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ARTICLE INFO ABSTRACT

Editor: A. Schwenk We investigate the experimental feasibility of detecting second-order double-magnetic dipole (yy-M 1 M 1) decays
from double isobaric analog states (DIAS), which have recently been found to be strongly correlated with the
nuclear matrix elements of neutrinoless #f decay. Using the nuclear shell model, we compute theoretical branch-
ing ratios for yy-M 1M 1 decays and compare them with other competing processes, such as single-y decay and
proton emission, which represent the dominant decay channels. We also estimate the potential competition from
internal conversion and internal pair creation, which can influence the decay dynamics. Additionally, we pro-
pose an experimental strategy based on using LaBr; scintillators to identify yy-M 1 M | transitions from the DIAS
amidst the background of the competing processes. Our approach emphasizes the challenges of isolating the rare
yy-M 1M1 decay and suggests ways to enhance the experimental detection sensitivity. Our simulations suggest
that it may be possible to access experimentally yy-M 1M 1 decays from DIAS, shedding light on the neutrinoless
pp decay nuclear matrix elements.

1. Introduction yet [12]. Even the best current calculations disagree by factors of a

few [13-32], and recent attempts to quantify the theoretical uncertain-

The neutrinoless ff (Ovpp) decay of a nucleus—transmuting two
neutrons into protons and emitting only two electrons—while cur-
rently hypothetical, would have profound consequences in fundamental
physics [1,2]. First, it would establish that neutrinos are their own an-
tiparticle. In addition, it would be the first observation in the laboratory
of a process breaking the balance of matter and antimatter, which may
help to understand the dominance of matter observed in the universe.
Further, it can give hints on the value of the absolute neutrino masses.

A portfolio of experiments pursues the detection of Ovff decay using
various nuclei, mainly using 76Ge, 828e, 100Mo, 130Te and !36Xe [3-10],
but other isotopes such as *8Ca are considered as well [11].

The Ovpp rate depends, among other terms, on nuclear matrix ele-
ments that need to be calculated, as the decay has not been observed

* Corresponding author.

ties also suggest large errors [2]. Since the nuclear matrix elements are
key not only to interpret a Ovgp signal, but also to plan future searches,
multiple efforts have been proposed with the goal of better constraining
their values.

One possible avenue is to use nuclear structure observables re-
lated with OvpBp decay. These include, for instance, pair transfer ampli-
tudes [33], ordinary muon capture [34-37], heavy ion charge-exchange
reactions [38], double Gamow-Teller transitions [39-441], ff decay with
the emission of two neutrinos [21-23] or proton-neutron phase-shifts at
moderate energies [45].

Other processes related to Ovff decay are electromagnetic transi-
tions. Already several decades ago, y decays from isobaric analog states
(IAS) were proposed to gain insight on electroweak transitions [46]: in
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particular the electric dipole decay from the IAS of '“! Pr informed the
first-forbidden # decay of 4!Ce. Very recently, a similar idea was pro-
posed to relate Ovff and y decays [47]. More broadly, many works have
exploited the common spin-isospin nature of the strong, weak and elec-
tromagnetic forces in order to provide detailed analyses of nuclear struc-
ture [48], nuclear responses [48] and neutrino-nuclear responses [49].

A particularly interesting correlation between the electromagnetic
sector and Ovff decay was proposed in Ref. [50]. With focus on second-
order decays—just like Ovpp—this work found that yy double-magnetic
dipole (M 1M 1) nuclear matrix elements from the transition of double
isobaric analogue states (DIAS) to the ground state (GS) are very well
correlated with Ovff nuclear matrix elements, as long as the two emit-
ted photons have similar energy. The correlation between yy-M 1M 1
and Ovpp nuclear matrix elements, initially obtained for the nuclear
shell model, was also recently observed with a very different many-
body approach, the quasiparticle random-phase approximation (QRPA)
method [42]. This correlation between yy and Ovfp nuclear matrix
elements presents some advantages. For instance, since both are second-
order processes, there is no need to combine two first-order ones guess-
ing unknown phases, like in muon capture or single-y decays [35,47].
Moreover, electromagnetic reactions are easier to model than those me-
diated by the strong force [51] relevant for double Gamow-Teller tran-
sitions. Finally, in the electromagnetic sector calculations may not face
the overestimation—“quenching”—that many approaches observe for
two-neutrino ff nuclear matrix elements [1,52].

From the nuclear structure point of view, exploring DIAS and isovec-
tor electromagnetic transitions is also interesting, as it opens new paths
to investigate isospin phenomena and rare decays in nuclei. Indeed, even
though yy transitions were first measured decades ago [53]—only in
cases where single-y emission is forbidden—the last decade has seen a
revival of yy measurements [54-56], including competition with y de-
cay. Nonetheless, yy transitions from DIAS have not been measured yet,
and possible experiments in medium-mass nuclei such as those used in
Ovpp searches present mainly two challenges. Firstly, to populate effi-
ciently the unbound DIAS. Secondly, to measure the very suppressed yy
branch, since the y decay and particle emission channels are open.

In this manuscript we study the second aspect with a complemen-
tary theoretical and experimental analysis. We focus on the final nuclei
expected in Ovfp-decay experimental searches: *3Ti, 7°Se, 82Kr, 139Xe
and '3°Ba. From the theory side, we fully characterize the decay width
and branching ratios of yy-M 1M1 transitions from DIAS based on nu-
clear shell-model calculations and systematics. From an experimental
point of view, based on the theory predictions, we present a strategy to
identify the DIAS yy-M 1M1 decays from the competing decay chan-
nels using current detector technologies. As competing processes, we
consider single-y decay, proton emission, internal pair creation (IPC)
and internal conversion (IC). Fig. 1 shows the corresponding schematic
decay scheme for the DIAS in “8Ti.

2. Double-magnetic dipole transitions from DIAS

We study the second-order yy nuclear transitions,

A AS A
YIRS — A¥n +2r, 1)

where the two photons, emitted simultaneously, share the energy dif-
ference from the initial DIAS, OBLAS, to the final GS, Ogs. Here we focus
on nuclei which are the final states of measured ff decays, all of which
have total angular momentum and parity J¥ = 0*. In the transition,
the isospin changes in two units: from Tpjag =7, + 2 to Tgg = T,, with
T, = (N — Z)/2 given by the difference between the nucleus neutron
and proton numbers, and A= N + Z.

Because of angular momentum and parity conservation in elec-
tromagnetic transitions, the leading OEI As 02 ¢ v contribution
comes from double-electric dipole (E1E1) and double-magnetic dipole

(M 1M 1) decays. However, only the latter are of interest from the point
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Fig. 1. Decay scheme of the DIAS of *3Ti, including proton (p) emission, single-y
and yy decays, internal conversion (IC) and internal pair creation (IPC). The
shell-model energies of selected *3Ti low-energy states, obtained using the
GXPF1B interaction, are compared to experiment [57].

of view of the ff-yy correlation [50], because only the magnetic dipole
operator,

A
3
Ml =pyy) o &l +gs), @)
i=1

expressed in terms of the angular-momentum (1) and spin (s = %o-) oper-
ators, has a structure similar to the Gamow-Teller one that drives Ovgp
decay. We use bare neutron (n) and proton (p) orbital and spin g-factors
g[(") =0, g/(p) =1,g" =-3.826, g” =5.586, and Uy is the nuclear mag-
neton.

The yy-M 1M1 transition amplitude is proportional to the general-
ized nuclear polarizability [58]:

4r E\E,

Py(MIMLE,, E,) = [@ariae1 (ED) + apian (B)] 3)

IM1|[ 1} )1 [M1] [0},
E, - Epps + E

<OES| 1as/
aMlMl(E)zz , “
n
where the reduced matrix elements involve the set of 1 intermediate
IAS, with energy E, and isospin T, = Tgs + 1, and E,|, E,, Epj,g are
the energies of the photons and the DIAS, respectively. Since the decay
amplitude is proportional to E; E,, in the most probable case the two
photons are emitted with the same energy, E; = E, = Q,, /2. In this
scenario, the polarizability depends on a single nuclear matrix element:

+ +
(O M| 1 )(1+ | [M1]07

)
1AS

s 5
E, - (Egs + Epag)/2 ®

MY(MIM1) = Z

n
which has been found to be very well correlated with the Ovpgpg-decay
one [42,50]. In practice, if the two photons have relatively similar ener-
gies, Ae = |E| — Ey| < 0,, the nuclear matrix element varies smoothly
and the yy-M 1M1 decay width is
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Table 1

Calculated yy-M 1M1 decay widths (I',,) and energies
(Eppas) of the Of . for all nuclei studied in this work.
We use the nuclear shell model with different effective

interactions (H ).

Nucleus Hg Epjas MeV) T, (x1077 eV)
BTi KB3G 16.1 2.0
BTj GXPF1B 17.3 0.55
763e GCN2850 19.2 8.7
763e JUN45 21.2 15
76Se JJ44B 23.6 32
82Kr GCN2850 21.6 12
82Kr JUN45 22.9 12
82Kr JJ44B 26.6 27
130xe GCN5082 27.7 2.2
136Ba GCN5082 29.1 17

T, (MIMI;Ag) = ;4—”3M”(M1M1)2x
Ae 11 7 1,505 3 4.3
Q_yy EQW - EAE Q,+ EAg g, -
This expression demands an experimental setup optimized to detect pho-
tons with energies E, ~ Epj5g/2, and therefore a prior measurement of
Epas is necessary.

We calculate the yy decays within the nuclear shell model, using the
ANTOINE [59,60] and KSHELL [61] codes with isospin-symmetric inter-
actions in different configuration spaces: KB3G [62] and GXPF1B [63]
for *Ti with a “°Ca core and the 07, 1p3/5, 0f5/, and 1p;, single-
particle orbitals; GCN2850 [64], JUN45 [65] and JJ4BB [66] for 76Se
and ¥*Kr with a **Ni core and the 1p; 5, 0f5», 1p; / and Ogy, orbitals;
and GCN5082 [64] for 139Xe and 13°Ba with a 199Sn core in the space
comprising the orbitals 0g7/,, 1ds/y, 1ds/s, 251/, and Ohy, /. Orbitals
are given in spectroscopic notation nl;, where n, [, j are the princi-
pal, orbital and total angular momentum quantum numbers. We use
these shell-model configuration spaces and interactions for all calcula-
tions throughout this work.

Table 1 presents theoretical r,, (M1M1) values obtained demand-
ing that ay s (E) differs from M7"(M1M1) in less than 5%, which
translates into photon-energy differences, Ae ~ (1 — 2) MeV. There-
fore, such yy-decay measurements would probe the nuclear matrix ele-
ment correlated with the Ovff-decay one. The widths are very narrow,
T, ~(107°—~1077) eV, and typically differ by a factor of 5— 10 between
different shell-model interactions. These predictions are about an order
of magnitude below the ones obtained with the expression for yy widths
given in Ref. [56], which considers the full range of y energies and as-
sumes constant generalized polarizabilities squared—summed for both
MI1M1 and E1El—across different nuclei and nuclear states. While
most Epjag = 0,, are not known, for “8Tj the calculated energy is very
close to the experimental value, EE’iis =17.4 MeV [67], especially for
the GXPF1B interaction.

L

A0, |. ©)

3. Competing decay channels

Given the narrow widths expected from Table 1, the measurement
of yy-M 1 M 1 transitions demands a careful study of the competing pro-
cesses: IC, IPC, single-y decay and nucleon emission.

3.1. Internal conversion and internal pair creation

In nuclei with 0% first-excited states, IC and IPC are the main compet-
ing channels with yy decay [53]. In general, these two processes are also
expected to be relevant decay branches of the DIAS. The corresponding
widths can be factorized into electron and nuclear parts [68]:

[(F)?
R*

Tie/ipe = Qic/1pc (EO, Q) 7
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Table 2
Internal pair creation (I'p.) and internal conversion
(I'yc) decay widths for the 0% . — Og s transition,

DIAS
obtained from systematics [68,69] with Qgy = Epjg.

Nucleus Qg MeV) Ipc(eV) Ic(eV)
BTi 17.4 0.05 2-10°¢
76Se 21.3 0.3 3-107°
82Kr 23.7 0.5 6-107°
130xe 27.7 2 0.001
136Ba 29.1 3 0.002

where the ratio involving the mean squared and average nuclear radii,
72 and R, is order ~ 1. Thus, Table 2 presents the IC and IPC decay
widths for Opy = Epjag given by the Q expressions derived by Church
and Wesener [68] and Wilkinson [69], respectively. The decays are
relatively wide, especially for IPC in heavy nuclei. However, the esti-
mates in Table 2 do not consider the finite-size of the nucleus or atomic
screening effects, and for IC they only take into account the dominant
K-shell.

3.2. First-order electromagnetic transitions

Given the high energy of the DIAS, this state can decay via a first-
order y transition. Dipole decays are expected to be dominant, but in our
shell-model configuration spaces we cannot access a reliable set of 1~
states because this would demand including at least two harmonic os-
cillator shells [70]. We thus focus on magnetic dipole (M 1) transitions,
which lead to a decay width

E3

4
Ty = =10 IM0F, 1 ®)

Table 3 lists the calculated decay widths obtained with the nuclear
shell model, together with the energies for the dominant 1% states and
their branching ratio with respect to all M 1 decays, also including those
not listed in Table 3. The total decay widths are large and have a rela-
tively similar value for all nuclei. However, while for “Ti the theoretical
calculations predict that a single 17 state receives most of the total
width, for heavier nuclei I', is fragmented into several states. We have
checked that, as expected, electric quadrupole transitions are roughly
two orders of magnitude smaller than the M1 ones presented in Ta-
ble 3.

3.3. Proton emission

DIAS generally lie above single-proton, .S, and single-neutron, .5,
separation energies, opening nucleon-emission branches. We focus on
the proton emission from the DIAS:

A y/DIAS A-1
2N Xy +p, ©

permitted if Q, = B(N, Z) + Epas — BN, Z — 1) = ES > 0, with B
the nuclear binding energy and E;"C the excitation energy of the final

state. For the case of *3Ti, this condition forbids the proton emission to
the 7/2~ IAS in 47Sc (Q, = —2.47 MeV), and we expect this situation
to also hold in heavier nuclei where Epsg is not known. In contrast,
the low-lying states of the final nucleus, with T, = T;5 + 1/2, are en-
ergetically favored. Thus, from the DIAS isospin changes in AT =3/2,
and these transitions can only proceed via isospin-symmetry breaking.
In fact, similar transitions from IAS are a valuable tool to study isospin
mixing in nuclei [71,72].

The decay width of the proton-emitting state can be factorized as
[73,74]

=TS, (10)
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Table 3

Partial decay widths @), branching ratios (BR) and en-
ergies (Ey) of the dominant M 1 Ogl as = ln+ transitions
calculated with the nuclear shell model using different

interactions (H ).

Nucleus H ¢ E,.(MeV) I, (eV) BR(%)
i KB3G 12.3 6.8 92
Ti GXPF1B 12.6 13 97
763e GCN2850 12.0 0.77 24

12.3 0.47 15
12.8 0.63 20
13.2 1.1 35
76Se JUN45 12.9 2.7 68
14.1 0.96 25
763e JJ44B 13.4 0.60 14
13.5 1.7 41
15.4 0.96 23
82Kr GCN2850 13.1 2.3 36
14.9 2.9 45
82Kr JUN45 13.7 1.7 34
14.6 1.3 27
82Kr JJ44B 19.3 0.61 25
19.6 0.66 27
21.9 0.82 34
130xe GCN5082 15.9 0.42 15
17.9 1.1 39
18.4 0.45 16
136Ba GCN5082 17.5 1.2 10
17.9 2.2 18
19.0 4.4 36
19.3 1.5 12

where S is the spectroscopic factor which represents the proton pre-
formation amplitude, and Iy, is known as the single-particle width.
We compute the latter using the Wentzel-Kramers-Brillouin (WKB)
method [73-76], but for the proton emission to states where this semi-
classical approach is not applicable we use the code wspot [77], which
calculates the widths of unbound resonances. Both approaches agree
very well whenever the WKB method can be applied.

Since our shell-model interactions are isospin symmetric, the corre-
sponding spectroscopic factor for the AT = 3/2 proton emission van-
ishes. To overcome this limitation, we estimate .S in three different
ways. Firstly, we use the measured proton emission width from the
DIAS in 32S to the 3'P GS, which is also a AT = 3/2 emission, r,=
38 eV [78,79]. Since theoretically we obtain I p= 1.05 MeV, we extract
a semi-empirical spectroscopic factor, S°™P = 3.7 x 107°. Alternatively,
we calculate S using shell-model interactions that break isospin symme-
try. We first focus on the proton emission of *3Ti. Here we use KB3G sup-
plemented with the Coulomb interaction, obtaining S€° = 6.5 x 10=¢
for the decay to the 4’Sc GS. In addition, we also obtain the spectro-
scopic factor calculating both “8Ti and *’Sc within the valence-space
similarity renormalization group (VS-IMSRG) method, with interactions
based on a chiral effective field theory Hamiltonian with three-nucleon
forces, labeled EM1.8/2.0 [80-82]. The interactions are obtained with
an initial VS-IMSRG decoupling in a harmonic-oscillator space truncated
to e =2n+ [ < 12, and besides three-nucleon forces are truncated to
e; + e, +e3 <24. In turn, operators are truncated to the normal-ordered
two-body level, VS-IMSRG(2). This approach gives S¥ = 6.3 x 10~ for
the proton emission to the GS. Therefore, for the purpose of this work,
the three determinations of the spectroscopic factor are rather consis-
tent.

The results in Table 4 combine these spectroscopic factors with the
calculated single-particle widths to predict the proton emission from the
DIAS in *3Ti to the lowest-energy states in *’Sc. In addition, Table 4 also

Physics Letters B 860 (2025) 139186

Table 4

Proton emission widths from the DIAS in “Ti to the
lowest-lying states in *’Sc with a given angular momentum
and parity, J”. The results combine single-particle widths
calculated with the WKB method and wspot [77] with
spectroscopic factors obtained semi-empirically (I', ") and
with isospin-breaking Coulomb (I'®") and chiral (I'Y) in-
teractions (see the text for details). The total proton emis-
sion width to all energetically allowed states is also given.

0,(MeV) Jr " eV) rfm'l eV) I (eV)
5.93 % - 19 2.9 33
5.13 2 - 59 46 67
4.64 % - 2.3 7.0 14
3.74 s 19 70 95
>0 all 130 130 280
Table 5

Predicted branching ratios of the yy-M 1M1 decay of
the 0F . with respect to the competing decay channels:
single-y M1 decay, proton (p) emission, internal pair cre-
ation (IPC) and internal conversion (IC), for all studied

nuclei. See the text for details.

Nucleus r,,/r, r,/r, L, /Twe T,,/Tic
BTi 2x1078 7x1071%  3x10°° 0.06
76Se 5%1077 <4x107 7x107° 0.07
82Kr 7x1077 <7x107° 3x10°° 0.03
130xe 8§x 1078 <6x107° 1x1077 0.0002
136Ba 1x1077 <3x107 6x1077 0.001

shows the results for the total proton emission width to all energetically
allowed states in *’Sc. We obtain Ff,mp using the same semi-empirical
SeMP across all possible proton emissions from the *Ti DIAS. However,
for the widths associated with the isospin-breaking KB3G-plus-Coulomb
and chiral interactions we compute S and S7 for the emission to
each final state.

The main conclusion of Table 4 is that the AT = 3/2 proton-emission
width is about an order of magnitude larger than I';, so that we expect
the former to dominate the decay of the DIAS. In general, the emis-
sion to the states with higher O, dominates each J” combination, being
above 80% of all contributions. However, in the VS-IMSRG calculation
for 3/2 there is a ~ 50% contribution to higher-energy states because
they present a larger S7.

Table 5 summarizes the partial branching ratios for all decay pro-
cesses considered. In order to give indicative estimated values, we av-
erage theI',, and I, /T, results over the shell-model interactions used
in Tables 1 and 3. For the I, of “8Ti we also average over the three
different values obtained, reflecting the different spectroscopic factors.
In contrast, for heavier nuclei, we assume the semi-empirical spectro-
scopic factor and consider a limited number of low-lying states in the
final nucleus, thus representing an upper bound to I',, /T",,. As discussed
earlier, for all nuclei the competing processes, especially proton emis-
sion, are much more likely to occur than the yy-M 1M1 decay. The
r',, /T, branching ratio in 48Ti is very similar to the one found for the

lowest 2 state in #3Ca in Ref. [83].

4. Strategy for the measurement of double-magnetic dipole
transitions from DIAS

To conduct precise y-ray measurements, high-purity germanium
(HPGe) arrays represent a natural choice, given their unparalleled en-
ergy resolution. However, neither previous attempts using traditional
HPGe arrays such as GAMMASPHERE [84] nor feasibility studies [85]
with state-of-the-art HPGe arrays such as AGATA [86,87] have suc-
ceeded in measuring yy transitions. An alternative solution involves
using LaBr; detectors, which present good energy resolution and ex-
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Fig. 2. Simulated energy spectrum of the energy sum between the two hits ac-
quired in the setup, for yy decay (red curve), internal pair creation (IPC, green)
and internal conversion (IC, orange) events.

cellent time resolution. These characteristics proved to be crucial to
discriminate yy from background events in the experiments performed
by Walz et al. [54] and by Soderstrom et al. [55].

Considering this, we have developed a GEANT4 [88] simulation to
characterize the contributions of the competing processes and determine
the optimal data processing methods so as to maximize the yy detec-
tion efficiency. In particular, we simulate the experimental setup and
its response to the radiation emitted in the nuclear de-excitation of the
DIAS in “8Ti [89]. The simulated setup consists of 302 3.5”x8” LaBr;
cylindrical scintillator detectors in spherical configuration, placed 50
cm away from the center of the sphere. A 1 mm thick aluminium cap-
sule for the crystals was included, on top of a 2 mm thick scattering
chamber, concentric with the array of detectors and also in aluminium.
This geometry is dictated by the necessity of having a large angular
acceptance array capable of detecting very energetic y rays with high
efficiency.

4.1. Discrimination from competing processes

Since the decay widths of the competing channels are orders of mag-
nitude larger than I, it is essential to find a set of observables that
allows one to discriminate between the competing processes and the yy
decays of interest. In particular, we focus on processes leaving *3Ti in
the GS, so that the energy of the emitted radiation matches that of the yy
decay. Indeed all the remaining competing processes, including proton
decay, can be easily discriminated from the yy decay events by looking
at the total energy deposited in the detectors.

In contrast, the discrimination between yy and other electromagnetic
processes requires a careful study. We simulate separately 107 events
for each of these processes and analyze the detectors output. In this
preliminary stage of the data analysis, we select exclusively multiplicity
2 events, i.e. when only two detectors are hit, considering “3Ti to be
excited at rest.

4.1.1. Internal conversion and internal pair creation

For the charged leptons generated in these processes, we expect an
energy loss of about 2 MeV in the scattering chamber and detector cap-
sules material. For this reason, the energy sum of the two hits detected,
E, + E,, can be employed as the discriminating factor between the IPC,
IC and yy decays. Fig. 2 shows the corresponding spectrum for these
three channels, and illustrates that at high energies close to Epjg only
yy decays contribute.

4.1.2. First-order electromagnetic transitions

The “3Ti DIAS de-excitation through an intermediate state, resulting
in a y-y cascade to the ground state, has a very large decay width I,
compared to the yy decay one: I',, /T, ~ 1078, see Table 5. The main
difference between the two channels is that in the yy decay the two
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Fig. 3. Simulated spectrum of the absolute energy difference between the two
hits acquired in the setup, considering only cases in which their energy sum is
larger than 15.5 MeV, for yy decay (in red) and y cascade (in blue) primary
events.

y rays are emitted with a continuous energy spectrum, which, in con-
trast, is discrete for the y-y cascade. It is therefore natural to employ
the absolute energy difference between the two hits, E; — E,, as the
discriminating factor between the two processes. Fig. 3 shows the cor-
responding spectrum for both decay channels, considering only events
with energy sum E;| + E, > 15.5 MeV, and a de-excitation through the
17" state with 12.4 MeV excitation energy for the y cascade—this is the
most likely transition according to our calculations, see Table 3. Since
only yy events carrying roughly the same energy are relevant for the
correlation with Ovgp decay, one could, in principle, focus in the region
|E; — E,| =0, highlighted in Fig. 3.

However, imposing these energy conditions is not sufficient to isolate
yy decays getting rid of all y-cascade events. Indeed, Fig. 4 highlights
that, still, few y-cascade counts lie in the |E; — E,| < 1 MeV region.
These correspond to events where the 12.4 MeV primary photons de-
posit only about 8.7 MeV in the first crystal hit, and the remaining
~ 4 MeV, carried by highly energetic secondary radiation, leave this re-
gion and are absorbed in the crystal in which the other primary photon
is detected. Our simulations indicate a possible solution to this problem
exploiting both the positional and temporal information of the hits: the
secondary radiation takes some time to reach the second crystal after
the primary photons hit. Therefore, for large enough correlation angles
between the two hits, before reaching the second crystal the radiation
travels for a longer time than the LaBr;-detectors time resolution, and
its energy will not be deposited with the second hit. In this way, consid-
ering only events with a correlation angle > 6, besides the energy
conditions, E; + E, > 15.5 MeV and |E| — E,| < 1 MeV, it is possible to
get rid of all the simulated y-decay cascade events. The inset of Fig. 4
illustrates this strategy, which follows essentially the same idea used
by Walz et al. to distinguish between prompt yy events and Compton-
scattered primary photons in the competitive 13’Ba decay experiment
[54]. The excellent time resolution of LaBr; turned out to be crucial for
this discrimination, justifying their use also in this study.

5. Summary and conclusions

Nuclear matrix elements are crucial to analyze Ovpp-decay experi-
ments, but they are currently poorly known. Recent studies have pro-
posed that measuring yy-M 1M1 transitions from DIAS can provide
insights on the values of these Ovff-decay matrix elements. In this ar-
ticle, we provide detailed calculations of the yy-M 1M1 widths, I',,,
obtained with the nuclear shell model for several nuclei used in Ovpg-
decay searches. We also quantify the decay widths of the main com-
peting processes: proton emission, single-y decay, internal conversion
and internal pair creation. We complement these theoretical calcula-
tions by proposing a strategy to distinguish experimentally the desired
yy-M 1M1 transitions from these competing processes, based on using
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Fig. 4. Same as Fig. 3 for y cascade primary events, but with higher resolution in
the y axis. The inset presents the low-energy spectrum for the angular correlation
between the two hits.

detector setups like LaBr; scintillator arrays. Even though the decay
width of the M 1 M 1 decay is expected to be suppressed by several orders
of magnitude with respect to the proton-emission and y-decay branches,
our simulations indicate that these yy transitions may be detected. This
work opens an avenue to inform about Ovgp nuclear matrix elements
using y spectroscopy.
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