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OvBB decay

Open problem in modern physics:

_ OvpBp is considered the
Neutrino absolute mass scale — s e TR

Neutrino nature
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v" Process mediated by the weak interaction
v' Observable in even-even nuclei where the single B-decay is energetically forbidden
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List not complete...

Search for Ovpp decay.
A worldwide race

Consequences of OvBB observation

* Beyond standard model

* Neutrino is its own anti-particle

* Access to effective neutrino mass

* Violation of lepton number
conservation

* CP violation in lepton sector

* A way to leptogenesis and GUT




Nuclear Matrix Elements

OvBp decay half-life containsthe average

\ Phase space factor neutrino mass
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Nuclear Matrix Element (NME)

; Transition probability of
Ovpp |~ _
M| = <‘P

‘{’i >‘ a nuclear process

Nuclear physics plays a key role!



Nuclear Matrix Elements
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A new experimental tool

Nuclear reactions
Double Charge Exchange reactions (DCE) to
stimulate in the laboratory the same nuclear

transition (g.s. to g.s.) occurring in Ovf3p
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OvBB vs DCE

Differences

DCE mediated by strong interaction, Ov@3p by weak interaction
Role of neutrino in OvBp, role of projectile in DCE
DCE includes sequential transfer mechanism

Similarities

Same initial and final states: Parent/daughter states of the 0v33 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: Constrainton the theoretical determination of quenching phenomena on ovpp
Off-shell propagation through virtual intermediate channels



The project

Transitions of interest for Ovp:
76Ge9765e’ 115Cd(—)1155n, 130T89130XE

Two directions:
BB* via (120,8Ne) and BB via (*°Ne,%°0)

Complete net of reactions which can contribute

to the DCE cross-section:
1p-, 2p-, 1n-, 2n-transfer, single cex, DCE

Two (or more) incident energies
to study the reaction mechanism

__(°Ne,”Ne) |

N —
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Main goal (Holy Grail):

Extraction from measured cross-sections of “data-
driven” information on NME for all the systems
candidate for Ov3f

Mid term goals

N
| W{  Constraints to the existing theories of NMEs (nuclear

wave functions)

* Model-independent comparative information on the
sensitivity of half-life experiments

* Complete study of the reaction mechanism



The context Single charge-exchange reactions

induced by lightions (3He,t), (d,?He), ...

. ] Interesting for B-decay and 2v[3B!
Weak interaction

probes
B, 2vBB, Other researches Transfer reactions
U-capture, for constraining¥;, ¥,

v-nucleus Scattering’ tO extract |nf0rmat|0n on NME
from experimental data and/or \J

constrain the theory

Double charge-exchange Heavy-ion induced double charge-exchange
induced by pions (m*, %) limited in the past due to low cross-sections

abandonedin the 80’s due to the a .
. i Tiny amount of strenghtin

large differences in the 4 low lying states

momentum available andlack of : : S = — —

direct GT componentin the

operators

Sum rule almost
exhausted by DGT
Giant Mode




Connection between pB-decay and Single CEX

Single B-decay strenghs are proportional to single CEX cross-sections under specific conditions
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(In general for B(GT)>0.05)

AL = 0 (high energy, small angles)
Tensor components negligible



Connection between B-decay and Single CEX

» For heavier projectiles: (’Li,’Be) B(GT)((7Li, 7Be);q=0]
’ ’ =1+0.2
P B(GT)[g-decay]
> 0 28 (1°, 2.2 MeV) ~ 1
2 04 *LI/ ] v" Confirmed on different nuclei: 11Be, 12B, 15C, 1°0
o i Tty ] less accurac
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S. Nakayama PRC 60 (1999) 047303

F. Cappuzzello etal., Nucl. Phys. A 739 (2004) 30-56
F.Cappuzzello etal. Phys.LettB 516 (2001) 21-26
F.Cappuzzello et al. EuroPhys.Lett 65 (2004) 766-772
S.E.A.Orrigo, etal. Phys.Lett. B633 (2006) 469-473
C.Nociforo etal. Eur.Phys.J. A27 (2006) 283-288
M.Cavallaro Nuovo Cimento C34 (2011) 1



2vpp - decay

g-available like ordinary p-decay
(q~0.01 fm!l ~2 MeV/c)
only allowed decays are possible (L =0)
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10-3 yield/(5 keV msr)
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2vpp - decay

g-available like ordinary p-decay
(q~0.01 fm! ~2 MeV/c)
only allowed decays possible (L =0)

&)
virtual \_/M] transition

S (1) =—

Single state dominance

6=3

n

Ovpp - decay

neutrino enters as virtual particle,
g~ 0.5fm? (~ 100 MeV/c)
forbiddeness weakened L =0, 1, 2...

virtual nt)ransition
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Methodology for 1T (0" —07) =G,

N B0

17 120.258(1) keV
1T 86.787(1) keV
17 44.425(1) keV

=

Q- = 923 keV
EC 76As Qp- = 2962 keV

U.+
76Ge

Not accessible
DCE through CEX

B—PB— reactions
Qp—p— = 2039.00(5) keV 0t
76Se
9 DECOMPOSITION OF
-MEF

Im J.Hyvarinen and J.Suhonen PHYS. REV. C91, 024613 (2015)
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The experiments
erc

.........
.........
.o'.'.' ::::



INFN

~ LNS

B The LNS laboratory in Catania
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The experimental facility INFN

~ LNS

MAGNEX spectrometer
KS00 Su perconducting cyclotron F. Cappuzzelloetal., Eur. Phys.J. A (2016) 52: 167

* In operation since 1996.
* Acceleratesfrom Hto Uions
* Maximum energy 80 MeV/u.

Optical characteristics Current values
Maximum magnetic rigidity (Tm) 1.8

Solid angle (msr) 50
Momentum acceptance -14%, +10%
Momentum dispersion (cm/%) 3.68

Measured resolutions:

Good compensation of :
e E AE/E ~1/1
the aberrations: IZ> . A:ZIIEVAGKO 20/ 000

Trajectory reconstruction
' e Mass Am/m ~1/160




The pilot experiment

40C5(180,18Ne)*°Ar @ 270 MeV

F. Cappuzzello, etal., Eur. Phys. J. A (2015) 51:145

» 1807* beam from Cyclotron at 270 MeV (10 pnA, 3300 uC in 10 days)
» 40Ca target 300 pg/cm?
> Ejectiles detected by the MAGNEX spectrometer 0°< &, < 10°



Zero-degree measurement

Omacnex = +4°
-1° < 0,, < +10°

Faraday-cup
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. &RGET
— ~ —



AECPcorr (Ch)

1600

1400

1200

1000

800

600

400

200

1900

Particle ldentification

40Ca(180,18Ne)*°Ar @ 270 MeV
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F. Cappuzzello et al., NIMA621 (2010) 419
F. Cappuzzello, etal. NIMA638 (2011) 74
M.Cavallaro et al. EPJ A 48: 59 (2012)
D.Carbone etal. EPJ A 48: 60 (2012)
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The pilot experiment

c)
18() 4 40 40 . 18, 18,. 40
(@) Ca at 270 MeV ol Ca("*0,"*Ne) " Ar
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o Experimental feasibility: zero-deg, resolution (500 keV), low cross-section (pub/sr)
Limitations of the past HI-DCE experiments are overcome!

F. Cappuzzello, etal., Eur. Phys. J. A (2015) 51:145



The pilot experiment
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The role of the competing processes

2n-transfer
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x-section (2MeV < E, < 3MeV)

Extracted B(GT) = 0.087 + 0.02

= 0.5 mb/sr

B(GT) from (3He,t) = 0.083

Y. Fujita
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NUMEN Present limitations

» Onlyfew systems can be studied in the present condition (due to the low
cross-sections)

» An accurate job on the theory is mandatory

Moving towards hot-cases

» Reaction Q-values normally more negativethan in the “°Ca case
> (*80,'8Ne) reaction particularly advantageous, but is of f*B* kind

» Reactions of B3~ kind are likely not as favourable as the (180,'8Ne):

* ('8Ne,80) requires a radioactive beam
* (*°Ne,?°0) or (*2C,1?Be) have smaller B(GT)

» In some cases gas or implanted target necessary (e.g. 136Xe or 13%Xe)

» In some cases MAGNEX energy resolution not enough to separatethe g.s. from the
excited states in the final nucleus — Detection of y-rays

Much higher beam current is needed

25



NUMEN

Operatingin a wider
context, in a longer time
scale (10-15 yr), in close
synergy with NURE

A broader view

The NUMEN project

NUclear Matrix Elements for Neutrinoless double beta decay

NUMEN_gr3
(R&D and experiments)

1 INFN CSN-I1I

., g NUMEN =) .'...QJ’C

SiCILIA INFN call

 AILTA

Y

Other national and
regional projects

INEN

LNS
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The NUMEN project

NUclear Matrix Elements for Neutrinoless double beta decay
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EEE The NUMEN project

NUclear Matrix Elements for Neutrinoless double beta decay

»Phasel: The experimental feasibility (completed)

»Phase2: Experimental exploration of few cases (NURE), work on theory and
R&D activity

»Phase3: Facility upgrade (Cyclotron, MAGNEX, beam line, ...) to work with two
orders of magnitude more intense beam

»Phase4: Systematic experimental campaign on all the systems with the
upgraded facility

Phase2 Approved
Phase4 - —

28



NUMEN runs — Phase 2 erc (ONFN B

116Cd - 116Sn case
1165
» Two experiments @ 15 MeV/A —
» 18() 4 116G I e
> 20Ne + 116Cd ll5|n \
N
114
A,
‘(2°NE,22Ne) |
> N

130Te — 130X case

» One experiment @ 15 MeV/A
» 20Ne + 130Te

76Ge — 7%Se case

» One experiment @ 15 MeV/A
» 20Ne + 76Ge
» 180 + 76Se at the end of 2018




Experimental results

1168n 117Sn 1188n
4
O\ 116 In
1151 %ea 117|n
(@)
N
14cd | 115Cd | 116Cd

_>N

INFN

LNS

DCE reaction 11°Cd(?°Ne,2°0)116Gn

» g.s.—> g.s.transition isolated
» Absolute cross section measured
» Cross-section sensitivity (<1nb at 50)



Experimental results

116Sn 117Sn 118Sn
115|n 116'”%’ 117|n
114Cd 115Cd 116Cd
— > N
20F
116
In E, (MeV)
E.(MeV) J g.s.
g.S. 1* 0.656
0.127 5+ 0.822
0.223 4+ 0.983
0.272 2t
0.289 8

2+
3+
4+

SCE reaction 116Cd(?°Ne,2°F)11°In

High level density in residual and ejectile

» Population of high multipolarity states
» Multipole decomposition analysis needed



Experimental results

1169 | 117gp | 118gn 2p-transfer 116Cd(2°Ne,180)118Sn

115|n 116|n 117|n

(Og1 9No2)

Z
|

114Cd 115Cd 116Cd

_>N

Cross section towards g.s. comparable with the DCE channel (12 t 2 nb)
similar to the °Ca experiment



Work on the theory

EuN
N
Hhd
NUMEN

M. Colonna (INFN-LNS)

H. Lenske (Giessen)

E. Santopinto (INFN-Genova) A
J. Lubian (UFF) "3\\k0
J. Ferreira (UFF)

J. A. Lay (Sevilla)

S. Burrello (INFN-LNS)

J. Bellone (INFN-LNS)

re\©
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Calculations for multi-nucleon transfer

116Sn 117Sn 118Sn

115|n 116|n 117|n

| (Og19Nod

114Cd 115Cd 116Cd




2p

Calculations for multi-nucleon transfer

The role of multi-nucleon transfer routes

VS

The diagonal process (experimental cross section 12 + 2 nb)

2n
= ]
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N
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A |
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1517 | 1610 | 17In

14CE 115CE 116Cd

4.0x 10> nb

oS

116Sn 117Sn 118Sn
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3;
14

n
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e ]
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171N

114Cd
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{*
wd
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y
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I
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&
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n
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Calculations for multi-nucleon transfer

The role of multi-nucleon transfer routes

VS

The diagonal process (experimental cross section 12 + 2 nb)

n

L

1168n

117gn

|74

118gn

115|n

HlGIn

117|n

<

114Cd

115C(q

116C

117gn

1189

&

17N

1]

114Cd

9.4x 10%nb

115Cd

116C

1.5x 10%nb

Negligible contribution of multi-nucleon transfer

168n
e [

117gn 118gn

i

1151n

—

17INn

114Cd

il

CE 116 Cd

116Cd

3.2x107nb

on the diagonal DCE process

1.1x 107 nb

Interplay between CEX + multi-nucleon transfer




What about double charge exchange process?

1. Double Single Charge Exchange (DSCE)

-two-step process, two uncorrelated single charge exchange,

-no correlation between the vertices

-analogies with 2vBp decay which is a is a sequential decay process where the
leptons are emitted subsequently in an uncorrelated manner.
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What about double charge exchange process?

2. Majorana double charge exchange (MDCE)

The two charge changing nucleons in the target (or in
the projectile) are correlated through the exchange of
a neutral meson - Short range correlations

weak 0v2[3 decay Hadronic analogue

"Correlatlon of the two events by exchange of . |
- the virtual v, pair - f
- Emission of two electrons ON thelr mass-shell@ N B
CplEm?, ' ' ? pzf m r 5 5 5 5
Q..Dlrectﬂbservatlon (GERDA@LNGS dooo ) I+ Nodirect observation |




The upgrade of the experimental facility

NUMEN
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Upgrade of the LNS facility (C!NIN

» Upgrade of the LNS accelerator and beam lines

* CSaccelerator current (from 100 W to 5-10 kW);

e beam transportline transmission efficiency to
nearly 100%

|
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Upgrade of MAGNEX

> The Focal Plane Detector

Hybrid detector:
Low pressure Gas section:
proportional wires and drift chambers
+

Stopping wall of silicon detectors

Induction pads
o r DC wires (750V)

Frisch grid Silicondetectors

TALTALT AT,

I (ov) RXALAE
o PN R
ralsateat
LG A

~—

y Cathode'
X (-950V)

Large volume: 1360mm X 200mm X 96mm




Upgrade of MAGNEX INFN 5%

» The Focal Plane Detector

Radiation hardness

expected 1013 ions/cm?in 10 years activity
(silicon detectors dead at 10° implanted ions/cm?
heavyions not MIP!!)

Rate
from few kHz to MHz

preserving low-pressure operation

70 pm 140 pm
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=¥ 1—  Large area
e High energy resolution (2%)
* Timingresolution (few ns)
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= > SiC-SiC pad telescopes :’ '
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» SiC (AE) + scintillator (E)
Micro-pattern tracker
low pressureand wide dynamic range



Upgrade of MAGNEX @

» Array of scintillators for y-rays

* Measurementin coincidence with MAGNEX

> New electronics

* ASIC front—end chip VMM2(3)
* Read — out: new generation of FPGA and System On Module (SOM)

» Radiation tolerant Targets

* Evaporation on a Graphite backing (good properties)
* Cooling system

» Magnets upgrade

* Increase of the maximum magnetic rigidity from 1.8 Tm to 2.5 Tm



Ul
A chal
NUME chall i
\ enging program
ns
1 eo(\l\,e\ . _rand ca\culatiO ;‘Ce/e Fato
r
form@! 2 or hinl?'e Ofthe g and b
0] perCond m /Ine
Detectors: Cling Cyejo, >
Otron
3t low pressure

. Gas tracker for hig

(MPGD)

. PID wall covering

high resolut
. Gamma det

Targets:

h rate heavy ions

5 made of radiation hard and

a large are
ion detectors (SiC)
ectors
M
Beaneq(;haniCS.'
do Ump for Zero-degr
ee beam

For intense heavy-ion beams



Ul :
uien  Conclusions and Outlooks

Many experimental facilities for Ov[3f3 half-life, but not for the NME

Pioneering experiments shown that DCE cross sections can be
suitably measured and quantitative information on OvpB3 NME are

not precluded

Experimental campaign on nuclei candidates for OvBp and work on

the theory

The wupgrade for the INFN-LNS cyclotron and the MAGNEX
spectrometer will allow to build a unique facility for a systematic

exploration of all the nuclei candidate for Ovf3
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