ejection of the second
charged lepton.

As mentioned above, the process of neutrinoless double-beta decay is of great
importance in the searches of BSM physics. Various collaborations around the
world are performing experiments towards measuring the rate of this process in
a number of nuclei. In order to provide guidance for the state-of-the-art experi-
ments, theoretical calculations prove to be crucial.

The calculations of 033 nuclear matrix element, My,,, are extremely challeng-
ing since there is no experimental data that can be used to validate the results
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from various models. To compare different ab initio methods, benchmark calcu-
lations of O3 for decays that are energetically forbidden or happen in compe-
tition with single 3 decay have been performed for a number of light nuclei. In
Refs. [21,22], the nuclear matrix elements for 81°He and 1912Be were calcu-
lated with a quantum Monte Carlo (QMC) approach based on the AV 18 interac-
tion. Later, the same calculations were carried out with the local Norfolk chiral
interaction for He and '2Be [23]. In Ref. [24] the NCSM calculations of *He
My, were benchmarked against the results from the multireference in-medium
similarity renormalization group (MR-IMSRG) with a softened chiral interac-
tion. Moreover, the M, of %819He, 14C and 220 were calculated with the
NCSM and coupled-cluster theory in Ref. [9]. For most of these nuclei along
with 19Be, Ref. [25] calculated nuclear matrix elements with the importance-
truncated (IT) NCSM [26] and two variants of IMSRG - the valence-shell (VS)
IMSRG [27] and the in-medium generator coordinate method (IM-GCM) [28].

To benchmark the SA-NCSM results of Ov3( against other methods, we per-
form calculations of My, for the light “He —°Be and intermediate-mass 220
—22Ne ground-state-to-ground-state decays. For both of these systems we use
the NNLO, interaction, which was not renormalized, as compared to the SRG
evolved N3LO-EM interaction used in Refs. [9,24,25]. In the case of the A = 6
system, the calculations are done up to Np.x =8 model space with AQ) =20
MeV. This value of A2 parameter was shown to be optimal for the convergence
of energies in Ref. [29] for A = 6 systems and was used in NCSM calculations
of Ref. [24] against which we benchmark our calculations. The results show
that the GT matrix element is about four times larger than the Fermi contribu-
tion, whereas the tensor contribution is approximately two orders of magnitude
smaller and of opposite sign (Figure 3). Moreover, it is important to note that
these matrix elements show a fast convergence as the model space increases. We
use the three-parameter exponential formula of Ref. [29] to extrapolate the total

N,

max

N,

max

Figure 3. (a) Fermi (F), Gamow-Teller (GT) and Tensor (T) components and (b) total neu-
trinoless double-beta decay nuclear matrix element for the *He —®Be decay. The discrete
points represent results of many-body calculations while lines represent fits. The gray
band indicates the extrapolation uncertainty. Calculations are done using NNLOgp¢ in-
teraction with A2 =20 MeV HO parameter.
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Figure 4. Fermi (F), Gamow-Teller (GT) and Tensor (T) components and the total
neutrinoless double-beta decay nuclear matrix element for the 220 —22Ne decay between
the ground states. Calculations are done using NNLO,,, interaction with AQ2 =15 MeV
HO parameter.

My, which yields My, = —4.16 £ 0.18. The results are in agreement with
predictions from Refs. [9,24,25].

Both of the nuclei invlolved in the 220—22Ne decay have enhanced collectivi-
ties as indicated by their large B(E2) values [30], which has been a challenge
to reproduce for ab initio models. The SA-NCSM is able to provide an accurate
description of collective correlations in this mass region as shown in Ref. [31].
Our calculations for the 220—22Ne decay performed with 22 =15 MeV show
an increase of the nuclear matrix element with Ny, (Figure 4). This value of
h{) was shown to be optimal for this mass region in Refs [31] and [32]. We note
that in the IT-NCSM results from Ref. [25] all components of the nuclear matrix
element stay practically the same as the model space increases.

4 Conclusions

In this work we calculated electromagnetic and weak transitions in nuclei from
first principles. The results are valuable for helping probe physics beyond the
Standard Model. The ab initio SA-NCSM was used to determine the size of
the recoil-order form factors in the 3 decay of 8Li. It showed that states of
the o + a system not included in the evaluated ®Be energy spectrum have an
important effect on all recoil-order terms, and can explain the Mgt discrepancy
between the two experimental values in the A = 8 system. In addition, we
applied the symmetry-adapted basis to calculate “He —%Be and 220 —22Ne
neutrinoless double beta decay matrix elements. The results validate our method
allowing us to perform further calculation on “8Ca that is the lightest candidate
of neutrinoless double beta decay used in experiments.
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