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Neutrinos  :    
  90  years  and  we  do  not  really  know  it  yet  !  

	1930:	  W.Pauli	  hypothesis	  of	  existence	  of	  neutrino	  to	  explain	  the	  energe;c	  
spectrum	  of	  electrons	  emi=ed	  in	  	  β	  decay	  	  
	  
	  
	  
	  
	  
	  
	  
	  
To	  the	  Nobel	  Prizes:	  
	  
1988	  –	  Muonic	  neutrinos	  discover,	  L.M.Lederman,	  M.	  Schwartz,	  J.	  Steinberger	  
1995	  –	  Tau	  lepton	  discover,	  	  M.	  L.	  Perl	  and	  F.	  Reines	  
2002	  –	  Cosmic	  neutrinos	  discover,	  R.	  Davi	  jr,	  M.	  Koshiba,	  R.	  Giacconi	  
2015	  –	  Neutrino	  Oscilla2ons,	  T.	  Kajita,	  A.	  Mc	  Donald	  
	  
	  
	  

From	  the	  papers:	  	  
	  E.	  Majorana,	  Nuovo	  Cimento	  14,	  171	  (1937)	  	  

E.	  Fermi,	  Z.	  Phys.	  88,	  161	  (1934)	  	  
	  B.	  Pontecorvo,	  Sov.	  Phys.	  JETP	  26,	  984	  (1968)	  



Introduction  
Unanswered  questions  in  neutrino  physics:  	

- What is the absolute mass scale of neutrinos? 
       E. Fermi, Z. Phys. 88, 161 (1934) 
- Are neutrinos Dirac or Majorana particles? 
       E. Majorana, Nuovo Cimento 14, 171 (1937) 
- How many neutrino species are there? 
     B. Pontecorvo, Sov. Phys. JETP 26, 984 (1968) 

An answer to all three questions can be obtained from neutrinoless double-beta 

decay (DBD) and related processes	  

Indeed,	  if	  observed,	  neutrinoless	  DBD	  may	  provide	  evidence	  for	  physics	  beyond	  the	  Standard	  
Model	  other	  than	  the	  mass	  mechanism.	  
	  
Conversely,	  its	  non-‐observa>on	  will	  set	  stringent	  limits	  on	  other	  scenarios	  (sterile,…),	  and	  on	  non	  
standard	  mechanisms	  
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M.	  Goeppert-‐Mayer,	  Phys	  Rev.	  48	  (1935)	  512	   E.	  Majorana,	  Il	  Nuovo	  Cimento	  14	  (1937)	  171	  	  
W.	  H.	  Furry,	  Phys	  Rev.	  56	  (1939)	  1184	  

Double  β-‐‑decay  	

1.   Within	  standard	  model	  

2.   T1/2	  ≈	  1019	  to	  2*1021	  yr	  

1.   Beyond	  standard	  model	  

2.   Access	  to	  effec2ve	  neutrino	  mass	  

3.   Viola2on	  of	  lepton	  number	  conserva2on	  

4.   CP	  viola2on	  in	  lepton	  sector	  

5.   A	  way	  to	  lepto-‐genesis	  and	  GUT	  

Two-‐neutrino	  double	  beta	  decay	   Neutrinoless	  double	  beta	  decay	  
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S2ll	  not	  observed	  Observed	  in	  11	  
nuclei	  since	  1987	  
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1.   Beyond	  standard	  model	  

2.   Access	  to	  effec2ve	  neutrino	  mass	  

3.   Viola2on	  of	  lepton	  number	  conserva2on	  

4.   CP	  viola2on	  in	  lepton	  sector	  

5.   A	  way	  to	  leptogenesis	  and	  GUT	  

S2ll	  not	  observed	  

E.	  Majorana,	  Il	  Nuovo	  Cimento	  14	  (1937)	  171	  	  
W.	  H.	  Furry,	  Phys	  Rev.	  56	  (1939)	  1184	  

An answer to all three questions can be obtained from neutrinoless
double-beta decay (DBD) and related processes

2 2 2A A
Z N Z NX Y e�� �o �

An answer to the third question can be obtained by a study of 
neutrino oscillations in the range <1km (Short-Baseline 
Neutrino, SBN, Program at FERMILAB)
(Part of a larger program looking at sterile neutrinos)

Neutrinoless  DBD  and  the  role  of  Nuclear  Physics	



Nuclear  matrix  elements	

Engel & Menédez!

No	  isotope	  significantly	  preferred	  when	  comparing	  
decay	  rate	  per	  mass	  
	  
Choice	  mainly	  driven	  by	  experimental	  considera>ons	  

1.1*	  
3.5	  

Comparison	  of	  the	  main	  NME	  calcula>ons:	  

2
020 0ˆ0 if OM νββ

ε
νββ

ε =

*number	  =	  signal	  rate	  per	  1000	  kg	  yr	  exposure	  &	  for	  middle	  of	  NME	  values	  for	  For	  
<mee>	  =	  17.5	  meV	  (‘bobom	  of	  IH’	  for	  gA=1.25,	  sin2θ12	  =	  0.318)	  

spread	  about	  x2	  

1.1*	  
3.5	  

2.0	  

Courtesy	  of	  Stefan Schönert 	  
	  

ü Calcula2ons	  (s2ll	  sizeable	  uncertain2es):	  QRPA,	  Large	  
scale	  shell	  model,	  IBM-‐2	  …..	  
	  
ü Measurements	  (s>ll	  not	  conclusive	  for	  0νββ):	  	  

	  (π+,	  π-‐)	  	  
	  single	  charge	  exchange	  (3He,t)	  
	  electron	  capture	  
	  transfer	  reac>ons	  …	  

 

 



Experiments:  
a  worldwide  race	

LXe TPC: EXO-200 / nEXO !
gas-Xe TPC: NEXT, PandaX-III!
Xe-loaded LS: KamLAND-Zen!

Te-loaded LS: SNO+!
Te-bolometers: CUORE / CUPID-Te!

Mo-bolometers: CUPID-Mo (ex Lumineu)!
 AMoRE  !

Se-bolometers: CUPID-0 (CUPID-Se)!
Se-calo-tracko: SuperNEMO!

Ge-semiconductor: GERDA, MJD, LEGEND !

& other interesting, but less advanced R&D;!
 48Ca, 150Nd not available in large quantities !

Courtesy	  of	  Stefan Schönert 	  
	  



The  Idea:    
  

HI-‐‑DCE  as  experimental  tool	  
	  	  
	  
	  
	  
	  
	  
	  

NUclear  Matrix  Element  towards  Neutrinoless  
ββ  decay      

  
  

	
	  

The  challenge:	
  to  access  quantitative  informations	

N U M E N



2	   Sequen>al	  nucleon	  transfer	  mechanism	  	  
4th	  order:	  

	  	  Brink’s	  Kinema>cal	  matching	  condi>ons	  
D.M.Brink,	  et	  al.,	  Phys.	  Le8.	  B	  40	  (1972)	  37	  

3	   Meson	  exchange	  mechanism	  2nd	  
order	  	  

1	   Induced	  by	  strong	  interac>on	  	  

Possibility	  to	  go	  in	  both	  direc>ons	  34	  

Heavy  Ion    
Double  Charge  Exchange	



HI–DCE  reactions  vs  0νββ  decay	

Similari2es	  
•  Same	  ini2al	  and	  final	  states:	  Parent/daughter	  states	  of	  the	  0νββ	  decay	  are	  the	  same	  as	  those	  of	  

the	  target/residual	  nuclei	  in	  the	  DCE	  
•  Similar	   operator:	   Fermi,	   Gamow-‐Teller	   and	   rank-‐2	   tensor	   components	   are	   present	   in	   both	   the	  

transi>on	  operators,	  with	  tunable	  weight	  in	  DCE	  	  
•  Large	  linear	  momentum	  (~100	  MeV/c)	  available	  in	  the	  virtual	  intermediate	  channel	  	  
•  Non-‐local	  processes:	  characterized	  by	  two	  ver>ces	  localized	  in	  a	  pair	  of	  valence	  nucleons	  
•  Same	  nuclear	  medium:	  Constraint	  on	  the	  theore>cal	  determina>on	  of	  quenching	  phenomena	  on	  

0νββ	  
•  Off-‐shell	  propaga2on	  through	  virtual	  intermediate	  channels	  

Differences	  
•  DCE	  mediated	  by	  strong	  interac2on,	  0νββ	  by	  weak	  interac2on	  
•  DCE	  includes	  sequen2al	  mul>nucleon	  transfer	  mechanism	  

A	  good	  linear	  correla2on	  between	  double	  Gamow	  -‐Teller	  (DGT)	  	  transi2ons	  to	  the	  ground	  state	  of	  the	  final	  nucleus	  and	  	  0νββ	  decay	  NMEs	  is	  reported	  	  
	  in	  ref.:	  	  N.	  Shimizu,	  J.	  Menéndez	  and	  K.	  Yako,	  Phys.	  Rev.	  Le8.	  120,	  142502	  (2018)	  



	  	  	  	  	  	  	  	  40Ca(14C,14O)40Ar	  @	  51	  MeV	  	  10°	  <	  θlab	  <	  30°	  	  	  	  Q	  =	  -‐4.8	  MeV	  

D.M.Drake,	  et	  al.,	  Phys.	  Rev.	  Le8.	  45	  (1980)	  1765	  	  

C.H.Dasso,	  et	  al.,	  Phys.	  Rev.	  C	  34	  (1986)	  743	  	  

	  Few	  experimental	  abempts:	  	  
	  
Ø  not	  conclusive	  because	  of	  the	  very	  poor	  

yields	  in	  the	  measured	  energy	  spectra	  and	  
the	  lack	  of	  angular	  distribu>ons,	  due	  to	  the	  
very	  low	  cross-‐sec2ons	  involved.	  	  

Ø  	  not	  easy	  to	  measure,	  in	  the	  same	  
experimental	  condi>ons,	  the	  different	  
compe22ve	  reac2on	  channels	  (limit	  due	  to	  
the	  prohibi>ve	  small	  cross-‐sec>ons).	  	  

Past  experimental  aLempts  	

Recently	  at	  RIKEN	  and	  RCNP	  (80-‐200	  MeV/u):	  
-‐  (8He,8Be)	  was	  used	  to	  search	  for	  the	  tetra-‐neutron	  (4n)	  system,	  	  K.	  

Kisamori	  et	  al.,	  Phys.	  Rev.	  Le8.	  116,	  052501	  (2016).	  	  
-‐  (11B,11Li)	  and	   (12C,12Be)	  were	  used	   to	  find	   the	  DGT	   resonance,	  H.	  

Sagawa,	  T.	  Uesaka,	  Phys.	  Rev.	  C	  94,	  064325	  (2016).	  	  



INFN	  Laboratori	  Nazionali	  del	  Sud	  –	  Catania	  	  

40Ca(18O,18Ne)40Ar	  @	  270	  MeV	  
	  0°	  <	  θlab	  <	  10°	  	  	  	  Q	  =	  -‐5.9	  MeV	  

Ø  18O	  and	  18Ne	  belong	  to	  the	  same	  mul>plet	  in	  S	  and	  T	  
Ø  Very	  low	  polarizability	  of	  core	  16O	  
Ø  Sequen>al	  transfer	  processes	  very	  mismatched	  Qopt	  ∼	  50	  MeV	  
Ø  Doubly	  magic	  target	  

DCE  @  INFN  -‐‑  LNS	



The	  facility:	  DCE	  @	  LNS	  	  	  	  
	  K800	  Superconduc2ng	  

Cyclotron	  

•  In	  opera2on	  since	  1996.	  	  
•  Accelerates	  from	  H	  to	  U	  ions	  
•  Maximum	  energy	  80	  MeV/u.	  

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

Good compensation of  
the aberrations: 

Trajectory reconstruction 

Measured resolutions: 
•  Energy ΔE/E ∼ 1/1000 
•  Angle Δθ ∼ 0.2° 
•  Mass Δm/m  ∼ 1/160  

Op2cal	  characteris2cs	   Current	  values	  
Maximum	  magne>c	  rigidity	  (Tm)	   1.8	  

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

crucia
l	  for	  th

e	  expe
rimental	  c

hallan
ges	  !	  



•  Experimental	  feasibility:	  zero-‐deg,	  resolu>on	  (500	  keV),	  low	  cross-‐sec>on	  (μb/sr)	  
	   	   	  Limita>ons	  of	  the	  past	  HI-‐DCE	  experiments	  are	  overcome!	  

•  Data	  analysis	  feasibility:	  the	  analysis	  of	  the	  DCE	  cross-‐sec>on	  has	  lead	  to	  NME	  compa>ble	  with	  the	  exis>ng	  
calcula>ons	   ( )

( ) 11.022.0

12.024.0
240

240

±=

±=

CaM

CaM

DCE

DCE

τ

στ
F.	  Cappuzzello,	  et	  al.	  Eur.	  Phys.	  J.	  A	  (2015)	  51:	  145	  

40Ca 41Ca 42Ca 

39K 40K 41K 

38Ar 39Ar 40Ar 

N	  	  

Z	  
	  
DCE  @  LNS  	

40Ca(18O,18Ne)40Ar	  @	  270	  MeV	  

	  	  dσDCE	  /dΩ=	  11μb/sr	  	  	  	  	  at	  θcm=00	   

	  0°	  <	  θlab	  <	  10°	  	  	  	  Q	  =	  -‐5.9	  MeV	  



•  	  Reac2on	  Q-‐values	  normally	  more	  nega2ve	  than	  in	  the	  40Ca	  case	  
•  	  (18O,18Ne)	  reac2on	  par2cularly	  advantageous,	  but	  is	  of	  β+β+	  kind	  
	  	  	  	  	  	  	  	  Reac2ons	  of	  β-‐β-‐	  kind	  are	  not	  as	  favourable	  as	  the	  (18O,18Ne):	  	  

Ø 	  (18Ne,18O)	  requires	  a	  radioac2ve	  beam	  	  
Ø 	  (20Ne,20O)	  or	  (12C,12Be)	  have	  smaller	  B(GT)	  

•  	  In	  some	  cases	  gas	  or	  implanted	  target	  necessary	  (e.g.	  136Xe	  or	  130Xe)	  

•  	  In	  some	  cases	  MAGNEX	  energy	  resolu2on	  is	  not	  enough	  to	  separate	  the	  g.s.	  from	  the	  
excited	  states	  in	  the	  final	  nucleus	  →	  Detec2on	  of	  γ-‐rays	  

	  

16	  

Much	  higher	  beam	  current	  is	  needed	  !	  

Moving  towards  hot-‐‑cases	
(76Ge,	  116Cd,	  130Te,	  136Xe,	  …)	  

	  	  



Ø  Beams	  intensity	  up	  to	  1014	  pps	  
	  
Ø  Energy	  range	  15-‐70	  MeV/u	  

Ø  Beam	  power	  range	  1-‐10	  kW	  

	  
(	  18O	  ,	  18Ne)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  β+β+	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (	  20Ne,	  20O	  )	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  β-‐β-‐	  
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The  Phases  of  the  NUMEN  project	
Ø  Phase1:	  Experimental	  feasibility	  	  

Ø  Phase2:	  	  “hot”	  cases	  	  op>mizing	  
the	  experimental	  condi>ons,	  
geyng	  	  first	  results,	  R&D	  for	  the	  
upgrade,	  developement	  of	  
theore2cal	  models	  

Ø  Phase3:	  	  Facility	  upgrade	  
(Cyclotron,	  MAGNEX,	  beam	  lines,	  
…..)	  

Ø  Phase4:	  Systema>c	  experimental	  
campaign	  	  	  	  	  	  	  	  	  	  	  

year	   2013	   2014	   2015	   2016	   2017	   2018	   2019	   2020	   2021	   2022	  

Phase1	   done	  

Phase2	  
In	  progress	  	  

Phase3	   Submiwed	  

Phase4	  

N U M E N

 2016 2017 2018 2019 

PHASE 2 I II III IV I II III IV I II III IV I II III IV 

116Sn (18O,18Ne) 116Cd   Exp           
    

116Cd (20Ne,20O) 116Sn Test   Exp   
Exp 

      
    

130Te (20Ne,20O) 130Xe      Exp       
    

76Ge (20Ne,20O) 76Se        
Exp 

    
    

76Se (18O,18Ne) 76Ge             
Exp 

    

106Cd(18O,18Ne) 106Pd             
    

 



1.   	  Holy	  Graal:	  sudying	  if	  the	  σDCE	  and	  in	  turn	  NMEDCE	  are	  connected	  to	  0νββ	  NMEs	  as	  a	  smooth	  
func2on	  of	  Ep	  and	  A	  	  	  	  	  	  	  	  	  	  	  	  	  	  require	  the	  development	  of	  the	  reac>on	  and	  nuclear	  structure	  
theory	  and	  a	  systema>c	  set	  of	  data.	  

2.  A	  new	  genera>on	  of	  DCE	  constrained	  to	  0νββ	  NME	  theore2cal	  calcula2ons	  	  	  	  	  	  	  	  	  achievable	  	  
in	  a	  short	  term	  with	  a	  reduced	  dataset	  

3.  To	  provide	  rela2ve	  NME	  informa2on	  on	  the	  different	  candidate	  isotopes	  for	  the	  	  	  	  0νββ	  
decay	  :	  	  the	  ra>o	  of	  the	  σDCE	  can	  give	  a	  model	  independent	  way	  to	  compare	  the	  sensi>vity	  of	  
different	  half-‐life	  experiment	  

	  
	  
	  

	  
	  

�	  

13Option:UCRL# Option:Additional Information

Lawrence Livermore National Laboratory

GERDA

→ 76Ge
Qbb = 2039 keV

Rivelatore: Array Ge arricchiti (~86%)

Buona risoluzione energetica < 0.19% a Qbb

Location: Hall A @ LNGS (Italia)

Fase I: test claim
8 cristalli da HM e IGEX (18 Kg)

bkg: 10-2 cnt/(keV kg y)

Fase II:
nuovi rivelatori segmentati

bkg: 10-3 cnt/(keV kg y)

→ <M> < 90 - 290 meV

24-41 meV

75-129 meV

HM-KK

76Ge	  

15Option:UCRL# Option:Additional Information

Lawrence Livermore National Laboratory

CUORE

Heat bath
Thermal 
coupling

Thermometer

incident 
particle

Crystal absorber

ΔT = E/C

Thermal signal

Detector works at low 
temperature

→ 130Te
Qbb = 2527 keV

Rivelatori: 19 torri di 52 cristalli 5x5x5 cm3

bolometri di TeO2 @ ~ 10 mKelvin

ΔE = 0.2% @ Qvalue

Location: Hall A @ LNGS (Italia)

Abbondanza naturale: ~ 34%

130Te	  

18Option:UCRL# Option:Additional Information

Lawrence Livermore National Laboratory

LUCIFER

→ 82Se
Qbb = 2995 keV

Rivelatore: Bolometri scintillanti

Risoluzione Energetica: ~ 0.3 %

Possible Location: Hall A @ LNGS (Italia)

Q-value of 82Se

a

b/g

2615 keV: 
the end of g radioactivity

V
light

V h
ea

t

Cristallo di ZnSe

Supporto 
di Rame

Foglio riflettente

Bolometro 
di Ge

Abbondanza isotopica: 9%

Option Isotope weight Half Life 
limit (1026y)

Sensitivity* to 
mee (meV)

baseline 82Se 17.6 kg 2.31 52-65
option 1 82Se 20.5 kg 2.59 49-61
option 2 82Se 27.8 kg 3.20 44-55

82Se	  

19Option:UCRL# Option:Additional Information

Lawrence Livermore National Laboratory

EXO - 200

→ 136Xe
Qbb = 2458 keV

200 kg of Xe enriched to 80% in 136

GOALS - test del claim di KK-HM
- capire come funziona, le prestazioni e il

fondo del rivelatore
- primo step del progetto EXO

Rivelatore:   TPC di Xe liquido arricchito (ricostruzione
dell’evento). Senza Ba-tagging. 

In due anni

136Xe	  

COBRA (CZT 0-neutrino Beta-decay Research Apparatus)

→ 116Cd
Qbb = 2809 keV

Detector: 64000 1 cm3 CZT detectors 
for a total mass of 418 kg → 183 kg of 
interesting isotope

Enriched to 90%

Location: LNGS (Italy)

116Cd	  
strong	  impact	  in	  future	  development	  of	  the	  field,	  looking	  for	  a	  

“golden	  isotope”	  …	  

The  NUMEN  goals	



-‐  R&D	  for	  	  upgrade	  @	  LNS	  facili>es	  

-‐  Detector	  R&D	  :	  new	  MAGNEX	  focal	  plane	  detector	  for	  PID	  and	  tracker	  ;	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  new	  target	  development	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  electronic	  development	  ;	  	  	  	  	  
	  
-‐  	  	  Theore>cal	  model	  developments.	  	  
	  
-‐	  	  Long	  run	  @	  LNS	  with	  MAGNEX	  with	  few	  isotopes,	  candidates	  for	  0νββ	  	  already	  
	  	  	  	  	  	  	  at	  our	  reach	  in	  terms	  of	  energy	  resolu>on	  and	  availability	  of	  thin	  targets	  
	  

NUMEN  phase  2	

ERC	  Star>ng	  Grant	  2016	  	  	  
	  

enhance	  the	  project	  discovery	  poten>al	  already	  in	  NUMEN	  phase	  2	  
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Ø  One	  experiment	  @	  15	  MeV/A	  
Ø  20Ne	  +	  130Te	  

Ø  Two	  experiments	  @	  15	  MeV/A	  
Ø  18O	  +	  116Sn	  
Ø  20Ne	  +	  116Cd	  

116Sn 117Sn 
118Sn 

115In 
116In 

117In 

114Cd 115Cd 116Cd 

116Sn 117Sn 118Sn 

115In 
116In 117In 

114Cd 
115Cd 
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( 20N
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, 20N
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, 19F) 

(18O,17O) 

N  

116Cd	  -‐	  116Sn	  case	  

130Xe 131Xe 132Xe 

129I 
130I 131I 

128Te 
129Te 

130Te 
N  

( 20N
e, 18O

) 

(20Ne,22Ne) 

( 20N
e, 19F) 

(20Ne,21Ne) 

130Te	  –	  130Xe	  case	  

Z 
 

Ø  Two	  experiment	  @	  15	  MeV	  	  	  
Ø  20Ne	  +	  76Ge	  
Ø  18O	  +	  76Se	  	  	  	  

76Ge	  –	  76Se	  case	  

NUMEN	  runs	  -‐	  Phase	  2	  
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The	  116Cd(20Ne,20O)116Sn	  reac2on	  	  

Ø  20Ne10+ beam at 15 AMeV incident energy delivered by CS accelerator  

Ø  116Cd rolled target, 1370 µg/cm2 thickness 

Ø  Ejectiles detected by the MAGNEX large acceptance spectrometer 

Ø  Angular acceptance 3° <  θ  < 14° 

Measured channels 

•  DCE reaction 116Cd(20Ne,20O)116Sn 

•  CEX reaction 116Cd(20Ne,20F)116In   

•  2p-transfer 116Cd(20Ne,18O)118Sn 

•  2n-transfer  116Cd(20Ne,22Ne)114Cd 

•  1p-transfer 116Cd(20Ne,19F)117In 

•  1n-transfer 116Cd(20Ne,21Ne)115Cd 

116Sn 117Sn 118Sn 

115In 
116In 117In 

114Cd 
115Cd 

116Cd 

( 20N
e, 18O

) 

(20Ne,22Ne) 

( 20N
e, 19F) 

(20Ne,21Ne) 



116Sn 117Sn 118Sn 

115In 116In 117In 

114Cd 115Cd 116Cd 

116Sn 117Sn 118Sn 

115In 116In 117In 

114Cd 115Cd 116Cd 

N  

Z 
 

(20Ne,22Ne) 

N	  	  

Z	  
	  

( 20N
e, 18O

) 

33 ± 10 nb 
 
 
 ~ 26 nb 

450 ± 200 nb 
 
 
 ~ 340 nb 

Cross	  sec2on	  calcula2ons	  
	  

Agreement!	  

2p-transfer 2n-transfer 

EXP.	  DATA:	  

CALCULATIONS:	  

EXP.	  DATA:	  

CALCULATIONS:	  

Calcula2on	  for	  mul2-‐nucleon	  transfer	  
Cross	  sec2on	  calcula2ons	  

(DWBA	  +	  IBM)	  



41st Symposium on Nuclear Physics                                      January 8-11, 2018 Cocoyoc, Morelos, Mexico  

The	  role	  of	  mul2-‐nucleon	  transfer	  routes	  	  
vs	  	  

The	  diagonal	  process	  (experimental	  cross	  sec2on	  12	  ±	  2	  nb)	  	  
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The	  diagonal	  process	  (experimental	  cross	  sec2on	  12	  ±	  2	  nb)	  	  
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We	  can	  rule	  out	  the	  contribu2on	  of	  mul2-‐nucleon	  transfer	  on	  the	  
diagonal	  DCE	  process	  !	  

Calcula2on	  for	  mul2-‐nucleon	  transfer	  
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27	  

Present	  technology	  is	  not	  enough…	  
The	  challenge:	  to	  detect	  with	  good	  energy,	  mass	  and	  angular	  resolu2ons	  

rare	  events	  at	  very	  high	  rates	  of	  heavy	  ions!	  
	  

Ø Upgraded	  set-‐up	  to	  match	  about	  1000	  2mes	  more	  beam	  current	  than	  
the	  present	  

	  
Ø  	  Substan2al	  change	  in	  the	  technologies	  used	  in	  CS	  and	  in	  the	  MAGNEX	  

detector	  



Upgrade	  @	  LNS	  facili2es	  

Ø  Upgrade	  of	  the	  LNS	  accelerator	  and	  beam	  lines	  

Ø  Upgrade	  of	  the	  experimental	  setup	  

•  CS	  accelerator	  current	  (from	  100	  W	  to	  5-‐10	  kW);	  from	  
elecrosta>c	  to	  extrac>on	  by	  stripping	  

•  beam	  transport	  line	  transmission	  efficiency	  to	  nearly	  100%.	  
The	  new	  beam	  transport	  line	  corresponds	  with	  the	  
FRAgment	  Ion	  Separa>on	  line.	  

	  

Page 2 of 46 Eur. Phys. J. A (2018) 54: 72

Abstract. The article describes the main achievements of the NUMEN project together with an updated
and detailed overview of the related R&D activities and theoretical developments. NUMEN proposes
an innovative technique to access the nuclear matrix elements entering the expression of the lifetime of
the double beta decay by cross section measurements of heavy-ion induced Double Charge Exchange
(DCE) reactions. Despite the fact that the two processes, namely neutrinoless double beta decay and DCE
reactions, are triggered by the weak and strong interaction respectively, important analogies are suggested.
The basic point is the coincidence of the initial and final state many-body wave functions in the two types
of processes and the formal similarity of the transition operators. First experimental results obtained at the
INFN-LNS laboratory for the 40Ca(18O,18 Ne)40Ar reaction at 270 MeV give an encouraging indication on
the capability of the proposed technique to access relevant quantitative information. The main experimental
tools for this project are the K800 Superconducting Cyclotron and MAGNEX spectrometer. The former is
used for the acceleration of the required high resolution and low emittance heavy-ion beams and the latter
is the large acceptance magnetic spectrometer for the detection of the ejectiles. The use of the high-order
trajectory reconstruction technique, implemented in MAGNEX, allows to reach the experimental resolution
and sensitivity required for the accurate measurement of the DCE cross sections at forward angles. However,
the tiny values of such cross sections and the resolution requirements demand beam intensities much larger
than those manageable with the present facility. The on-going upgrade of the INFN-LNS facilities in this
perspective is part of the NUMEN project and will be discussed in the article.
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1 Introduction

Neutrinoless double beta decay (0νββ) is potentially the
best resource to probe the Majorana or Dirac nature of
neutrino and to extract its effective mass. Moreover, if
observed, 0νββ decay will signal that the total lepton
number is not conserved. Presently, this physics case is
among the most important research “beyond the Stan-
dard Model” and might guide the way toward a Grand
Unified Theory of fundamental interactions and to unveil
the source of matter-antimatter asymmetry observed in
the Universe.

Since the ββ decay process involves transitions in
atomic nuclei, nuclear structure issues must be also ac-
counted for, in order to describe it. In particular, the 0νββ
decay rate [T1/2]−1 can be factorized as a phase-space fac-
tor G0ν , the Nuclear Matrix Element (NME) M0ν and a
term f(mi, Uei, ξi) containing a combination of the masses
mi, the mixing coefficients Uei of the neutrino species and
the Majorana phases ξi

[
T1/2

]−1 = G0ν |M0ν |2 |f(mi, Uei, ξi)|2 , (1)

where M0ν is the transition amplitude from the initial ϕi

to the final ϕf nuclear state of the ββ process through the
0νββ decay operator

|M0ν |2 =
∣∣∣⟨ϕf |Ô0νββ |ϕi⟩

∣∣∣
2
. (2)

Thus, if the NMEs are established with sufficient pre-
cision, the f(mi, Uei, ξi) function, containing physics be-
yond the standard model, can be extracted from 0νββ
decay rate measurements or bounds.

The evaluation of the NMEs is presently based on
state-of-the-art model calculations from different meth-
ods, e.g. Quasi-particle Random Phase Approximation
(QRPA), large scale shell-model, Interacting Boson Model
(IBM), Energy Density Functional (EDF), ab initio [1–

a e-mail: cappuzzello@lns.infn.it
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Ø 	  	  Double	  Charge	  Exchange	  (DCE)	  :	  	  modeling	  and	  analogies	  	  
	  	  	  	  	  	  with	  double	  β	  decay	  
	  	  	  	  	  -‐-‐	  calcula>ons	  with	  	  	  HIDEX	  and	  FRESCO	  codes	  
	  
	  
	  
	  
	  
Ø 	  	  Compe>ng	  channels:	  (mul>)	  nucleon	  transfer	  	  FRESCO	  code	  

	  
Ø 	  	  Double	  Charge	  Exchange	  (DCE)	  :	  	  modeling	  of	  
	  	  	  	  	  the	  correlated	  one-‐step	  process	  
	  	  	  	  	  à	  upgrade	  on	  structure	  inputs	  –	  IBM	  models	  
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Theoretical  developments	

Ø  Lenske	  et	  al.	  Phys.	  Rev.	  C	  98,	  044620	  (2018).	  

Ø  J.I.Bellone	  et	  al.	  (NUMEN	  coll.),	  Journal	  of	  Physics:	  Conference	  Series	  1056,	  012004	  (2018).	  

Ø  E.Santopinto	  et	  al.	  Phys.	  Rev.	  C	  98,	  061601	  (R)	  	  (2018)	  

1.	  Two-‐step	  (uncorrelated)	  process	  (1bDCE)	  :	  	  	  two	  
consecu2ve	  SCE	  
-‐-‐	  Analogies	  with	  2ν2β	  decay	  
2.	  One-‐step	  (correlated)	  process	  (2bDCE)	  :	  
-‐-‐	  Analogies	  with	  0ν2β	  decay	  	  
3.	  Study	  of	  compe2ng	  processes:	  	  
	  	  	  	  	  	  -‐-‐	  Mul2nucleon	  transfer	  	  
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