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BP decay

Open problems in modern physics:

_ — OvpBp is considered the most
Neutrino absolute mass scale

promising approach

Neutrino nature

A%y = 78Vy_o + 2e + (27) Ml
+2IN-2
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Isobaric nuclear transition where
a parent nucleus spontaneously
decays into a daughter nucleus
changing by two units its charge
and leaving the mass number
unchanged s |
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* Ejiri, H.; Suhonen, J.; Zuber, K., Physics Reports 2019, 1, 797
* Agostini, M. ; Benato, G.; Detwiler J.A.; Menendez, J.; Vissani,
F.; Reviews of Modern Physycs 2023, 95, 025002

v Process mediated by the weak interaction
v" Observable in even-even nuclei where the single B-decay is energetically forbidden



Double pB-decay

Two-neutrino double beta decay Neutrinoless double beta decay

Observed in 12 nuclei since 1987 Not yet observed

E. Majorana, Il Nuovo Cimento 14 (1937) 171

M. Goeppert-Mayer, Phys Rev. 48 (1935) 512
W. H. Furry, Phys Rev. 56 (1939) 1184

1. Within standard model 1. Beyond standard model

2. T,,=7*10"to 2*10* yr 2. Violation of lepton number conservation
3. Access to effective neutrino mass
4. CP violation in lepton sector
5. A way to leptogenesis and GUT
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The Nuclear Matrix Element

New physics for the next decades

v" Calculations (still sizeable uncertainties): QRPA,
requiring Large scale shell model, IBM, EDF, ab-initio .....

Nuclear Matrix Element (NME)!
State of the art NME calculations
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v" Much work on the transition operator, now including all the - I S A -
known short-range weak interaction physics (see F.F. s 5 . I E
Deppisch et al., PRD 102, 095016 (2020)) ol fsea T E Ty Ty TR Ty T

. . . M. Agostini et al., Rev. Mod. Phys. 95 (2023) 025002
v' The challenge is the description of the nuclear many body ° ’ (2023)
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Support from the experiments

Measurements (not yet strongly constraining the Ov33 NME):

\/B_decay and ZVBﬁ_decay - 1%t order isospin probes
- 2"d order isospin probes

v (rt*, ), single charge exchange (SCE) (3He,t), (d,2He), HI-SCE, electron

capture, transfer reactions, p-nucleus scattering, y-ray spectroscopy,
double y-decay etc..

v'A recent promising tool: Heavy-lon Double Charge-Exchange (DCE)



Ru A new experimental tool
N B #:CrC
Hh =*NURE
NUMEN :
}\\l (-

*( )= Heavy-lon induced Double Charge Exchange reactions (DCE) as surrogate processes
of OvBP to stimulate in the laboratory the same nuclear transition (g.s. to g.s.)

N

(180,180)

The NUMEN project: NUclear Matrix Elements for Neutrinoless double beta decay O
The NURE project: NUclear REactions for for neutrinoless double beta decay

50,10

* DCE on isotopes of interest for OvBB via (2*°Ne,2°0) (BB’) and (*20,'8Ne) BB*
from 15 MeV/u to 60 MeV/u

 Complete network of reactions competing with the DCE and partly feeding
DCE via multi-step processes: 1p-, 2p-, 1n-, 2n-transfer, SCE, (elastic and
inelastic scattering)

(ZONe’ZONe)

F. Cappuzzello et al., Eur. Phys. Jour. A (2018) 54:72
F. Cappuzzello et al., Prog. in Part. and Nucl. Phys. 128 (2023) 103999



Heavy-ion DCE vs Ovpp

Differences

* DCE mediated by strong interaction, OvB by weak interaction
* Decay vs reaction dynamics
* DCE includes sequential transfer mechanism

Similarities
 Same initial and final states: Parent/daughter states of the 0V 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: Constraints on the theoretical determination of quenching phenomena on ovpp
» Off-shell propagation through virtual intermediate channels



1)

2)

3)

The DCE reaction mechanism

Heavy ion DCE can proceed:

One-step DCE - Two-nucleon mechanism (MDCE): relying on short range
NN correlations, leading to the correlated exchange of two charged

isovector mesons between projectile and target.
H.Lenske et al., PPNP 109 (2019) 103716 and H.Lenske et al., Universe (2024), 10, 202

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

single charge exchange processes mediated by NN isovector interaction.
J.I.Bellone et al., PLB 807 (2020) 135528, H.Lenske et al., Universe 7 (2021) 98 and H.Lenske et
al., Universe (2024), 10, 93

High-order sequential multi-nucleon transfer mediated by mean field.
J.L. Ferreira et al. PRC 105 (2022) 014630

The DCE cross section combines the three different classes of reaction dynamics
F. Cappuzzello et al. Prog. Part. and Nucl. Phys., 128 (2023) 103999




Recent literature on HI-DCE

Progress in Particle and Nuclear Physics 109 (2019) 103716

Contents lists available at ScienceDirect
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MAGNEX: a large acceptance QD magnetic spectrometer

» The Quadrupole: vertically focusing

(Aperture radius 20 cm, effective length 58 cm. Maximum field strength 5 T/m,

presently being upgraded to 6 T/m)

» The Dipole: momentum dispersion (and horizontal focus)

(Mean bending angle 55, radius 1.60 m. Maximum field ~ 1.15 T, presently being

upgraded to 1.38 T)

Quadrupole

T
, .J\ N

Scattering Rl

Chamber

— / Detector

F. Cappuzzello et al., Eur. Phys. Jour. A (2016) 52:167
M. Cavallaro et al., NIM B 463 (2020) 334-338

Optical characteristics Measured
values

Angular acceptance (Solid angle) 50 msr
-20° + +85°
—14% + +10%
Momentum dispersion for k = — 0.104 3.68 (cm/%)

Angular range

Momentum acceptance

Maximum magnetic rigidity 1.8 Tm*
*presently being upgraded to 2.2 Tm

Focal Plane

Measured resolution:
Energy AE/E ~1/1000
Angle AB ~0.3°

Mass Am/m ~1/300

A wide mass range (from protons to
medium-mass nuclei)



The multi-channel approach



‘\\ .
EMEN The NUMEN multi-channel approach

Several scattering and reaction channels open in a heavy-ion collisions above Coulomb barrier

(1803180)
Although the main interest is for DCE reactions, all the other quasi-elastic processes are
important sources of information, essential to build a constrained analysis of the 6,70 _>7
nuclear states of interest for DCE and Ov[3f3 005 1272
1 2Ca
= "”o Ca
9_ “ X %,
Elastic scattering = nucleus-nucleus optical potential T & o | 1k
N 5 39K %x
Inelastic scattering =———p coupling strength to low-lying states N \‘,\_’l
3Ar | 9Ar | Ar
One-nucleon transfer reactions = single-particle spectroscopic amplitudes

_>N

Two-nucleon transfer reactions —————p strength of pairing correlations
Single charge exchange (SCE) =————p nuclear response to 1%t order isospin operators (One-Body Transition Densities)

Double charge exchange (DCE) = nuclear response to 2"9 order isospin operators (Two-Body Transition Densities)



The NUMEN multi-channel vision

NUMEN

v" Measuring all the accessible quasi-elastic channels all at once gives a high reliability of the measured observables,
since systematic errors are largely cancelled, thanks to the many available cross checks in the data

v" From the theory side, constrained data analyses can be performed, such as coupled channel approaches, largely
reducing the need of free parameters in both nuclear structure and reaction models

An example

116 116
O Cd - 116Sn case
v Experiments @ 15 MeV/A

(180,180)
18Q 116Q » 180 4 116G
\ > 2Ne + 116Cd

117In

%Cd 115C 116Cd 114C

(2°Ne,2°Ne)

(Cxema g g Q




EUMEN Systems of interest for Ovpp already explored

116C(d - 1169 case 76Ge — 76Se case 130T — 130xe case 48Tj — 48Ca case
@ 15 AMeV @ 15 AMeV @ 15 AMeV
15 AMeV
> 1°0 +1%n > 2°Ne + 7%Ge (;'D 20Ne + 130Te > 180 +48Tj
> 20Ne + 116Cd > 180 + 765
(180,180 (180’180) (180 180

(ZONe,ZONe)

v’ D. Carbone et al., PRC 102 (2020) 044606

v’ S. Calabrese et al., NIM A 980 (2020) 164500
v' S. Burrello et al. PRC 105 (2022) 024616

v' D. Carbone et al., Universe 7 (2021) 58

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

78Ge

N
N
(20Ne 21N —
76 130
20Ne.22Ne Ge (2°N‘e,22Ne) | Te
N
—— N ——— N
(2'Ne,2'Ne) (*'Ne,2'Ne)

v’ A.Spatafora et al., PRC 100 (2019) 034620 v' V. Soukeras et al. Res. in Phys. 28 (2021) 104691
v L. La Fauci et al., PRC 104 (2021) 054610 v' D. Carbone et al., Universe 7 (2021) 58

v 1. Ciraldo et al. PRC 105, (2022) 044607
v |. Ciraldo et al., PRC, 2024, 109(2), 024615

v" 0. Sgouros et al., PRC 104 (2021) 034617
v G. Brischetto et al., PRC 109 (2024) 014604
v" 0. Sgoursos et al. PRC 108 (2023) 044611



Other explored systems, relevant for the reaction mechanism

40Ca — 40Ar case

@ 15 AMeV
> 180 +%9Ca
(180’180)
(Pt —
(180,170)
40Ca
42
~ % lca Ca
"O_. 5 %
= 5 O’e
Q WK | 1K
N IZ K %%
X
N
38 Ar 39 Ar 40 Ar

— N
v' M. Cavallaro et al., Front. Astron. Space Sci. (2021) 8:659815
v’ S. Calabrese et al., Phys. Rev. C (2021) 104, 064609
v" J.L. Ferreira et al., Phys. Rev. C 103 (2021) 054604

v’ F. Cappuzzello et al. Eur. Phys. J. A (2015) 51: 145
v’ B.A. Urazbekov, PRC 108 (2023) 064609

12C — 12Be case

@ 15 AMeV and @ 22 AMeV

> 180 + 12C

(1803180

v' A. Spatafora et al., Phys. Rev. C (2023) 107, 024605




The multichannel approach at work: the 30 + 4Ca @ 270 MeV case

(1803180)

18y 17,
40Cq (70,’0)

42
,dblca Ca

(d61°Og1)

J2)40 41
3K '%K K

(3Nz°'0s))

38 Ar 39 Ar 40 Ar




The 4°Ca(130,130)%Ca elastic and inelastic scattering @ 270 MeV e:r C

NUMEN 53 NURE
400 G ! (fm_l)
©400[ 1 2 3 4 5
c B o ! T T T
LED) 350 NUMEN & “ca(**0,"*0)*ca 40Ca 0 | | | '@
- | 82°¢@ <90° 10—, e SPP OM
[ lab SPPCC[NW=O.6)
300:_ + o — —. SPPCC (N, =078)
2501 + : B T ExpDan
B + 180 é 10 E‘
200} + b -
- 4 O S 107F
150 C 40 1818 40
- + > 1 0'4E' Ca( O, OE_K_} Cag__,_
B = =
100 by 8 40Ca2* + 180 .
sof- R 5 3.904 MeV + B E | | | | |
[ ] 1 -6 Ly 1 1 1 1 1
: o ot IR T Ca% + 10y, | ' 10 5 10 15 20 25 30
O_TélAL:Jéu-_-lll||(|)||||41c1.|||2|||4..J.:|3|¢w*|£|l.|\|f5|*|'r|6 3737 MeV ? i .I‘ : BCM(deg)
E, (MeV) I 11 10’
40C¢’:]g_s_+ 1802+ i i : : R N . SPPDWBA ®
: , , , 1.982 MeV T 10 SPPCC (N, =08)
Key information from scattering data analysis: R o ~ = SPRCC, =078
b (| = —_— : A
PCags+ 005 111 14 A
. . g
* Double folding Sao Paulo Potential works well 0 Mev 5
% 10
. . L =, 4(}Ca(180,180 }4(}Ca
* Coupling to low-lying 2* and 3- states of 180 and 4°Ca states is important 10 1982MeV" g
107
. : .
* Effects of coupling can be accounted for in average by Coupled Channel 10 2 m L > - 0

Equivalent Potential approach Oy (deg)

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



The “°Ca(180,!°F)¥*K 1p transfer @ 270 MeV

CCBA analysis based on shell model amplitudes

{‘;é : 96480, 9K 40Ca —"”: ?\.\I. 20 (a)
02007 5.0°«<8 <«55° 1E ..-' ‘. ‘. o
- lab 19F . 10 . Peak 1
39K k% n
L ‘g 100 = @  Exp. data .
150 180 = F . —=. OM(SPP) + DWBA Sum **
B G 1 - = = OM(CCEP) + DWBA Sum
Ig 10 — CCBA(SPP) Sum
= - 39
100 o - CCBA(SPP) ' F +
- 107 . CCBA(SPP) 19F0110+ K,,
Note: the optical potential is E <+ CCBA(SPP) F, ,, +K
L ] 85 ] ]
50 extracted from our CC data analysis 0 5 1() 15 20
i of elastic and inelastic scattering data 0__ (deg)
-2

S. Calabrese et al., Phys. Rev. C 104, 064609 (2021)

* “Heascore, 1py,, 1py/y, 1ds),, 251/, 1d;,, active orbitals with p-sd-mod interaction for projectile
 %Siasacore, 2s,,, 1d3/,, 1f;/,, 2p;, active orbitals with ZBM2-modified interaction for the target

—

* Very good description of the data from CCBA constrained approach
Key information from 1p transfer:
* Mixing of single particle and core polarization configurations




The “°Ca('80,70)*'Ca 1n transfer @ 270 MeV

NUMEN

CCBA analysis based on shell model amplitudes using the same model space and interaction as for
one-proton transfer reaction

m300 1 1 I I 1 1
€ 4003(180,170)4103 \| 40Ca| 41Ca 102 (a)
S | 50°<e <550 > A A =3 41
0250; 50°<6 <55 s %‘I : ) Ca
B : .
i + | & 10F
200 < | o .
- i 3 “ | 170 | 180 E n
o : | 0 |
i 2] S 1 : : | "B " @ Exp.data
i 1 ! T . . . ° - - — OM(SPP) + DWBA
100F % [ Note: the optical potential is 10 OMECCEP+)+DWBA
[ i . =
- ' H extracted from our CC data analysis F —— CCBA(SPR)
T Lo of elastic and inelastic scattering data 10-20 o T
5 _1 i .“ A : e 1é -"'.1""3|,-\'--|.14\"r'4 |5\\ L1 |6\| L1 |; eC.m. (deg)

S. Calabrese et al., Phys. Rev. C 104, 064609 (2021)

* Very good description of the data from CCBA constrained approach

Key information from 1n transfer: .. . . . . .
y * Mixing of single particle and core polarization configurations




The “°Ca(180,2°Ne)38Ar 2p transfer @ 270 MeV

NUMEN

interaction as for one-nucleon transfer reactions

£5000 “0Ca("0, Ne)*®Ar 102
§ 80 + 0°<0 <8 40Ca 20Ne g
L 60
4000—
O 40r
L 20 107 ¢
3000— N
B R R 38Ar 180
2000— . . N Y Bt Seq
B Note: the optical potential is extracted 0 :
1000 from our CC data analysis of elastic and § i CohiSum '
r . . . - Incoh-Sum
- 3 inelastic scattering data g ey
0‘7 L 11 | L1 ‘ | ‘ Ll ‘ | ‘ | ‘ L1 % (b) 2 peak 4nca(lgo‘20Ne*)3gAI* :
-4 -2 0 2 4 6 8 o

10 12
E, (MeV) 107 |
£

Key information from 2p transfer:

 Very low cross section (comparable with DCE) for low-lying states
(poorly matched)

« Competition between one step and sequential two-step mechanisms

Co?l—Sum
10 - Incoh-Sum

4

* Good description of the data from CCBA constrained approach 0o 4 o () 2
cm\dEg

J.L. Ferreira et al., Phys. Rev. C 103 (2021) 054604



NUMEN

The 4°Ca(130,2'Ne)’3Ar 2p transfer @ 270 MeV

CCBA analysis based on direct and two-step transfer with shell model amplitudes using the same model space and
interaction as for one nucleon transfer reactions
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CCBA and CRC analyses based on direct and two-step transfer with shell model amplitudes

The ¥Ca(130,'8F)*K single charge exchange @ 270 MeV

using the same model space and interaction as for one nucleon transfer reactions
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Note: the optical potential is extracted
from our CC data analysis of elastic and
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Key information from SCE data:

Two-step nucleonic SCE mechanism plays a significant role, although it is
expected to contribute less at higher excitation energy due to the progressively
worse kinematical matching

Room is left for alternative reaction mechanisms feeding the SCE channel,
especially at high excitation energy
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The “Ca('*0,'F)*K single charge exchange @ 270 MeV  &rc

DWABA analysis based on double folding form factors of QRPA (or shell model) transition densities with NN isovector interaction
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Note: the optical potential is extracted
from our CCEP data analysis of elastic

and inelastic scattering data

Key information from SCE data:

Direct meson exchange mechanism important at low excitation energy

One needs to accommodate both one- and two-step calculations in the
same DWBA or CC scheme with consistent nuclear structure input

Access to Fermi, Gamow-Teller as well as to high-multipole isospin response,
relevant for OV
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M. Cavallaro et al., Front. Astron. Space Sci.
(2021) 8:659815
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The ¥Ca(130,!3Ne)*’Ar double charge exchange @ 270 MeV
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F. Cappuzzello et al. Eur. Phys. J. A (2015) 51: 145

2-step DSCE: intermediate states with J7<5*
1-step MDCE: °Ca(0*)2>*°Ar([n"2p2]0*) : J=0+ with L=S=0 & [L=2 x $=2],,

H. Lenske et al. Progr. Part. and Nucl. Physics 109 (2019) 103716

J.1. Bellone et al., PLB 807 (2020) 135528

H. Lenske et al., Universe 7 (2021) 98

F. Cappuzzello et al. Prog. in Part. and Nucl. Phys. 128 (2023) 103999



The multi-nucleon transfer mechanisms for HI-DCE

v ISI and FSI ion-ion interaction from double folding (available from

(180 .160)
[]oce
[Isce elastic and inelastic data)
[rn v" Shell model amplitudes and deformations as for transfer calculations
Dn

v Four-step DWBA and CCBA calculations in large model spaces
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TDCE contribution is negligible!

* J.L. Ferreira et al., Phys. Rev. C 105, 014630 (2022)
* F. Cappuzzello et al. Prog. Part. and Nucl. Phys., 128 (2023) 103999



The two competing hadron mechanisms for HI-DCE

NUMEN
v' ISI and FSI ion-ion interaction from double folding
. (constrained by elastic and inelastic data)
b B v QRPA transition densities for microscopic form factors
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2-step DSCE: intermediate states with J*<5*
1-step MDCE: %°Ca(0*)2>%°Ar([n2p2]0*) : J=0+ with L=S=0 & [L=2 x S=2],,



Present limitations and perspectives

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

Systematic study of all the hot-cases Physics case for the upgrade of the LNS CS and ﬂ
. . related infrastructures towards high intense beams p@m&
Much higher beam current is needed (from the present 100 W to the foreseen 10 kW)
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CS extraction by stripping New tracker for the FPD New PID-wall for the FPD New gamma-ray calorimeter
(THGEM technology) (SiC + Csl telescopes) (LaBr3 scintillators)

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

>

Second order isospin excitations of nuclei bridge the gap between nuclear and neutrino physics

Heavy-ion DCE reactions can significantly contribute to this research field, providing that nuclear structure and

reaction aspects are accurately and consistently addressed

Multi-channel reaction approach is mandatory and, in my opinion, should be generalized to many other aspect of

nuclear research

Outlooks

MAGNEX FPD @ iThemba LABS %
RF

New measurements at iThemba LABS on 20 + 76Se Welloud Remorch | Lolxocaiony fox Acoederolor

CS and MAGNEX FPD upgrade ongoing for reaching high intensity

Extensive exploration of all the nuclei candidate for OvBp decay with the high intensity beams ? v
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