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Abstract. We give an updated view of the status and prospects of heavy-ion double charge exchange (HI-DCE)
reaction studies performed at the Laboratori Nazionali del Sud of the Istituto Nazionale di Fisica Nucleare
(INFN-LNS) in the context of the NUMEN project. The important role of HI-DCE for nuclear reaction, nuclear
structure and double beta-decay investigations is outlined. A powerful way to scrutinize the nuclear response
to HI-DCE is to consistently link it to the information extracted from the competing direct reactions pointing
to a multi-channel description of the whole network of quasi-elastic processes. Indeed, these complementary
studies are mandatory in order to minimize the systematic errors in the data analyses and build a many-facets
and parameter-free representation of the systems under study.

A new research line in the field of nuclear reac-
tion and structure has been opened by the NUMEN
project [1-3], which is primarily focused on the investi-
gations of nuclear double charge exchange (DCE) reac-
tions. DCE reactions probe a special class of nuclear tran-
sitions a(z, n)+A(Z, N)— b(z+ 2,nF 2)+B(Z¥ 2,N+ 2), in
which the initial mass partitions are conserved, but nuclear
charges are redistributed in a complementary manner by
two units. Such processes are of high interest for under-
standing nuclear isospin dynamics under controlled labo-
ratory conditions since they provide unique access to sec-
ond order isospin effects in bound nuclear systems, so far
never studied systematically with nuclear probes. While
nuclear isovector response is being studied extensively and
successfully by single charge exchange (SCE) reactions
induced by light and heavy-ion beams [4-8], DCE reac-
tions are within the domain of heavy-ion research. Re-
sembling the experiences gained in heavy-ion SCE reac-
tions, special features of nuclear |AZ| = 2 processes can
be enhanced or suppressed by the selection of specific fi-
nal reaction channels, e.g. favoring non—spin flip or spin—
flip transitions. In this and many other respects, HI-DCE
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physics provides a much broader spectrum of research op-
portunities than the previously used pionic (7*,77) DCE
reactions [9], also in consideration of the much better en-
ergy definition of the incoming beams.

The NUMEN project is mainly committed with mea-
surements of heavy-ion induced DCE cross sections at in-
cident energies above the Coulomb barrier [10, 11]. The
reaction ejectiles are detected by modern high resolution
and large acceptance magnetic spectrometers, which are
the proper instruments for high precision spectroscopic
studies [10—15]. Although the key aspect of the experi-
mental strategy is the measurement of DCE cross sections,
the contextual study of a multitude of related elastic and
inelastic, transfer, and single charge exchange channels
is also required. The access to the transitions of interest
and their spectroscopy relies on the high energy resolu-
tion measurements and the accurate determination of dif-
ferential cross sections at very forward angles [16]. No-
toriously, in heavy—ion collisions many reaction channels
are populated among which the DCE configurations ac-
count only for a tiny portion of the outgoing flux. Hence,
it is a relevant experimental challenge to identify unam-
biguously the desired reaction products out of the debris
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originated in the projectile—target collision, requiring an
effective background rejection capability by the experi-
mental setup. The main background source consists of
charged particles originated from other reaction products
and beam scattering. However, as an advantage, the multi—
channel features stemming out from heavy-ion collisions
offer unique opportunities for the simultaneous investiga-
tion of reaction channels contributing as intermediate con-
figurations to the DCE reactions of main interest. The
multi—channel approach practiced in the NUMEN project
allows to explore in an unprecedented manner the reac-
tion mechanism and the structural details of nuclear DCE
configurations. Since the various observables are mea-
sured under the same experimental conditions, systematic
uncertainties are strongly reduced. Multi—channel strate-
gies have been also adopted in other fields of heavy-ion
research [17], but the systematic use of this approach for
the analysis of complex sets of data is a quite recent devel-
opment, belonging to the defining features of NUMEN.

On the theoretical side, an equally demanding program
is necessary, aiming at a unified description of the large va-
riety of nuclear reaction and structure phenomena. How-
ever, until recently neither nuclear reaction nor structure
theory were prepared for the description of second order
processes addressing the special issues of isospin dynam-
ics. A pertinent problem in structure theory with respect to
DCE configurations is clearly documented by the spread in
values of nuclear matrix elements (NME) for double beta
(BB) decay, pointing to deficiencies in our understanding
of high-order isospin dynamics in many-body systems.
Clearly, the problem can only be solved by applying the
structure models to a variety of independent physical ob-
servables among which DCE cross sections and related
spectroscopy are the ideal test range. Nuclear reaction
theory has dealt with multi—step phenomena for decades
but typically in a rather selective manner by considering
strongly restricted subsets of interacting transfer, inelas-
tic, and rotational channels coupled to an elastic channel.
The complete description of DCE dynamics requires much
broader efforts. The task starts with the derivation of op-
tical potentials — constrained to describe elastic scatter-
ing cross sections and to be compatible for all non—elastic
channels — and requires to incorporate the assumed nu-
clear structure effects into the reaction theoretical formal-
ism and to determine the appropriate residual ion—ion in-
teractions. Hence, as on the experimental side, also re-
action and structure theory must pursue a multi—channel
methodology.

In the context of the theory project embedded in NU-
MEN, the nuclear structure theory activities indeed span
a broad spectrum of approaches: nuclear ground states
and single particle spectra are obtained by Hartree—Fock-
Bogoliubov (HFB) mean—field theory; the quasi-particle
random phase approximation (QRPA) is used for spec-
troscopic purposes high up beyond the particle emission
threshold; single particle and nucleon pair spectroscopic
amplitudes are derived by advanced shell-model and in-
teracting boson model methods.

The reaction theoretical methods are based on cou-
pled channels studies of the measured quasi-elastic cross

sections. In particular, elastic and inelastic scattering are
studied to constrain, for each projectile—target system, the
optical potentials and the mean field description [18-21].
Single nucleon and pair transfer processes are described
by large enough coupling schemes accounting for non—
orthogonality and finite range effects to probe the good-
ness of the adopted mean field [22-28]. The SCE, incorpo-
rating both two—step nucleon transfer as well as one—step
meson exchange contributions, give important constraint
on the nucleon-nucleon T-matrix interaction [29-31].

Once the nucleon transfer components are adequately
constrained, the crucial question whether the leading re-
action mechanism of DCE reactions is the exchange of
nucleons by mean-filed dynamics can be addressed. As
shown in [32], the mutual exchange of pairs of neutron
and protons between the colliding ions gives a negligi-
ble contribution to DCE cross sections at the incident en-
ergies considered here. Thus, in leading order transfer
DCE (TDCE) can be neglected, implying that the observed
DCE cross sections must result from a different kind of
reaction mechanism. As discussed in [33-35], DCE re-
actions proceed also by collisional nucleon—nucleon (NN)
second—order processes, appropriately described by me-
son exchange interactions, which generalize those enter-
ing in SCE one-step reactions. On the reaction side, this is
described by a newly developed second order (two—step)
distorted wave theory [33, 34] which gives direct access to
the desired spectral distributions, the underlying nuclear
transition form factors and the related DCE-NME.

The direct component of DCE reactions proceed in
general by two distinct collisional interaction scenarios. In
the double single charge exchange (DSCE) mechanism the
isovector NN T-matrix acts twice in a two—step sequence
of SCE interactions, where each interaction is sustained
by the same ingredients as known from single charge ex-
change reactions. In [8, 36] particular attention was paid
to obtain a DSCE formalism compatible with the previ-
ously developed theory of SCE reactions. A completely
different mechanism is underlying the competing mesonic
or Majorana DCE (MDCE) process [37]. In the Majorana
scenario the second order character of the DCE process
is taken care of by virtual 7* exchange between the in-
teracting ions, from correlated pairs of nucleons, thus be-
ing a genuine two—nucleon process. Differently from the
DSCE mechanism, MDCE dynamics is determined by the
isovector pion—nucleon T-matrix. A subclass of processes
corresponds in fact to virtual off—shell (7*, 7%) reactions,
inducing mutual DCE processes in projectile and target.
An incoming charged pion transfers its charge to a nucleon
and leaves the vertex as a neutral pion which interacts with
a second nucleon in the same nucleus, initiating a 7°+N
— 7*+N’ pion-nucleon charge exchange reaction. The
charged pion is transmitted to the second nucleus where
it initiates a complementary DCE transition. Hence, in
each nucleus MDCE is a two—nucleon process of second
order in the pion—nucleon isovector T-matrix where the
two isovector vertices are correlated by 7°—exchange. As a
result, the nucleus is left in either a configuration with two
protons added and two neutrons removed (p?>n~2) or vicev-
ersa (n’p~2), which subsequently evolves into the eigen-
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states of the AZ = +2 daughter nucleus. The complemen-
tary process occurs in the reaction partner, thus conserv-
ing the total charge of the projectile—target system. Obvi-
ously, each of the MDCE—pions may be replaced by other
mesons, although only the pionic MDCE processes has
been considered so far.

Aside from the strong relevance and importance for
nuclear physics, DCE reactions are unique and natural
probes for physical quantities entering into 83 decay pro-
cesses. The BB-oriented research is extending the suc-
cessful use of hadronic SCE reaction for single beta—
decay studies to the hitherto widely unexplored region of
AZ = +2 transitions. As a major issue, DCE reactions are
perfectly well suited to probe the nuclear structure aspects
in practically all stable nuclei under scrutiny for 88 stud-
ies. In fact, new projects have been proposed recently in
Italy [1, 38] and Japan [39], respectively, with the aim to
investigate the nuclear DCE response especially of the iso-
topes of interest for neutrinoless double beta decay (0v305)
in present and future dedicated experiments.

So far, since the first observation in 1987 [40], B75F
decays have been observed in about a dozen medium- to
heavy—mass nuclides [41], but always in connection with
the emission of two anti-neutrinos or neutrinos. This two-
neutrino double beta decay (2v8p) is in full agreement with
lepton number conservation and all known physics laws.
As discussed in detail in [34] the DSCE reaction amplitude
can be cast into a form matching in structure the NME
of 2vf3B decay, thus establishing an important connection
between seemingly well distinct areas.

Among the 58 processes, 0vf38 is of special interest by
addressing a class of nuclear processes generating sponta-
neously new matter. Two electrons (or positrons) are emit-
ted by the decay of a nucleus into an isobar daughter nu-
cleus differing by two units of charges, a process which is
strictly forbidden by lepton number conservation. These
theoretically postulated phenomena are eagerly searched
for by large scale underground experiments as signals for
beyond the standard model (BSM) physics. If confirmed
experimentally, Ov58 decay would unveil that lepton num-
ber conservation is violated, a result with profound con-
sequences in many aspect of the known physics, also
including a possible explanation of the puzzling matter-
antimatter asymmetry observed in the Universe [42, 43].

How can nuclear physics — and especially heavy-ion
physics — contribute to the clarification of this exciting and
demanding open problem? For an answer to that question,
a closer look to the physics ingredients of the 0v33 decay
rates is helpful. Accounting for light (L) and heavy (H)
Majorana neutrino exchange, one finds the general relation

for the 0vBB decay rate [Tl(%)]‘1 [44]

- M, |*
[r2] " = Gogto ™ 2 g )
where Mzoﬁ ~ Mfz + (Z—X)ZM 1 i includes matrix elements
of Gamow-Teller (GT) and Fermi (F) transitions, medi-
ated by axial-vector and tensor operators, and vector op-
erators, respectively. Here g4 and gy represent the axial—
vector and vector coupling constant, respectively. All sub-

tleties of the final state interactions of the emitted the
e*e*—pair are contained in the so—called phase space fac-
tor G, which nowadays is known to high accuracy [45].
The quantities of major interest for BSM physics are the
effective Majorana mass of the light neutrinos (m;) and
the effective inverse Majorana mass of the heavy neutrino
(MLH), where the former is normalized to the electron mass
m, and the latter to the proton mass M,. However, ob-
viously their unambiguous determination depends on the
knowledge of the nuclear matrix elements

M) = (BlOY P14 )

describing the transition from the nuclear parent state A to
the AZ = +2 daughter state B by the corresponding 0v38
operators Og’fﬁ ), given by a superposition of vector, weak
magnetic, axial-vector, and pseudoscalar terms, see e.g.
Ref. [46].

In Ref. [47] a collection of SS—-NME obtained by
state—of—the—art nuclear structure calculations is given, il-
lustrating the systematic uncertainties imposed by a spread
of values by a factor of two to three, excluding uncertain-
ties in g4, emphasizing the sensitivity of Ov3f to details of
nuclear many—body dynamics.

These results point to the urgency of independent tests
of the nuclear wave functions entering into the Ovg6-
NME, preferentially in processes involving operators of a
similar structure as encountered in Ov38 decay. A charac-
teristic feature of 0v35 decay is that it probes a broad range
of momentum components of the involved nuclear states.
Indeed, the exchange of the Majorana neutrino among two
nucleons generates a natural localization of about 2 fm,
which is the average distance of the nucleons inside the
nucleus, resulting in a momentum spread of about 100
MeV/c [42]. This aspect has a deep impact on the dy-
namics of the decay, making it necessary to describe in-
termediate virtual states up to high excitation energies and
multipolarities [42, 48].

High precision experimental information from 2vf3
[42], ordinary muon capture [49-51], nucleon transfer re-
actions [52—54], double gamma decay [55], SCE [56-58],
and DCE reactions [10] are or could be used to constrain
specific features of the OvSS-NME calculations [42]. Al-
though none of these studies can provide a direct access to
the OvBB—NME:s, they all give helpful information toward
such an objective.

In this framework, DCE reactions, although originat-
ing from the strong interaction between projectile and tar-
get, are particularly appealing. In fact, they share the same
nuclear states as the 88 decays and are driven by short—
range second order isospin operators. In addition, they
probe a broad spectrum of momenta and multipolarities
in the intermediate odd-odd isobar nucleus and are sensi-
tive to nucleon-nucleon correlations insofar the MDCE is
concerned, thus resembling the key dynamical features of
0vGB.

As pointed out above DCE reactions will proceed also
by two direct reaction mechanisms. They are of special in-
terest because the reaction amplitudes contain second or-
der nuclear transition form factors of a similar structure



EPJ Web of Conferences 304, 01004 (2024)
HINPw7

https://doi.org/10.1051/epjconf/202430401004

as the SB-NME, albeit the DCE and the 8@ transition op-
erators do not match one-by—one. The extraction of the
desired information from data is a demanding task even
when the reaction proceeds under conditions preferable
for the collisional direct mechanism by suppressing the se-
quential multi-nucleon transfer contributions. Of special
interest is the MDCE reaction amplitude, which is deter-
mined by pion potentials resulting from the intranuclear 7°
exchange, which in MDCE theory plays exactly the same
role as the neutrino potentials in Ov5p, thus establishing an
important connection between strong interaction DCE and
weak interaction 8B physics.

It is worth emphasizing that the physical observables
are the decay rates for 88 and the cross sections for DCE.
Instead, neither the S6—NME nor the DCE transition form
factors are directly accessible by experiments. Thus, in
both cases additional steps of theoretical work are nec-
essary before the nuclear many-body and the dynami-
cal quantities of interest can be separated. In S8 theory,
the NMEs are evaluated by state-of-art nuclear structure
approaches [59, 60], ranging from proton—neutron quasi-
particle random phase approximation (pnQRPA) [61, 62]
and energy density functional (EDF) descriptions [63—65]
to interacting shell-model methods (ISM) [66—-68], so-
phisticated phenomenological approaches like the inter-
acting boson model (IBM) [69], and ab—initio schemes for
nuclear many—body calculations [70]. An important com-
mon feature of these techniques is to project the nuclear
many—body states from the complete Hilbert space into
limited model subspaces, chosen such that numerical cal-
culation can be actually performed. The projection proce-
dures includes the consistent redefinition of transition op-
erators by corresponding projection techniques. The pur-
pose is to keep, based on reasonable physical arguments,
the relevant aspects of the NMEs within the model space,
leaving out pieces of the wave functions (assumed to be)
of minor importance. However, this condition cannot be
guaranteed a priori and needs to be checked by compar-
ison with appropriate experimental data. In order to re-
move systematic uncertainties which may be hidden as a
common caveat of different models when adjusting the pa-
rameters to the same kind of data, it is necessary to have
available additional completely independent sets of data,
probing the same many-body system. Since DCE reac-
tion theory does not rely on the use of a specific structure
model, results of the structure approaches used for 85 can
easily be implemented into the reaction calculations on the
level of form factors and transition potentials. That is the
important contribution of heavy-ion DCE physics to the
possible solution of the open questions of 83 physics, as
emphasized in [1, 10].

Acknowledgments

This project has received financial support from the Eu-
ropean Research Council (ERC) under the European
Union’s Horizon 2020 Research and Innovation Pro-
gramme (NURE - Grant agreement No. 714625).

References

(1]

(2]

(4]

(8]

[9]

(10]

(11]

(12]

F. Cappuzzello, C. Agodi, M. Cavallaro, D. Car-
bone, S. Tudisco, D. Lo Presti, J. Oliveira, P. Finoc-
chiaro, M. Colonna, D. Rifuggiato et al., The NU-
MEN project: NUclear Matrix Elements for Neu-
trinoless double beta decay, Eur. Phys. Jour. A 54
(2018). 10.1140/epja/i2018-12509-3

F. Cappuzzello, C. Agodi, L. Calabretta, D. Calvo,

D. Carbone, M. Cavallaro, M. Colonna,
P. Finocchiaro, F. Iazzi, R. Linares et al.,
The NUMEN technical design report, Int.

Jour. of Mod. Phys. A 36, 2130018 (2021),
https://doi.org/10.1142/S0217751X21300180.
10.1142/S0217751X21300180

F. Cappuzzello, H. Lenske, M. Cavallaro, C. Agodi,
N. Auerbach, J. Bellone, R. Bijker, S. Burrello,
S. Calabrese, D. Carbone et al., Shedding light
on nuclear aspects of neutrinoless double beta de-
cay by heavy-ion double charge exchange reactions,
Prog. in Part. and Nucl. Phys. 128, 103999 (2023).
https://doi.org/10.1016/j.ppnp.2022.103999

T.N. Taddeucci, C.A. Goulding, T.A. Carey, R.C.
Byrd, C.D. Goodman, C. Gaarde, J. Larsen,
D. Horen, J. Rapaport, E. Sugarbaker, The (p, n) re-
action as a probe of beta decay strength, Nucl. Phys.
A469, 125 (1987). 10.1016/0375-9474(87)90089-3
F. Osterfeld, Nuclear spin and isospin excitations,
Rev. Mod. Phys. 64, 491 (1992). 10.1103/RevMod-

Phys.64.491
M. Ichimura, H. Sakai, T. Wakasa, Spin-
isospin responses via (p,n) and (n,p) reac-

tions, Prog. Part. Nucl. Phys. 56, 446 (2006).
10.1016/j.ppnp.2005.09.001

Y. Fujita, B. Rubio, W. Gelletly, Spin—isospin exci-
tations probed by strong, weak and electro-magnetic
interactions, Prog. in Part. and Nucl. Phys. 66, 549
(2011). https://doi.org/10.1016/j.ppnp.2011.01.056
H. Lenske, F. Cappuzzello, M. Cavallaro,
M. Colonna, Heavy Ion Charge Exchange Re-
actions and Beta Decay, Prog. Part. Nucl. Phys. 109,
103716 (2019). 10.1016/j.ppnp.2019.103716

S. Mordechai, C.F. Moore, Double giant reso-
nances in atomic nuclei, Nature 352, 393 (1991).
10.1038/352393a0

F. Cappuzzello, M. Cavallaro, C. Agodi, M. Bondi,
D. Carbone, A. Cunsolo, A. Foti, Heavy-ion double
charge exchange reactions: A tool toward Ov8 nu-
clear matrix elements, Eur. Phys. J. A 51, 145 (2015),
1511.03858. 10.1140/epja/i2015-15145-5

V. Soukeras, F. Cappuzzello, D. Carbone, M. Caval-
laro, C. Agodi, L. Acosta, I. Boztosun, G. Brischetto,
S. Calabrese, D. Calvo et al., Measurement of the
double charge exchange reaction for the ?’Ne + 3°Te
system at 306 MeV, Results in Physics 28, 104691
(2021). https://doi.org/10.1016/j.rinp.2021.104691
F. Cappuzzello, C. Agodi, D. Carbone, M. Cavallaro,
The MAGNEX spectrometer: results and perspec-
tives, Eur. Phys. J. A52, 167 (2016), 1606.06731.


https://doi.org/10.1140/epja/i2018-12509-3
https://doi.org/10.1142/S0217751X21300180
https://doi.org/https://doi.org/10.1016/j.ppnp.2022.103999
https://doi.org/10.1016/0375-9474(87)90089-3
https://doi.org/10.1103/RevModPhys.64.491
https://doi.org/10.1103/RevModPhys.64.491
https://doi.org/10.1016/j.ppnp.2005.09.001
https://doi.org/https://doi.org/10.1016/j.ppnp.2011.01.056
https://doi.org/10.1016/j.ppnp.2019.103716
https://doi.org/10.1038/352393a0
https://doi.org/10.1140/epja/i2015-15145-5
https://doi.org/https://doi.org/10.1016/j.rinp.2021.104691

EPJ Web of Conferences 304, 01004 (2024)

https://doi.org/10.1051/epjconf/202430401004

HINPw7
10.1140/epja/i2016-16167-1 at 275 mev, Phys. Rev. C 109, 024615 (2024).
[13] M. Cavallaro, C. Agodi, G. Brischetto, S. Calabrese, 10.1103/PhysRevC.109.024615
F. Cappuzzello, D. Carbone, 1. Ciraldo, A. Pakou, [23] O. Sgouros, M. Cutuli, F. Cappuzzello, M. Cavallaro,
O. Sgouros, V. Soukeras et al., The MAGNEX mag- D. Carbone, C. Agodi, G. De Gregorio, A. Gargano,
netic spectrometer for double charge exchange reac- R. Linares, G.A. Brischetto et al. (for the NUMEN
tions, Nucl. Inst. and Meth. in Phys. Res. B: Beam Collaboration), One-neutron transfer reaction in the
Interactions with Materials and Atoms 463, 334 80 +* Ti collision at 275 mev, Phys. Rev. C 108,
(2020). https://doi.org/10.1016/j.nimb.2019.04.069 044611 (2023). 10.1103/PhysRevC.108.044611
[14] M. Cavallaro et al, Charge-state distri- [24] 1. Ciraldo, F. Cappuzzello, M. Cavallaro, D. Carbone,
butions of 2°Ne ions emerging from thin S. Burrello, A. Spatafora, A. Gargano, G. De Grego-
foils, Results in Physics 13, 102191 (2019). rio, R.I.M.n. Vsevolodovna, L. Acosta et al. (For the
https://doi.org/10.1016/j.rinp.2019.102191 NUMEN collaboration), Analysis of the one-neutron
[15] S. Calabrese et al, First Measurement transfer reaction in 30 +7° Se collisions at 275 mev,
of the '"°Cd(**Ne,20)!'°Sn  Reaction at Phys. Rev. C 105, 044607 (2022). 10.1103/Phys-
15AMeV, Acta Phys. Polon. B49, 275 (2018). RevC.105.044607
10.5506/APhysPolB.49.275 [25] O. Sgouros, M. Cavallaro, F. Cappuzzello, D. Car-
[16] S. Calabrese, F. Cappuzzello, D. Carbone, M. Cav- bone, C. Agodi, A. Gargano, G. De Gregorio, C. Al-
allaro, C. Agodi, D. Torresi, L. Acosta, D. Bonanno, tana, G.A. Brischetto, S. Burrello et al. (for the NU-
D. Bongiovanni, T. Borello-Lewin et al., Analysis of MEN Collaboration), One-proton transfer reaction
the background on cross section measurements with for the 80 +*8 Ti system at 275 mev, Phys. Rev. C
the MAGNEX spectrometer: The (*’Ne, 2°0) dou- 104, 034617 (2021). 10.1103/PhysRevC.104.034617
ble charge exchange case, Nucl. Inst. and Meth. in [26] S. Calabrese, M. Cavallaro, D. Carbone, F. Cap-
Phys. Res. A: Accelerators, Spectrometers, Detec- puzzello, C. Agodi, S. Burrello, G. De Gregorio, J.L.
tors and Associated Equipment 980, 164500 (2020). Ferreira, A. Gargano, O. Sgouros et al. (NUMEN
https://doi.org/10.1016/j.nima.2020.164500 Collaboration), '®0-induced single-nucleon transfer
[17] Pakou, A., Sgouros, O., Soukeras, V., Cappuzzello, reactions on “’Ca at 15.3 AMeV within a multi-
F., Global descriptions and decay rates for continuum channel analysis, Phys. Rev. C 104, 064609 (2021).
excitation of weakly bound nuclei, Eur. Phys. J. A 57, 10.1103/PhysRevC.104.064609
25 (2021). 10.1140/epja/s10050-020-00338-y [27] J. Ferreira, D. Carbone, M. Cavallaro, N. Desh-
[18] G.A. Brischetto, O. Sgouros, D. Carbone, F. Cap- mukh, C. Agodi, G. Brischetto, S. Calabrese, F. Cap-
puzzello, M. Cavallaro, J. Lubian, G. De Gregorio, puzzello, E. Cardozo, 1. Ciraldo et al., Analysis of
C. Agodi, D. Calvo, E.R. Chdvez Lomeli et al. (NU- two-proton transfer in the “°Ca('80, 2°Ne) *® Ar reac-
MEN Collaboration), 80 +* Ti elastic and inelas- tion at 270 MeV incident energy, Phys. Rev. C 103
tic scattering at 275 mev, Phys. Rev. C 109, 014604 (2021). 10.1103/PhysRevC.103.054604
(2024). 10.1103/PhysRevC.109.014604 [28] D. Carbone, J. Ferreira, S. Calabrese, F. Cappuzzello,
[19] L. La Fauci, A. Spatafora, F. Cappuzzello, C. Agodi, M. Cavallaro, A. Hacisalihoglu, H. Lenske, J. Lu-
D. Carbone, M. Cavallaro, J. Lubian, L. Acosta, bian, R. Magafia Vsevolodovna, E. Santopinto et al.,
P. Amador-Valenzuela, T. Borello-Lewin et al. (NU- Analysis of two-nucleon transfer reactions in the
MEN collaboration), 80 +7° Se elastic and inelastic 20Ne + 119Cd system at 306 MeV, Phys. Rev. C 102
scattering at 275 MeV, Phys. Rev. C 104, 054610 (2020). 10.1103/PhysRevC.102.044606
(2021). 10.1103/PhysRevC.104.054610 [29] B. Urazbekov, N. Burtebayev, F. Cappuzzello,
[20] D. Carbone, R. Linares, P. Amador-Valenzuela, D. Carbone, M. Cavallaro, M. Colonna, A. Gargano,
S. Calabrese, F. Cappuzzello, M. Cavallaro, S. Fi- A. Spatafora (NUMEN Collaboration), Two-step
rat, M. Fisichella, A. Spatafora, L. Acosta et al., Ini- transfer mechanisms in the charge-exchange reac-
tial state interaction for the °Ne + 3Te and 30 tion *°Ca('80,"® F)*°K at 275 mev, Phys. Rev. C 108,
+ 1165n systems at 15.3 AMeV from elastic and in- 064609 (2023). 10.1103/PhysRevC.108.064609
elastic scattering measurements, Universe 7 (2021). [30] S. Burrello, S. Calabrese, F. Cappuzzello, D. Car-
10.3390/universe7030058 bone, M. Cavallaro, M. Colonna, J.A. Lay,
[21] A. Spatafora, F. Cappuzzello, D. Carbone, M. Cav- H. Lenske, C. Agodi, J.L. Ferreira et al. (NUMEN
allaro, J.A. Lay, L. Acosta, C. Agodi, D. Bonanno, Collaboration), Multichannel experimental and the-
D. Bongiovanni, I. Boztosun et al. (for the NUMEN oretical constraints for the '"°Cd(*°Ne,2’F)'!°In
Collaboration), 2°Ne +7° Ge elastic and inelastic scat- charge exchange reaction at 306 MeV, Phys. Rev. C
tering at 306 mev, Phys. Rev. C 100, 034620 (2019). 105, 024616 (2022). 10.1103/PhysRevC.105.024616
10.1103/PhysRevC.100.034620 [31] M. Cavallaro, J.I. Bellone, S. Calabrese, C. Agodi,
[22] 1. Ciraldo, F. Cappuzzello, M. Cavallaro, D. Carbone, S. Burrello, F.  Cappuzzello, D. Carbone,

A. Gargano, G. De Gregorio, H. Garcia-Tecocoatzi,
E. Santopinto, R.I. Magaiia Vsevolodovna, L. Acosta
et al. (NUMEN collaboration), Analysis of one-
proton transfer reaction in 80 +7¢ Se collisions

M. Colonna, N. Deshmukh, H. Lenske et al., A
constrained analysis of the “°Ca('80,"8F)*K direct
charge exchange reaction mechanism at 275 MeV,
Frontiers in Astronomy and Space Sciences 8, 61


https://doi.org/10.1140/epja/i2016-16167-1
https://doi.org/https://doi.org/10.1016/j.nimb.2019.04.069
https://doi.org/https://doi.org/10.1016/j.rinp.2019.102191
https://doi.org/10.5506/APhysPolB.49.275
https://doi.org/https://doi.org/10.1016/j.nima.2020.164500
https://doi.org/10.1140/epja/s10050-020-00338-y
https://doi.org/10.1103/PhysRevC.109.014604
https://doi.org/10.1103/PhysRevC.104.054610
https://doi.org/10.3390/universe7030058
https://doi.org/10.1103/PhysRevC.100.034620
https://doi.org/10.1103/PhysRevC.109.024615
https://doi.org/10.1103/PhysRevC.108.044611
https://doi.org/10.1103/PhysRevC.105.044607
https://doi.org/10.1103/PhysRevC.105.044607
https://doi.org/10.1103/PhysRevC.104.034617
https://doi.org/10.1103/PhysRevC.104.064609
https://doi.org/10.1103/PhysRevC.103.054604
https://doi.org/10.1103/PhysRevC.102.044606
https://doi.org/10.1103/PhysRevC.108.064609
https://doi.org/10.1103/PhysRevC.105.024616

EPJ Web of Conferences 304, 01004 (2024)

https://doi.org/10.1051/epjconf/202430401004

HINPw7
(2021). 10.3389/fspas.2021.659815 10.1103/PhysRevC.85.034316
[32] J.L. Ferreira, J. Lubian, F. Cappuzzello, M. Caval- [46] T. Tomoda, Double beta-decay, Rep. Prog. Phys. 54,
laro, D. Carbone (NUMEN Collaboration), Multi- 53 (1991). doi:10.1088/0034-4885/54/1/002
nucleon transfer in the ""°Cd(**Ne,”® 0)''°Sn dou-  [47] M. Agostini, G. Benato, J.A. Detwiler, J. Menéndez,
ble charge exchange reaction at 306 MeV inci- F. Vissani, Toward the discovery of matter creation
dent energy, Phys. Rev. C 105, 014630 (2022). with neutrinoless S8 decay, Rev. Mod. Phys. 95,
10.1103/PhysRevC.105.014630 025002 (2023). 10.1103/RevModPhys.95.025002
[33] JI. Bellone, S. Burrello, M. Colonna, J.A. [48] J. Suhonen, Double beta decays of 124xe inves-
Lay, H. Lenske, Two-step description of tigated in the qrpa framework, Journal of Physics
heavy ion double charge exchange reac- G: Nuclear and Particle Physics 40, 075102 (2013).
tions, Phys. Lett. B 807, 135528 (2020). 10.1088/0954-3899/40/7/075102
https://doi.org/10.1016/j.physletb.2020.135528 [49] D. Measday, The nuclear physics of muon
[34] H. Lenske, J. Bellone, M. Colonna, D. Gambacurta, capture, Phys. Rep. 354, 243 (2001).
Nuclear matrix elements for heavy ion sequen- https://doi.org/10.1016/S0370-1573(01)00012-6
tial double charge exchange reactions, Universe 7 [50] H. Ejiri, Double beta decays and neu-
(2021). 10.3390/universe7040098 trino  masses, Journal of the  Physi-
[35] H. Lenske, J. Bellone, M. Colonna, D. Gambacurta, cal Society of Japan 74, 2101 (2005),
J.A. Lay, Induced isotensor interactions in heavy-ion https://doi.org/10.1143/IPS].74.2101.
double-charge-exchange reactions and the role of ini- 10.1143/JPSJ.74.2101
tial and final state interactions, Universe 10 (2024). [51] L. Jokiniemi, J. Suhonen, H. Ejiri, I. Hashim, Pin-
10.3390/universe10020093 ning down the strength function for ordinary muon
[36] H. Lenske, J.I. Bellone, M. Colonna, J.A. Lay, The- capture on '“"Mo, Phys. Lett. B 794, 143 (2019).
ory of Single Charge Exchange Heavy Ion Reac- https://doi.org/10.1016/j.physletb.2019.05.037
tions, Phys. Rev. C 98, 044620 (2018), 1803.06290.  [52] B.A. Brown, M. Horoi, R.A. Sen’kov, Nuclear
10.1103/PhysRevC.98.044620 structure aspects of neutrinoless double-8 decay,
[37]1 H. Lenske, J. Bellone, M. Colonna, D. Gam- Phys. Rev. Lett. 113, 262501 (2014). 10.1103/Phys-
bacurta, Theory of majorana-type heavy ion double RevLett.113.262501
charge exchange reactions by pion—nucleon isoten- [53] J.P. Schiffer, S.J. Freeman, J.A. Clark, C. Deibel,
sor interactions, Universe 10 (2024). 10.3390/uni- C.R. Fitzpatrick, S. Gros, A. Heinz, D. Hirata, C.L.
verse10050202 Jiang, B.P. Kay et al., Nuclear structure relevant
[38] M. Cavallaro et al., NURE: An ERC project to neutrinoless double B decay: 76Ge and 7°Se,
to study nuclear reactions for neutrinoless dou- Phys. Rev. Lett. 100, 112501 (2008). 10.1103/Phys-
ble beta decay, PoS BORMIO2017, 015 (2017). RevLett.100.112501
10.22323/1.302.0015 [54] A. Roberts, A.M. Howard, J.J. Kolata, AN. Vil-
[39] H. Matsubara et al., Spectroscopic measurement in lano, ED. Becchetti, P.A. DeYoung, M. Febbraro,
He and >Be, Few-Body Systems 54, 1433 (2013). S.J. Freeman, B.P. Kay, S.A. McAllister et al., Pro-
10.1007/s00601-012-0586-9 ton pair correlations and the neutrinoless double-3
[40] S.R. Elliott, A.A. Hahn, M.K. Moe, Direct evi- decay of 76Ge, Phys. Rev. C 87, 051305 (2013).
dence for two-neutrino double-beta decay in 32Se, 10.1103/PhysRevC.87.051305
Phys. Rev. Lett. 59, 2020 (1987). 10.1103/Phys- [55] N. Pietralla, H. Scheit, Experiments on the competi-
RevLett.59.2020 tive double-gamma decay, Journal of Physics: Con-
[41] A. Barabash, Precise half-life values for two- ference Series 1056, 012045 (2018). 10.1088/1742-
neutrino double-g decay: 2020 review, Universe 6 6596/1056/1/012045
(2020). 10.3390/universe6100159 [56] D. Frekers, Nuclear reactions and the dou-
[42] H. Ejiri, J. Suhonen, K. Zuber, Neutrino-nuclear re- ble beta decay, Prog. in Part. and Nucl
sponses for astro-neutrinos, singe beta decays and Phys. 64, 281 (2010), neutrinos in Cosmol-
double beta decays, Phys. Rep. 797, 1 (2019). ogy, in Astro, Particle and Nuclear Physics.
10.1016/j.physrep.2018.12.001 https://doi.org/10.1016/j.ppnp.2009.12.029
[43] M.J. Dolinski, A.W. Poon, W. Rodejohann, Neutri- [57] CJ. Guess, T. Adachi, H. Akimune, A. Algora,
noless double-beta decay: Status and prospects, An- S.M. Austin, D. Bazin, B.A. Brown, C. Caesar,
nual Review of Nuclear and Particle Science 69, 219 J.M. Deaven, H. Ejiri et al., The 150Nd(®He,r) and
(2019). 10.1146/annurev-nucl-101918-023407 159Sm(z,’He) reactions with applications to 88 de-
[44] F. Simkovic, G. Pantis, J.D. Vergados, A. Faessler, cay of Nd, Phys. Rev. C 83, 064318 (2011).
Additional nucleon current contributions to neutrino- 10.1103/PhysRevC.83.064318
less double 3 decay, Phys. Rev. C 60, 055502 (1999). [58] H. Ejiri, Neutrino-Mass Sensitivity and Nuclear Ma-
10.1103/PhysRevC.60.055502 trix Element for Neutrinoless Double Beta Decay,
[45] J. Kotila, F. Iachello, Phase-space factors for Universe 6, 225 (2020). 10.3390/universe6120225

double-8 decay, Phys. Rev. C 85, 034316 (2012).


https://doi.org/10.3389/fspas.2021.659815
https://doi.org/10.1103/PhysRevC.105.014630
https://doi.org/https://doi.org/10.1016/j.physletb.2020.135528
https://doi.org/10.3390/universe7040098
https://doi.org/10.3390/universe10020093
https://doi.org/10.1103/PhysRevC.98.044620
https://doi.org/10.3390/universe10050202
https://doi.org/10.3390/universe10050202
https://doi.org/10.22323/1.302.0015
https://doi.org/10.1007/s00601-012-0586-9
https://doi.org/10.1103/PhysRevLett.59.2020
https://doi.org/10.1103/PhysRevLett.59.2020
https://doi.org/10.3390/universe6100159
https://doi.org/10.1016/j.physrep.2018.12.001
https://doi.org/10.1146/annurev-nucl-101918-023407
https://doi.org/10.1103/PhysRevC.60.055502
https://doi.org/10.1103/PhysRevC.85.034316
https://doi.org/doi:10.1088/0034-4885/54/1/002
https://doi.org/10.1103/RevModPhys.95.025002
https://doi.org/10.1088/0954-3899/40/7/075102
https://doi.org/https://doi.org/10.1016/S0370-1573(01)00012-6
https://doi.org/10.1143/JPSJ.74.2101
https://doi.org/https://doi.org/10.1016/j.physletb.2019.05.037
https://doi.org/10.1103/PhysRevLett.113.262501
https://doi.org/10.1103/PhysRevLett.113.262501
https://doi.org/10.1103/PhysRevLett.100.112501
https://doi.org/10.1103/PhysRevLett.100.112501
https://doi.org/10.1103/PhysRevC.87.051305
https://doi.org/10.1088/1742-6596/1056/1/012045
https://doi.org/10.1088/1742-6596/1056/1/012045
https://doi.org/https://doi.org/10.1016/j.ppnp.2009.12.029
https://doi.org/10.1103/PhysRevC.83.064318
https://doi.org/10.3390/universe6120225

EPJ Web of Conferences 304, 01004 (2024)

https://doi.org/10.1051/epjconf/202430401004

HINPw7

[59] J. Engel, J. Menéndez, Status and future of nuclear (2010). 10.1103/PhysRevLett.105.252503
matrix elements for neutrinoless double-beta decay: [65] J.M. Yao, L.S. Song, K. Hagino, P. Ring, J. Meng,
a review, Reports on Progress in Physics 80, 046301 Systematic study of nuclear matrix elements in neu-
(2017). 10.1088/1361-6633/aa5bc5 trinoless double-8 decay with a beyond-mean-field

[60] X. Wang, A. Hayes, J. Carlson, G. Dong, covariant density functional theory, Phys. Rev. C 91,
E. Mereghetti, S. Pastore, R. Wiringa, Com- 024316 (2015). 10.1103/PhysRevC.91.024316
parison between variational monte carlo and [66] E. Caurier, J. Menéndez, F. Nowacki, A. Poves, In-
shell model calculations of neutrinoless dou- fluence of pairing on the nuclear matrix elements
ble beta decay matrix elements in light nu- of the neutrinoless S8 decays, Phys. Rev. Lett. 100,
clei, Phys. Lett. B 798, 134974 (2019). 052503 (2008). 10.1103/PhysRevLett.100.052503
https://doi.org/10.1016/j.physletb.2019.134974 [67] Y. Iwata, N. Shimizu, T. Otsuka, Y. Utsuno,

[61] J. Suhonen, M. Kortelainen, Nuclear ma- J. Menéndez, M. Honma, T. Abe, Large-scale shell-
trix elements for double beta decay, Int. model analysis of the neutrinoless 58 decay of *Ca,
Jour., of Mod. Phys. E 17, 1 (2008), Phys. Rev. Lett. 116, 112502 (2016). 10.1103/Phys-
https://doi.org/10.1142/S0218301308009495. RevLett.116.112502
10.1142/S0218301308009495 [68] L. Coraggio, A. Gargano, N. Itaco, R. Mancino,

[62] F. Simkovic, V. Rodin, A. Faessler, P. Vogel, 0vg3 F. Nowacki, Calculation of the neutrinoless double-3
and 2vBB nuclear matrix elements, quasiparticle decay matrix element within the realistic shell model,
random-phase approximation, and isospin symme- Phys. Rev. C 101, 044315 (2020). 10.1103/Phys-
try restoration, Phys. Rev. C 87, 045501 (2013), RevC.101.044315
1302.1509. 10.1103/PhysRevC.87.045501 [69] J. Barea, J. Kotila, F. Iachello, Nuclear matrix ele-

[63] N.L. Vaquero, T.R. Rodriguez, J.L. Egido, Shape ments for double-3 decay, Phys. Rev. C 87, 014315
and pairing fluctuation effects on neutrinoless dou- (2013). 10.1103/PhysRevC.87.014315
ble beta decay nuclear matrix elements, Phys.  [70] A.Belley, C.G. Payne, S.R. Stroberg, T. Miyagi, J.D.
Rev. Lett. 111, 142501 (2013). 10.1103/Phys- Holt, Ab initio neutrinoless double-beta decay matrix
RevLett.111.142501 elements for “*Ca, 7°Ge, and 3?Se, Phys. Rev. Lett.

[64] T.R. Rodriguez, G. Martinez-Pinedo, Energy den- 126, 042502 (2021), 2008.06588. 10.1103/Phys-

sity functional study of nuclear matrix elements for
neutrinoless B3 decay, Phys. Rev. Lett. 105, 252503

RevLett.126.042502


https://doi.org/10.1088/1361-6633/aa5bc5
https://doi.org/https://doi.org/10.1016/j.physletb.2019.134974
https://doi.org/10.1142/S0218301308009495
https://doi.org/10.1103/PhysRevC.87.045501
https://doi.org/10.1103/PhysRevLett.111.142501
https://doi.org/10.1103/PhysRevLett.111.142501
https://doi.org/10.1103/PhysRevLett.105.252503
https://doi.org/10.1103/PhysRevC.91.024316
https://doi.org/10.1103/PhysRevLett.100.052503
https://doi.org/10.1103/PhysRevLett.116.112502
https://doi.org/10.1103/PhysRevLett.116.112502
https://doi.org/10.1103/PhysRevC.101.044315
https://doi.org/10.1103/PhysRevC.101.044315
https://doi.org/10.1103/PhysRevC.87.014315
https://doi.org/10.1103/PhysRevLett.126.042502
https://doi.org/10.1103/PhysRevLett.126.042502

