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Recent Advances in Neutrino Physics
1998 : Super-Kamiokande discovers neutrino oscillations.

2000 : SNO measures the total (νe, νμ, ντ ) solar neutrino flux.
2001 : K2K confirms Super-Kamiokande result.
2002 : KAMLAND determines the solar solution (LMA).
2006 : MINOS measures precisely the atmospheric Δm2.
2007 : Mini-BOONE refute the LSND observation.

Neutrinos are massive particles. Two differences of 
the square of the masses and two mixing angles are now
determined. Three neutrino families are sufficient to 
interpret all present experimental findings.



Are neutrinos Majorana or Dirac particles ?

Is there CP violation in the lepton sector ?

What is the value of the third neutrino mixing angle θ13 ?

What is the value of the magnetic moment ?

What is the absolute mass scale ?
ν

Beta decay : <mνe> < 2.2 eV

Super-beams, neutrino factories, beta-beams

sin22θ13< 0.19    (90 % C.L.)

ν = ν
?

μν < 1.0 x 10-10 μB (90 % C.L.)

The hunt for the neutrinoless double-beta decay process…

Important questions remain…

MANY PROJECTS running, approved or under study WILL ADDRESS
THE OPEN ISSUES (KATRIN, Double-CHOOZ, T2K, beta-beams,
super-beams, neutrino factories, NEMO3, GERDA, CUORE, …).
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Nuclear physics
double-beta decay,
ν-nucleus interaction,…

Neutrino
Physics

Astrophysics and
cosmology

Solar ν, SNII, UHEν, 
BBN, LSS, leptogenesis, …

Particle physics
Standard Model and
beyond

AN EXCITING
INTERDISCIPLINARY
DOMAIN !
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I. ν: Majorana or Dirac particles?

ν ≠ ν

ν Dirac ν Majorana

ν = ν

?

How do we search for 
the ν-nature?

Beyond the Standard Model
(e.g. exchange of massive 
Majorana neutrinos)

2β(0ν): 2n → 2p + 2e-

Lepton-violating process

2β(2ν): 2n → 2p + 2e- + 2νe

2β(0ν): 2n → 2p + 2e-

Within the Standard Model
(V-A theory)

76Ge
76As

76Se
ββ(0ν)



76Ge
76As

76Se
ββ(0ν)The experimental search

2β decay: Present Status

2β(2ν): 2n → 2p + 2e- + 2νe

Observed in various nuclei:
48Ca, 76Ge, 82Se, 96Zr, 100Mo, 
116Cd, 128Te, 130Te, 136Xe, 150Nd.

The half-lives vary in the 
range:
T1/2(150Nd) = 4.2 1019 y    to
T1/2(128Te)  = 7.2 1024 y

A (DEBATED) CLAIM for
EVIDENCE by KLAPDOR
et al., PLB (2004).

Klapdor et al., 2001

> 1.9 1025 y (90% C.L.)
< mν> < 0.3 – 1.0 eV 

2β(0ν): 2n → 2p + 2e-

The present best limit.
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The running experiment NEMO3 (Modane).

100Mo
1256 keV

832 keV(2ν)2β event every 
1.5 minutes

CUORE and GERDA will confirm or refute Klapdor’s claim.

A large number of experiments (Majorana, MOON, COBRA, XMASS, 
SuperNEMO, etc…) are now under investigation. The aim is to reach
about 50meV sensitivity. 

Present and future experiments

IMPORTANT EXPERIMENTAL RESULTS 
EXPECTED IN THE NEAR FUTURE.



Why does nuclear physics play a key role in the search
for neutrino-less double beta decay?



2β(2ν): 2n → 2p + 2e- + 2νe

GAMOW-TELLER 
STATES 
CONTRIBUTE.

Using second-order perturbation 
theory and

jμ(H) 1.τ,σ.τ

phase space and 
Coulomb corrections

II. The 2β(2ν) T1/2
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Two-body operators include
the neutrino potential. 

76Ge

Bobyk,Kaminski,Simkovic, 2001

The 2β(0ν) T1/2
2β(0ν): 2n → 2p + 2e-

MANY TRANSITION AMPLITUDES 
ARE NOW INVOLVED.



Theoretical predictions: present status

Shell Model and QRPA are the microscopic approaches used
to calculate the double-beta decay half-lives.

QRPA: « Seminal » work by Vogel and Zirnbauer (1986), the particle-particle interaction 
suppresses the 2ν(2β) T1/2 considerably (very sensitive to gpp), less for the 0ν(2β)T1/2.

48Ca :Caurier, Poves and Zuker, Phys. Lett. B 

1990,  76Ge, 82Se, 136Xe : Caurier, Nowacki, Poves, Retamosa, nucl-th/9601017

Ex Shell Model :ANTOINE (Strasbourg)

Significant variations of the neutrinoless double-beta decay
half-lives for the same candidate emitter. An example :

Shell Model
QRPA
QRPA
QRPA
QRPA

82Se(T1/2>1023y)

Caurier 1996

Rodin      2005
Simkovic 1999

Suhonen 2003

Stoica 2003

< 4.9

< 1.0
< 4.1-4.5
< 3.3

< 2.7-2.8

< 1.1 < 2.8-4.2
< 0.7-1.1 < 1.7-3.7

NEMO Collaboration PRL 2005 100Mo(T1/2>4.6 1023y)

REDUCING THE UNCERTAINTIES:  A MAJOR CHALLENGE.



Rodin, Faessler, Simkovic, Vogel, PRC (2003) and NPA (2005)



Several processes have been considered to « calibrate »
the nuclear matrix elements, in particular beta-decay, 
muon capture, 2β(2ν), charge-exchange reactions, 
ν-nucleus interactions.

48Ti
48Ca

48Sc
ββ(0ν)

μβ
β

4. « Calibrating » the n.m.e. with related observables

νe
νe

β+/β− : only a few energy levels
Muto,Bender,Klapdor, Z.Phys.A 1989; Aunola, Suhonen, 1996; …

charge-exchange reactions : a very good tool, high resolution
Bernabeu et al., 1988; Akimune et al., 1997; Ejiri, Phys. Rep.; …

μ capture : states up to 100 MeV, only one branch
Kortelainen and Suhonen, Europhys. Lett. 2002; Phys. Atom. 2004.

2β(2ν) : only 1+ (GT) states
Muto, Bender, Klapdof, 1993; Faessler et al., 1987; Rodin et al. PRC 2001; …

ν-nucleus interactions : all states, the two branches
C. Volpe, J.Phys.G31,903 (2005); hep-ph/0501233  



A few remarks :
1. Each brings some information and partially constraints
the nuclear matrix elements determining the half-lives.
« None of these processes tells the whole story… »
2. We need all of them to have complementary constraints
on the half-lives calculations.

An example
charge-exchange reactions : a very good tool, high resolution

S. Rakers et al, PRC 70  (2004) and 71 (2005) .

One needs to get information on the higher multipoles.

All are one-body processes, involving one-body operators;
while neutrinoless double-beta decay is a two-body process
(the phases and short range correlations are missing).



C. Volpe, J.Phys.G31,903 (2005); hep-ph/0501233

Future constraints :
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Lazauskas,Volpe
NPA 2007

conventional sources (muon decay at rest)
Neutrino SNS, JPARC (Japan)

μ+ e + νμ + νe

ν-nucleus interactions :
One can show that the matrix elements involved in neutrinoless double-
beta decay due to the exchange a massive Majorana neutrino are the 
same as those excited in neutrino-nucleus interactions.

EITHER MEASUREMENTS ON CANDIDATE 
NUCLEI (if the intensities are large 
enough) OR AN IMPROVED
KNOWLEDGE OF THE ISOSPIN AND
SPIN-ISOSPIN NUCLEAR RESPONSE. 



Conclusions et Perspectives
In spite of the impressive recent experimental discoveries, 
important questions remain open. The observation of neutrino-
less double beta decay can tell us about the crucial issue of
the Dirac versus Majorana nature of neutrinos.

Nuclear physics plays a central role in this search.
Knowledge and modelling of the isospin and spin-isospin
nuclear response is essential. We discussed constraints
from beta decay, muon capture, charge-exchange and…
neutrino-nucleus studies.
Other important issues: (ex. deformation of the parent 
and daughter nuclei).

No evidence has been obtained so far, except for
Klapdor’s claim. Gerda and Cuore will confirm/refute it.

For more information : Haxton and Stephenson, Prog.Part.Nucl.Phys.12 (1984) 409, 
Suhonen and Civitarese, Phys. Rept. 300 (1998) 123, Elliott and Vogel, Ann.Rev.Nucl.
Part.Sci. 52 (2002) 115, Elliott and Engel, J. Phys. G 30 (2004) R183,…
« Consensus on a workshop on matrix elements for neutrinoless double-beta decay », 
IPP Durham 2005, k. Zuber, nucl-ex/0511009 



Thank you for your attention and …

I wish you all a great New Year !


