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Extraction from measured cross-sections of “data-driven” information on Nuclear 
Matrix Elements for all the systems candidate for 0νββ
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Nuclear Matrix Element (NME)

0νββ decay half-life contains the average 
neutrino mass

Phase space factor

Transition probability 
of a nuclear process

Use of nuclear reactions (Double Charge Exchange reactions) to 
stimulate in the laboratory the same nuclear transition occurring in 0νββ 
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E. Majorana, Il Nuovo Cimento 14 (1937) 171 
W. H. Furry, Phys Rev. 56 (1939) 1184

  

Conclusioni

● Necessità di verificarei meccanismi see-
saw e la teoria della Leptogenesi per 
poter collegare la fisica del neutrino al 
asimmetria tra la materia e l'antimateria 
cosmologica.

● Nei prossimi anni, gli acceleratori come 
l'LHC potranno fare luce sulla natura di 
Majorana dei neutrini e potranno 
permettere di verificare i meccanismi 
see-saw dei neutrini.

● Leptogenesi               Modello più convincente per spiegare l'asimmetria tra materia e 
antimateria.

● L'introduzione delle nuove particelle pesanti, il cui decadimento genera la Leptogenesi 
permette di dare un significato alle masse dei neutrini.

NUMEN
NUclear Matrix Element for Neutrinoless double beta decay

Nuclear Physics Mid Term Plan in Italy – LNS Session

The goal:
systematic study of all the hot-cases

The way:
high current beams and advanced

spectrometry

Only few systems have been studied in the present condition (due to the low cross sections)

1.26 m

Scientific motivation for the upgrade of the LNS superconducting cyclotron and related
infrastructures to deliver high intense beams (10kW)

Superconducting cyclotron
Extraction by stripping (5-10 kW)

New tracker for the FPD
(THGEM technology)

New PID-wall for the FPD
(SiC + CsI telescopes)

New gamma-ray calorimeter
(LaBr3 scintillators)

NUMEN TDR
F. Cappuzzello, C. Agodi et al., Intern. Journ. of Mod. Phys. A 36, 30 (2021) 2130018

Present limitations and perspectives



The Nuclear Matrix Element

Nuclear Physics Mid Term Plan in Italy – LNS Session

requiring

Nuclear Matrix Element (NME)!
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9 NMEs are not physical obervables

9 The challenge is the description of the nuclear many body states

9 Calculations (still sizeable uncertainties): QRPA, Large scale shell model, IBM, EDF, ab-initio ͙͘͘

New physics for the next decades State of art NME calculations

The Nuclear Matrix Element

Ø NMEs are not physical observables

Ø The challenge is the description of the nuclear many body states

Ø Calculations (still sizeable uncertainties): QRPA, Large scale shell model, IBM, ab-initio…

Measurement (still not conclusive for 0𝜈𝛽𝛽 NME): 

Ø 𝛽-decay and 2𝜈𝛽𝛽 decay

Ø (𝜋+, 𝜋-), single charge exchange (3He,t), (d,2He), HI-SCE, electron capture, transfer 
reactions, 𝜇 – nucleus scattering, 𝛾-ray spectroscopy, double 𝛾-decay etc…

Ø A promising experimental tool : Heavy-Ion Double Charge-Exchange (DCE)

Nuclear Physics Mid Term Plan in Italy – LNS Session

9E-decay and 2QEE decay

9(S+, S-), single charge exchange (3He,t), (d,2He), HI-SCE, electron capture,
transfer reactions, P-nucleus scattering, J-ray spectroscopy, double J-
decay etc..

9A promising experimental tool: Heavy-Ion Double Charge-Exchange (DCE)

Measurements (still not conclusive for 0QEE NME): 

2nd order isospin probes

1st order isospin probes

Support from the experiments

Support from the experiments:



HI - DCE as surrogate processs of 0𝜈𝛽𝛽 

Nuclear Physics Mid Term Plan in Italy – LNS Session
Heavy-ion DCE as surrogate processes of EE-decay

9 Induced by strong interaction

9 Sequential nucleon transfer mechanism 4th order: Kinematical
matching

9 Meson exchange mechanism 1st or 2nd order

9 Possibility to go in both directions

9 Low cross section
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76Ge74Ge

76As

77Se

75As 77As

75Ge

( 18O
, 20N

e)

3Tiny amount of DGT 
strenght for low lying
states

Sum rule almost
exhausted by DGT Giant
Mode, still not observed

RIKEN

RCNP
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HI - DCE  Heavy-Ion DCE vs 0𝜈𝛽𝛽 Nuclear Physics Mid Term Plan in Italy – LNS Session

Similarities
• Same initial and final states: Parent/daughter states of the 0QEE decay are the same as

those of the target/residual nuclei in the DCE

• Similar operator: Short-range Fermi, Gamow-Teller and rank-2 tensor components are
present in both the transition operators, with tunable weight in DCE

• Large linear momentum (~100 MeV/c) available in the virtual intermediate channel

• Non-local processes: characterized by two vertices localized in a pair of nucleons

• Same nuclear medium: Constraint on the theoretical determination of quenching
phenomena on 0QEE

• Off-shell propagation through virtual intermediate channels

Differences
• DCE mediated by strong interaction, 0ǌǃǃ by weak interaction
• Decay vs reaction dynamics
• DCE includes sequential transfer mechanism

Heavy-ion DCE vs 0QEE-decay

Nuclear Physics Mid Term Plan in Italy – LNS Session
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present in both the transition operators, with tunable weight in DCE

• Large linear momentum (~100 MeV/c) available in the virtual intermediate channel

• Non-local processes: characterized by two vertices localized in a pair of nucleons

• Same nuclear medium: Constraint on the theoretical determination of quenching
phenomena on 0QEE

• Off-shell propagation through virtual intermediate channels

Differences
• DCE mediated by strong interaction, 0ǌǃǃ by weak interaction
• Decay vs reaction dynamics
• DCE includes sequential transfer mechanism

Heavy-ion DCE vs 0QEE-decay



DCE @ INFN - LNS
Nuclear Physics Mid Term Plan in Italy – LNS Session

Superconducting Cyclotron and MAGNEX spectrometer @ LNS

Crucial for the experimental challenges  

• In operation since 1996. 
• Accelerates from H to U ions
• Maximum energy 80 MeV/u.

F. Cappuzzello et al., Eur. Phys. J. A (2016) 52: 167

Optical characteristics Current values
Maximum magnetic rigidity (Tm) 1.8
Solid angle (msr) 50
Momentum acceptance -14%, +10%
Momentum dispersion (cm/%) 3.68

Good compensation of 
the aberrations:

Trajectory reconstruction

Measured resolutions:
• Energy 'E/E a 1/1000
• Angle Δθ a 0.2°
• Mass Δm/m  a 1/300 

Advanced spectroscopy accessible by direct reactions can provide precious 
information on  key 0𝜈𝛽𝛽 nuclear structure aspects  

The tiny values of the DCE cross-sections and the resolution requirement demand 
the use of precise equipment with a high capacity to select rare events.

crucial for the experimental challanges !
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Elastic scattering                         nucleus-nucleus optical potential

Inelastic scattering                      coupling strenght to low-lying states

One-nucleon transfer reactions                      single-particle spectroscopic amplitudes

Two-nucleon transfer reactions                      strenght of pairing correlations

Single charge exchange (SCE)                          nuclear response to 1st order isospin operators (One-Body Transition Densities)

Double charge exchange (DCE)                       nuclear response to 2nd order isospin operators (Two-Body Transition Densities)

Ø Several scattering and reaction channels open in heavy-ion collisions above Coulomb barrier.
Ø Each reaction channel gives relevant information on the nuclear structure and help us to 

study DCE reactions

Constraints on experimental data and theoretical analysis in a coherent way
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The experimental strategy in a nutshell
The full understanding of the DCE reaction mechanism implies the study of a wide network of nuclear 

reactions: the new methodology proposed is the multi-channel approach

NUMEN measure in a unique experimental setup 
the energy spectra and cross-section angular distributions of:



The multichannel approach: 
18O+12C an ideal benchmark system

A. Spatafora et al. PRC 107, 024605 (2023)
A. Spatafora et al., submitted

Elastic and Inelastic One-neutron transfer

One-proton transfer Single charge exchange

Excitation energy spectra for the network of the nuclear 
reactions involved in the multichannel study of the SCE reactions 
coming from the 18O+12C collision @275 MeV incident energy

Experimental cross-section angular distribution of the 
elastic scattering exctracted for the ground-state



One of the NUMEN goals: 
Coherent calculation with direct and sequential single charge exchange reaction mechanism

Good description of the experimental data with 
NO SCALING factor

Ø ISI  from elastic and inelastic scattering

Ø DWBA analysis
Ø Large-scale shell-model (transfer)+ One 

Body Transition Density (direct) 
  

Sequential 
two-step transfer of two nucleons Direct meson exchange The multichannel approach: SCE reaction study

4

tron/proton transfer reactions analyses were published
in Ref. [44], which we refer to for details of the experi-
mental setup and theoretical analysis, which in the spirit
of the multichannel methodology are largely in common
with this article.

The article is organized as follows: the experiment and
the measured energy spectra are presented in Section II;
the theoretical framework is described in detail in Section
III; the comparison of the calculated and measured cross-
sections are discussed in Section IV, followed in Section
V by the conclusions.

II. EXPERIMENTAL SETUP AND RESULTS

The experiment was performed at the Istituto
Nazionale di Fisica Nucleare - Laboratori Nazionali del
Sud (INFN-LNS) in Catania, using the 18O ion beam ac-
celerated by the K800 Superconducting Cyclotron at 275
MeV bombarding energy and the MAGNEX large accep-
tance magnetic spectrometer [45]. The magnetic fields
of the MAGNEX dipole and quadrupole magnets were
set in order to transport the 18F9+ ions, corresponding
to the ejectiles of the SCE reaction channel, in the do-
main of momenta covered by the MAGNEX focal plane
detector (FPD) [46]. The two targets adopted during
the measurements (60 ± 3 µg/cm2 and 200 ± 10 µg/cm2

thick 12C self-supporting films) were located in the ob-
ject point of the magnetic spectrometer whose optical
axis was oriented, compared to the beam direction, at
✓opt = 7.5°, 8° and 13.5°. The details of the experimental
setup and data reduction have been previously described
in Ref. [44]. Here it is worth underlying that all the re-
action channels therein presented were measured in the
same experimental conditions and that the evaluation
of the absolute cross-sections was conducted adopting
the multichannel approach that allows to minimize the
sources of systematic uncertainty.

The excitation energy Ex was calculated as the di↵er-
ence Q0 � Q where Q0 is the ground to ground state
Q-value and Q is the Q-value obtained by the miss-
ing mass technique based on relativistic kinematic trans-
formations. The Ex spectrum for the 12C(18O,18F)12B
charge-exchange reaction at 275 MeV incident energy in
the angular region 8°< ✓lab <10° is shown in Fig. 1. The
heavy-ion charge-exchange reactions populating odd-odd
systems both in the ejectile and residual nuclei typically
produce energy spectra characterized by high level den-
sity. This is the case of the 40Ca(18O,18F)40K [13] and
the 116Cd(20Ne,20F)116In [47] reactions, recently stud-
ied in similar experimental conditions. In these cases, it
was never possible to identify transitions towards isolated
states in the spectra, often appearing poorly structured
and mainly dominated by the rapid growth in the final
nuclei level density. In the present case, in which the
lighter 12B residual nucleus is under study, the final level
density is still manageable allowing to recognize several
structures in the spectra. Despite the fact that the com-
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FIG. 1. 12C(18O,18F)12Be single charge-exchange energy
spectrum at 275 MeV incident energy and 8° < ✓lab < 10°.
Hatched areas indicate the regions of interest for the study of
the cross-section angular distributions as labelled in the leg-
end. Dashed green line indicates the Sn one-neutron emission
threshold.

bination of the states for the ejectile and residual nuclei
generates hundreds of transitions in the first MeVs of the
spectrum, five peaks are clearly visible, and three of them
are below the 12B one-neutron emission threshold Sn at
3.370 MeV.
The first peak in Fig. 1 corresponds to the 0+ ! 1+

ground-to-ground state transition occurring both in the
target-like and projectile-like nuclei. The energy reso-
lution �Ex ⇡ 0.6 MeV was enough to isolate this tran-
sition from the ones populating the first excited states,
expected to be at about 1 MeV, where a second structure
can be recognised. In this second peak, contributions to
the spectrum are expected to come from the transitions
to the 3+ 0.937 MeV, 0� 1.080 MeV, and 5+ 1.121 MeV
states of the 18F ejectile, and the 2+ 0.953 MeV state of
the 12B residual nucleus. In the region of the third peak,
at about 2 MeV, contributions could come from the si-
multaneous excitation of the 12B 2+ state at 0.953 MeV
and the 3+, 0+, 0� and 5+ 18F states at 0.937, 1.042,
1.080 and 1.121 MeV, respectively. Other contributions
could also come from the population of the 12B 2� state
at 1.674 MeV, although the centroid of these structure
suggests a minor role for this last transition. The two
most prominent peaks are located above Sn overlying the
continuous spectrum in the 12B unbound states region.
The fourth peak located at Ex ⇡ 4.5 MeV was already
observed in other charge-exchange experiments on 12C
target [19, 48] and it was interpreted as the excitation
of the 2� and 4� unnatural parity states of 12B at 4.460



A. Spatafora et al. PRC 107, 024605 (2023)
A. Spatafora et al., submitted

The same approach is being applied to other SCE reactions of interest for 0νββ decay :
Ø 40Ca(18O,18F)40K (sequential routes already published in B. Urazbekov et al., PRC 108, 064609 (2023))
Ø 116Cd(20Ne,20F)116In (H. Garcia-Tecocoatzi et al.)

The multichannel approach: SCE reaction study

Competition between the sequential two-step transfer of two 
nucleons and the direct meson exchange process

ü At 15 AMeV incident energy both reaction mechanisms are needed to 
describe the SCE reaction channel

ü The weigth of the two analysed reaction mechanisms in each transition 
depends on the microscopic nature of the transition itself

Spectral contributions of differential cross-
section as a function of the excitation energyNuclear Physics Mid Term Plan in Italy – LNS Session

Key information from SCE data:
• Direct meson exchange mechanism important at low excitation
energy

• Two-step nucleonic SCE is expected to contribute less at higher excitation energy
due to the progressively worse kinematical matching

• Access to Fermi, Gamow-Teller and high-multipole isospin response, relevant for 𝟎𝝂𝜷𝜷

DWBA analysis based on double folding form factors of QRPA transition densities with NN isovector interaction 

Note: the optical potential is extracted
from our CCEP data analysis of elastic and
inelastic scattering data

NUMEN
M. Cavallaro et al., Front. Astron. Space Sci. (2021) 8:659815

NUMEN

NUMEN

NURE

40Ca

38Ar

42Ca

40Ar

18Ne

16O

20Ne

18O

The 40Ca(18O,18F)40K single charge exchange @ 270 MeV
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O. Sgouros et al., PRC 104, 034617 (2021)
O. Sgouros et al., PRC 108, 044611 (2023)
G. A. Brischetto et al., PRC 109, 014604 (2024)

Ø ISI from elastic and inelastic scattering

Ø DWBA and CC analysis
Ø Large-scale shell-model  

  

One-proton

NURE

Multichannel approach

Complete and coherent description of all the measured 
reaction channels in the same framework

48Ca-48Ti system of interest for 0νββ decay



Phase 2 NUMEN experimental runs  – DCE spectra

V. Soukeras et al., Res. Phys. 28, 104691 (2021) 

Check for time invariance

116Cd(20Ne,20O)116Sn

116Sn(18O,18Ne)116Cd

C. Eke, I. Ciraldo et al. Res. Phys. (submitted)

S. Calabrese et al.

130Te(20Ne,20O)130Xe76Se(18O,18Ne)76Ge

R. Linares et al.

76Ge(20Ne,20O)76Se

A. Spatafora et al.

130Te(20Ne,20O)130Xe



76Se
77Se 78Se

75As
76As

77As

74Ge 75Ge 76Ge

1) Sequential multi-nucleon transfer (defined by mean-field dynamics, its 
contribution can be tuned by kinematics conditions)

2) Two-step DCE - Double single charge exchange (DSCE): two consecutive 
single charge exchange processes 

3) One-step DCE - Two-nucleon mechanism (MDCE): relying on short 
range NN correlations, leading to the correlated exchange of two charged 
mesons between projectile and target
H. Lenske et al., Progr. Part. Nucl. Phys. 109 (2019) 103716
H. Lenske, CERN Proceedings 2019-001 (2019) 

E. Santopinto et al., Phys. Rev. C 98 (2018) 061601
J.I.Bellone et al., PLB 807 (2020) 135528
H. Lenske et al., Universe 7 (2021) 98 

J. Ferreira et al., PRC 105 (2022) 014630 

NUMEN theoretical developments

F. Cappuzzello et al., Prog. Part. Nucl. Phys. 128, 103999 (2023)
H. Lenske et al., Universe 10, 93 (2024)
H. Lenske et al., Universe 10, 202 (2024)
J. Ferreira et al., Multi-nucleon transfer in 18O + 40Ca DCE 
reaction (in preparation)

Recent theoretical developments H. Lenske et al., Universe 10, 202 (2024)
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The goal:
systematic study of all the hot-cases

The way:
high current beams and advanced

spectrometry

Only few systems have been studied in the present condition (due to the low cross sections)

1.26 m

Scientific motivation for the upgrade of the LNS superconducting cyclotron and related
infrastructures to deliver high intense beams (10kW)

Superconducting cyclotron
Extraction by stripping (5-10 kW)

New tracker for the FPD
(THGEM technology)

New PID-wall for the FPD
(SiC + CsI telescopes)

New gamma-ray calorimeter
(LaBr3 scintillators)

NUMEN TDR
F. Cappuzzello, C. Agodi et al., Intern. Journ. of Mod. Phys. A 36, 30 (2021) 2130018
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Present limitations and perspectives

The main MAGNEX R&D activities are focused on:
 
ü A new focal plane detector, Tracker+PID-Wall;
ü a new target system, resistant to high radiation and heat; 
ü a new-gamma ray detector, G-NUMEN;
ü Front-End e Read-Out electronics; 
ü mechanical integration and assembly of the new set-up 
ü DAQ and characterization of the high-speed signal reading system
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Present limitations and perspectives

• CS accelerator current (from 100 W to 
5-10 kW); from elecrostatic to 
extraction by stripping

• beam transport line transmission 
efficiency to nearly 100%. 

Ø The results obtained by NUMEN so far indicate that suitable information from DCE reactions can be extracted 
Ø However, the tiny values of such cross sections (few nb) and the resolution requirements demand beam 

intensities much higher than those manageable with the present facility 



Ø The construction of a New Focal Plane Detector
                    - New Gas-Tracker, based on M-THGEM technology

                  - New wall of telescopes of SiC-CsI detectors for ion identification (PID-wall)

Ø The introduction of a gamma-array Calorimeter of LaBr3(G-NUMEN);

 
Ø The development of suitable front-end and read-out electronics, for a fast read-out of the detector 

signals, a high signal to noise ratio and adequate hardness to radiation; 
Ø The implementation of a suitable architecture for data acquisition, storage and data handling; 
Ø The development of the technology for suitable nuclear targets to be used in the experiments 
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Ø Constraints to the existing theories of NMEs (nuclear wave functions)
Ø Model-independent comparative information on the sensitivity of half-life experiments
Ø Complete study of the reaction mechanism
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2013         2014       2015    2016     2017     2018    2019 2020      2021      2022         2023    2024 2025 2026 2027  2028………..  

Phase 1 completed:
ü Experimental feasibility demostrated
Phase 2 completed:
ü All the experiments in present condition recommended by IAC successfully performed. 

ü R&D for MAGNEX upgrade completed. New technologies, e.g. SiC, MTHGEM, HOPG etc.. 

ü Theory deeply developed.

Phase 3– Moving towards «ready-to-beam» condition:
ü Procurements and integration in advanced status (mechanics, electronics, DAQ, detectors, targets …)
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Conclusions and Outlook

ØMulti-channel reaction approach is quite appealing for accurate investigations of direct reactions 
originating in heavy-ion collisions and for precise spectroscopy of HI proposed by NUMEN with 
its challenging commitment to provide valuable information on neutrinoless double beta decay 
NME from SCE and DCE cross-section measurements.

ØThe upgrade of MAGNEX and of the INFN-LNS CS and research infrastructure will allow to 
significantly improve the overall NUMEN discovery potential !
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MAGNEX: large acceptance magnetic spectrometer

OUTLOOKS

9 Absolute cross sections measured

The 116Cd(20Ne,20O)116Sn reaction at 15 AMeV
in the context of the NUMEN project
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Project

What is it?
¾NUclear Matrix Elements for Neutrinoless double beta decay
¾ Innovative international project led by Istituto Nazionale di Fisica

Nucleare (INFN) started in 2015 in Catania [1]

¾ 12 countries involved 
¾ More than 70 members

Why DCE reactions?

What is the Goal?
¾ Extracting information on Nuclear Matrix Element of 0νββ

via cross sections measurement of Double Charge
Exchange (DCE) reactions focusing on target nuclei 
candidates for the 0νββ decay

¾ Despite mediated by different interactions they present some
similitarities to ββ-processes: connect same nuclear states,
involve similar operators [2]

¾ Chance to infer information on weak processes both from Single 
Charge-Exchange (SCE) and Double Charge-Exchange
(DCE) reactions, under certain experimental conditions [2,3]

MAGNEX Optical characteristics
Max magnetic rigidity 1.8 Tm

Solid angle 50 msr

Momentum acceptance -14%, +10%

Momentum dispersion 3.68 cm/%

Energy resolution ΔE/E ~ 1/1000

Angular resolution ~ 0.3°
Mass resolution ~ 1/160

Ebeam 306 MeV

Target 116Cd 1360 μg/cm2 + Post-Strip. 12C

Requires:
• Detailed knowledge of magnetic fields
• Powerful algorithms for solving the transport 

equations
• High performance detectors

RAY-RECONSTRUCTION TECHNIQUE
Determination of the ion trajectory inside the spectrometer

Assures:
� Good compensation of aberrations 
� Excellent quality of reconstructed parameters    

DATA ANALYSIS

MOTIVATION EXPERIMENT

REFERENCES

more about NUMEN?
For more informations about the project please visit:
https://web.infn.it/NUMEN/index.php/en

116Cd target looks very promising:
9 All channels of interest (DCE, SCE, 2p-transfer, 1n- 2n-
1p-transfer) are experimentally detectable (first
experimental measures!)
9 Energy resolution sufficient to distinguish g.s. transitions

� Already scheduled supplementary runs for the
measurement at 0°

And moreover

� Important constraints for the theoretical developments,
especially for the DCE channel

� In progress the upgrade of Superconducting Cyclotron
of INFN-LNS and MAGNEX spectrometer to overcome the
current limitations on the beam current delivered by the
accelerator and the maximum rate accepted by MAGNEX!
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Experimental inclusive absolute cross
section against excitation energy spectrum
for the DCE channel at 15 AMeV.
Two peaks are evident at low excitation
energy. The first corresponds to the g.s.
transition while the second is the
superposition of the 116Sn first excited state
at 1.29 MeV (see Table on the right) and the
20O ejectile emitted in its first excited state at
1.67 MeV (g.s.*).
The FWHM resolution for the g.s. transition
is ~800 keV.
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1.293 2+

Experimental inclusive absolute cross
section against excitation energy spectrum
for the Two-Proton Transfer channel at
15 AMeV.
A peak corresponding to g.s. transition is
visible despite the very low statistic. The
FWHM resolution is ~800 keV.
For the bumps between 1 and 3 MeV a more
involved analysis is in progress, taking into
account the first excited state of 18O at 1.982
MeV and the ones of 118Sn reported in the
Table on the left.

Experimental inclusive absolute
cross section against excitation
energy spectrum for the SCE channel
at 15 AMeV.
There are no well defined peaks due to
the high level density of excited states
for both 116In and 20F as shown in the
Tables on the right.

116Sn

Ex (MeV) Jπ

g.s. 0+

1.229 2+

118Sn

Ex (MeV) Jπ

g.s. 1+

0.127 5+

0.223 4+

0.272 2+

0.289 8-

116In
Ex (MeV) Jπ

g.s. 2+

0.656 3+

0.822 4+

0.983 1-

20F

First experimental measures for (20Ne,20O) reaction!

� Complete the data reduction for all the measured channels
� Evaluate the contribution of the sequential routes on 

the diagonal DCE reaction
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Project

What is it?
¾NUclear Matrix Elements for Neutrinoless double beta decay
¾ Innovative international project led by Istituto Nazionale di Fisica

Nucleare (INFN) started in 2015 in Catania [1]

¾ 12 countries involved 
¾ More than 70 members

Why DCE reactions?

What is the Goal?
¾ Extracting information on Nuclear Matrix Element of 0νββ

via cross sections measurement of Double Charge
Exchange (DCE) reactions focusing on target nuclei 
candidates for the 0νββ decay

¾ Despite mediated by different interactions they present some
similitarities to ββ-processes: connect same nuclear states,
involve similar operators [2]

¾ Chance to infer information on weak processes both from Single 
Charge-Exchange (SCE) and Double Charge-Exchange
(DCE) reactions, under certain experimental conditions [2,3]

MAGNEX Optical characteristics
Max magnetic rigidity 1.8 Tm

Solid angle 50 msr

Momentum acceptance -14%, +10%

Momentum dispersion 3.68 cm/%

Energy resolution ΔE/E ~ 1/1000

Angular resolution ~ 0.3°
Mass resolution ~ 1/160

Ebeam 306 MeV

Target 116Cd 1360 μg/cm2 + Post-Strip. 12C

Requires:
• Detailed knowledge of magnetic fields
• Powerful algorithms for solving the transport 

equations
• High performance detectors

RAY-RECONSTRUCTION TECHNIQUE
Determination of the ion trajectory inside the spectrometer

Assures:
� Good compensation of aberrations 
� Excellent quality of reconstructed parameters    
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116Cd target looks very promising:
9 All channels of interest (DCE, SCE, 2p-transfer, 1n- 2n-
1p-transfer) are experimentally detectable (first
experimental measures!)
9 Energy resolution sufficient to distinguish g.s. transitions

� Already scheduled supplementary runs for the
measurement at 0°

And moreover

� Important constraints for the theoretical developments,
especially for the DCE channel

� In progress the upgrade of Superconducting Cyclotron
of INFN-LNS and MAGNEX spectrometer to overcome the
current limitations on the beam current delivered by the
accelerator and the maximum rate accepted by MAGNEX!
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Experimental inclusive absolute cross
section against excitation energy spectrum
for the DCE channel at 15 AMeV.
Two peaks are evident at low excitation
energy. The first corresponds to the g.s.
transition while the second is the
superposition of the 116Sn first excited state
at 1.29 MeV (see Table on the right) and the
20O ejectile emitted in its first excited state at
1.67 MeV (g.s.*).
The FWHM resolution for the g.s. transition
is ~800 keV.
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Experimental inclusive absolute cross
section against excitation energy spectrum
for the Two-Proton Transfer channel at
15 AMeV.
A peak corresponding to g.s. transition is
visible despite the very low statistic. The
FWHM resolution is ~800 keV.
For the bumps between 1 and 3 MeV a more
involved analysis is in progress, taking into
account the first excited state of 18O at 1.982
MeV and the ones of 118Sn reported in the
Table on the left.

Experimental inclusive absolute
cross section against excitation
energy spectrum for the SCE channel
at 15 AMeV.
There are no well defined peaks due to
the high level density of excited states
for both 116In and 20F as shown in the
Tables on the right.
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0.656 3+

0.822 4+

0.983 1-

20F

First experimental measures for (20Ne,20O) reaction!

� Complete the data reduction for all the measured channels
� Evaluate the contribution of the sequential routes on 

the diagonal DCE reaction



20Ne @ 15 MeV/u 
The incident beam (20Ne10+) has Bρ lower than the ejetiles of interest
Faraday Cup in the «low Bρ» region of the FPD



18O @ 15 MeV/u 
The incident beam (18O8+) has Bρ higher than the ejetiles of interest
Faraday Cup in the «high Bρ» region of the FPD



Nuclear Matrix Elements towards 0νββ: theoretical model development
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- Nuclear structure models and 0νββ NME 

 
ü Shell Model (SM)
ü Approaches based on Energy Density Functional (i.e. RPA and extensions) 
ü Interacting boson model (IBM)

- Nuclear Matrix Elements for 0νββ decay candidates Nuclear Physics Mid Term Plan in Italy – LNS Session
Nuclear Matrix Elements for 0nbb decay candidates 11

Angela Gargano

Text
Results produced by different models show a large 
spread, a factor of about three

Reducing the uncertainty in the matrix element calculations will be
crucial if we wish to fully exploit an eventualmeasurement of the decay half-life

The uncertainty affects the choice of material to be used in 0nbb decay
searches, as well as its amount.
The choice of material is in fact a compromise between experimental
advantages and NME value.
An uncertainty of a factor of three in the NME corresponds to nearly an
order of magnitude uncertainty in the amount of material required.

J. Engel and J. Menendez, Rep. Prog.r Phys.  80 (2017), 4 046301

1

2

Results produced by different models show a 
large spread, a factor of about three, that leads 
to big uncercertainties 

Ø  on the amount of material required in the 
experiments 

Ø on the neutrino mass in case 0νββ will be 
observed 

Great efforts, in various directions, should be 
made to improve the NME calculations- How to better constrain nuclear models?

-  𝑀DGT from heavy-ion DCE reactions : 
Ø DCE cross section can be factorized in terms of reaction and nuclear structure parts 
Ø Nuclear structure part can be factorized in terms of target and projectile matrix elements

- DGT transition : correlation between 𝑀DGT and 𝑀0ν

- Double gamma decay : a good correspondence 
between the Double Isobaric Analog State (DIAS)  and the initial ββ state

Nuclear Physics Mid Term Plan in Italy – LNS Session
How to better constrain nuclear models? 15

Angela Gargano

üMasses
ü Spectra
ü Electromagnetic properties
ü 1or 2 particle separation energies
üOccupation numbers
ü…

Spectroscopy well described

2. J. M Shimizu, J. Menéndez, K. Yako, Pysics Review letter 120 142502 (2018)
à good linear colleration between Double Gamow-Teller (DGT) and 0nbb decay NME
Modern searches of the DGT GR are based on novel heavy-ion double charge-exchange reactions
(RNCP Osaka, RIBF RIKEN, LNS within the NUMEN project)

Can we reduce the uncertainties on 0nbb
NME by studying nuclear related properties?

1

1. B. Romeo, J. Menéndez, C. Peña Garay, Physics Letters B 827 (2022) 136965
à good linear correlation between the double gamma and 0nbb decay NME
Experimental steps in this direction may be undertaken @ LNS by using the MAGNEX spectrometer (J.J. Valiente-Dobon et al.)

2

Nuclear Physics Mid Term Plan in Italy – LNS Session
gg decay as a probe of  0nbb decay NME 16

Angela Gargano

Double gamma decay

gg decay observed in 0+à 0+ transitions in nuclei which have ground
and first excited states 0+,  where single-γ decay is forbidden

J. Kramp et al., Nuclear Physics A 474(2), 412–450 (1987)

LM'<∗ ⟶ LM'< + 2-

second-order EM decay which is naturally suppressed with respect to first-order decays à
an excited nuclear state simultaneously emits two γ-ray energy-quanta with a continuous γ-energy spectrum, with the sum 
energy of the two γ rays equalling the energy difference between the initial and the final state

M2E2
M2E2

0+

0+

3.35

0.0

40Ca

2M1
g

g

gg mode competing with single-γ decay recently observed from the 11/2-

state to 3/2+ ground state in 137Ba 

C. Walz et al., Nature 526(7573), 406–409 (2015)

In this persective 𝝲𝝲 decay as well as CE reactions induced heavy ions may represent a key tool
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Nuclear Matrix Element (NME)

0νββ decay half-life contains the average 
neutrino mass

Phase space factor

Transition probability of a 
nuclear process

One needs to resort to nuclear 
structure models to 

simplify the computational 
problem by reducing the

 number of active degrees of 
freedom (nuclear many-body 

problem) 

As a probe of 0νββ decay NME:


