
Neutrinoless double beta decay:  

an experimental overview 

• What is so special in neutrinoless double beta decay (bb0n)? 

• The 1998 revolution: a change of perspective in bb0n searches 

• bb0n, cosmology and direct searches 

• The main experimental challenges 

•Source: what is the “best” double beta emitter? 

•Detector: source=detector versus external source approaches 

•Background 

• A look to the current generation of experiments (GERDA, CUORE, 

EXO-200, Kamland-Zen, NEMO3) 

•Conclusions 
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Double Beta Decay 

(A,Z)  (A,Z+2) + 2e- + 2ne 

2n Double Beta Decay  

allowed by the Standard Model 

already observed – t ~1018 – 1021 y 
 

(A,Z)  (A,Z+2) + 2e- Neutrinoless Double Beta Decay (bb0v) 

never observed (except a discussed claim) 

lifetime > 1025 years 

 

  is a very sensitive tests to new physics since the phase space term  

is much larger for them than for the standard process  

interest for bb0n lasts for 70 years ! 

Goeppert-Meyer proposed the standard process in 1935 

Racah proposed the neutrinoless process in 1937 

violation of total lepton number conservation 

But experimental physics is plenty of “sensitive tests of new physics”   

What makes the search for bb0n decay a milestone in contemporary neutrino physics?  



A deep connection with standard neutrino physics 
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The link is due to one (not 

demonstrated  ) ansatz: 

neutrinoless double beta decay is 

mostly caused by     
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a LH neutrino (L=1) 

is absorbed at this vertex 

ne a RH antineutrino (L=-1) 

is emitted at this vertex 

  IF neutrinos are massive DIRAC particles: 

  Helicities can be accommodated thanks to the finite mass, 

  BUT Lepton number is rigorously conserved 

bb0n 

is forbidden 

  IF neutrinos are massive MAJORANA particles: 

  Helicities can be accommodated thanks to the finite mass, 

  AND Lepton number is not relevant 

bb0n  

is allowed 

With massless neutrinos,  

the process is forbidden 

because neutrino has no 

correct helicity / lepton 

number to be absorbed at 

the second vertex 

A deep connection with standard neutrino physics 
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Even more, we know (2011!) that s13 is rather large (Daya-Bay, RENO, T2K, DoubleChooz) 
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Phase space 
Nuclear Matrix 

Element 

effective mass 

Decay rate 

bb0n effective 

mass 

Effective mass 

in beta decays 

Effective mass 

in cosmology 



All this info fixes where to look for bb0n with reasonable 

chances of seeing positive results 

Mbb  
[eV] 

Klapdor’s claim 

100-1000 counts/y/ton 

0.5-5 counts/y/ton 

20 meV 

0.1-1 counts/y/(100 ton) 

1 meV 

Klapdor Krivosheina Modern Physics Letters A 21, No. 20 (2006) 1547 
Degenerate 

neutrinos 

(unlikely) 

Inverted 

hierarchy 

Normal 

hierarchy 

Mass of lightest neutrino (eV) 



Isotope Q value 
(MeV) 

Abundance 
(%) 

48Ca 4.271 0.187 

76Ge 2.039 7.8 

82Se 2.995 9.2 

96Zr 3.350 2.8 

100Mo 3.034 9.6 

110Pd 2.013 11.8 

116Cd 2.802 7.5 

124Sn 2.228 5.64 

130Te 2.533 34.5 

136Xe 2.457 8.9 

150Nd 3.367 5.6 
Better 
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Isotopes where single beta decay is forbidden (or strongly suppressed)  due to energy 

conservation (some Z-even , A-Z even nuclei) and – possibly – the “normal” bb2v 

decay has a long lifetime 

Choice of the isotope 
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NME: RQRPA, Phys.Rev.C 79, 055501 (2009)



Signal 

76Ge 130Te 

bb0n Q values: 100Mo 

150Nd 

136Xe 

116Cd 

48Ca 

82Se 

No outcoming neutrinos, i.e. no missing energy  a monochromatic peak  

corresponding to the Q value of the decay 



Background 

Intrinsic background: bb2n  

•  Energy resolution plays a key role: germanium 

detectors or bolometers: FWHM O(0.1%) 

• Choice of isotopes with long lifetime of 2n 

double beta decay (136Xe)  

Alpha/beta contamination 

• Radiopurity of the chosen material/detector  

• Capability of tagging alpha/beta particles and 

veto external charged particles  

Gamma contamination 

• Radiopurity of the chosen material/detector  

• Choice of isotopes with large Q-value (Nd, Ca, Se, Mo) 

•Coincidence methods 

Muon and neutron induced background 

• Passive shielding and neutron absorbers  

• Active muon veto 
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Source  Detector 

(calorimetric technique) 

 

  scintillation 

  phonon-mediated detection 

  solid-state devices 

  gaseous/lquid detectors 

  very large masses are possible 

         demonstrated: up to ~ 100 kg 

         proposed: up to ~ 1000 kg 

   with proper choice of the detector, 

      very high energy resolution 

Ge-diodes 

bolometers 

   in gaseous/liquid xenon detector, 

      indication of event topology 

  constraints on detector materials 

   neat reconstruction of event topology 

   it is difficult to get large source mass 

   several candidates can be studied  

      with the same detector 

e- 

e- 

source 

detector 

detector 

Source  Detector 

 

  scintillation 

  gaseous TPC 

  gaseous drift chamber 

  magnetic field and TOF 

Experimental strategies 

A. Giuliani@ Numass 2013 





R. Brugnera @ Nutel 2013 



R. Brugnera @ Nutel 2013 





CUORE: the bolometric approach to bb0n 







Construction of the experiment 



CUORE-0 



CUORE-0 



From pure calorimetric techniques to tracking 

Kamland-Zen EXO 
NEMO3 

SuperNEMO 



G. Gratta @ Nutel 2013 



136Xe: EXO-200 

T1/2(bb0n) > 1.6 x 1025 years (90% C.L.) 
mbb < 140 – 380 meV 
Exposure: 193 mol*years 

Full spectrum 
Region-of-interest closeup 

M. Auger et al., Phys. Rev. Lett. 109 032505 (2012) 



136Xe: KamLAND-Zen 

T1/2(bb0n) > 1.9 x 1025 years (90% C.L.) 
mbb < 140 – 380 meV 
Exposure: 658 mol*years 

ROI closeup Full spectrum 

A. Gando et al., Phys. Rev. Lett 110 062502 (2013) 



100Mo: NEMO-3 

T1/2(bb0n) > 1.1 x 1024 yrs (90%C.L.) 
mbb < 450 – 930 meV 
Exposure: 266 mol*years 

Full spectrum ROI closeup 

A.S. Barabash et al., Phys. Atom. Nucl. (2011) 74 312. 



Conclusions 

• Neutrinoless double beta decay is no more a corner in the “exotic searches” of 

physics beyond the Standard Model. Oscillation data and cosmology define 

uniquely where we expect such rare decay to occurr, if neutrinos are Majorana 

particles 

• The current generation of experiments mostly explore the degenerate region of 

neutrino masses. We are presently testing the anomaly reported by Klaptor et al. 

in 76Ge. Early data already challenge this claim and the issue will be set soon 

• The experiments under construction will start exploring the inverted hierarchy 

region  but a complete test of Majorana neutrinos in the Inverted Hierarchy 

hypothesis requires new techniques and/or scaling toward the 1ton target 

• If accelerator experiments confirm the inverted hierarchy, this search will 

become the top priority in neutrino physics  

• To explore the Normal Hierarchy region, we need novel experimental 

techniques and be prepared to “accidental cancellations” of the effect due to 

parameter conspiracy 


