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What is neutrinoless double‐beta 
decay (0νββ)? 
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€ 

ZA ⇒ Z+ 2A+ 2e−

€ 

ZA ⇒ Z+ 2A+ 2e− + 2ν e

2υββ: Observed 2nd order weak 
process.  

Allowed β-decay 

Forbidden β-decay 

0,2νββ


Energetically allowed in 
many  nuclei. 

Prefer nuclei stable against 
β-decay (about 30) 



MoBvaBon for 0υββ Search  
•  ImplicaBons of discovery: 

–  Neutrino is Majorana* (own 
anBparBcle) 

–  Total lepton number is not conserved 

–  Neutrino has mass* (known) 

–  Absolute neutrino mass. 

•   0υββ nuclear decay may occur 
via several processes (SUSY, RH 
currents,…) 

•  Canonical example: Exchange of 
virtual neutrino 
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* Schechter et al, Phys. Rev. D25, 2951 (1982)  

Majorana 



0νββ Rate and Neutrino Mass 

€ 

T1/ 2
0ν[ ]

−1
=G0ν (E0,Z) 〈mββ 〉

 2
M 0ν  2
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:  Phase Space (Known) 

€ 

G0ν

€ 

M 0ν : Nuclear Matrix Element (large uncertainty) 

EffecBve Majorana electron neutrino 
mass* 

  0υββ decay can probe absolute neutrino mass scale and 
mixing.  

  Current neutrino experiments measure mass squared  
differences: Δm2.  € 

< mββ > = Uei
i
∑ 2mν i

eiα i

* Assumes νm exchange  

€ 

T1/ 2
0ν

:  Half‐life 



Nuclear Matrix Elements 

F. Simkovic, Neutrino 2010 
Large Matrix Elements Uncertain?es Require Mul?ple Isotope 

Program 
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Combined Mass Limits 
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DBD 

Cosmology 
(best limit)   

Estimated KATRIN Sensitivity 

~ 100kg isotope 

~ 1 ton   

~ 100 ton   

JCAP 
0610:014,2
006 



Two Comments 
Direct search for neutrinos mass via TriBum‐decay 
experiments (KATRIN) are complementary to 
neutrinoless double‐beta decay searches. 

Neutrinos and Cosmology: 
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Majorana neutrinos 

See-Saw mass-generating 
mechanism 

Required by 

Leptogenesis 

Matter dominated 
universe? 

Required by 



Experimental ConsideraBons 

•  Measure extremely rare decay rates : 
   T1/2 ~ 1026 ‐1027 years 

•  Large, highly efficient source mass. 
•  Extremely low (near‐zero) backgrounds in the 0νββ 

peak region‐of‐interest (ROI): 1 count/t‐y aher 
analysis cuts. 

1.  High Q value 
2.  Best possible energy 

resoluBon 
–  Minimize 0νββ peak ROI 

to maximize S/B 
–  Separate 2νββ/0νββ 
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Background IdenBficaBon 

•  Future Experiments Reduce Backgrounds factor ~100 
•  Backgrounds: 

–  Compton scakered gammas, surface alphas. 
–  Natural isotope chains: 232Th, 235U, 238U, Rn 
–  2νββ‐decays.  
–  Cosmic Rays:  

•  AcBvaBon at surface creates 68Ge, 60Co. 
•  Hard neutrons from cosmic rays in rock and shield. 

–  Tonne‐scale 1tGe experiments (S4) need depth of > 
5000mwe. 

•  Pushing limits in ICP‐MS, materials science, radio‐assay. 
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Selected Current and Future Experiments  
Many different technologies… 
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Possible Discovery Requires Confirmation with Different 
Isotope(s) 

Cryogenic 
Bolometry


CUORE/Cuoricino-130Te 


Scintillation
 CANDLES-48Ca, SNO++-150Nd 

EXO-136Xe


Ionization
 COBRA-CdTe , GERDA-76Ge (LAr), 
MAJORANA-76Ge


Time Projection 
and Tracking


MOON-100Mo, Nemo/Super-Nemo 
(many)




KKDC used five 76Ge crystals, with a total 
of 10.96 kg of mass, and 71 kg-years of 
data. 


Τ1/2 = 1.2 x 1025 y 
       0.24 < mv < 0.58 eV  (3 sigma) 

A Recent Claim 

Background level depends on 
intensity fit to other peaks. !

Klapdor-Kleingrothaus H V, Krivosheina I V, 
Dietz A and Chkvorets O, Phys. Lett. B 586 198 
(2004). 

A More Recent Claim 
6.8 sigma 

Modern Physics Letters A  
21 (2006) 1547 

Neural Net Analysis 
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Why >1 isotope? 

•  Unknown, technique‐specific backgrounds 
•  Unknown isotope‐specific backgrounds 
•  RaBo between half‐lives can help determine 
decay mechanism. 

•  Nuclear matrix element uncertainBes 
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Other Physics with DBD experiments 

•  Light WIMP Dark Maker 
•  Solar Axions 
•  Neutrino physics with radionuclide sources 
•  Pauli Exclusion Principle 
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Actively pursuing the development of R&D aimed at a �
~1 tonne scale 76Ge 0νββ-decay experiment.


–  Technical goal: Demonstrate background low enough to 
justify building a tonne scale Ge experiment. 


–   MAJORANA DEMONSTRATOR Part of Early Science 
program


–  Science goal: build a prototype module to test the 
recent claim of an observation of 0νββ. This goal is a 
litmus test of any proposed technology.


–  Work cooperatively with GERDA Collaboration to 
prepare for a single international tonne-scale Ge 
experiment that combines the best technical features of 
MAJORANA and GERDA.


–  Pursue longer term R&D to minimize costs and 
optimize the schedule for a 1-tonne experiment.


–  Sensitive to mββ ~ 10-20meV 


MAJORANA CollaboraBon Goals 
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GERDA ‐ Majorana  

•  ‘Bare’ enrGe array in liquid argon   
•  Shield: high-purity liquid Argon / H2O 
•  Phase I (mid 2008): ~18 kg (HdM/IGEX diodes) 
•  Phase II (mid 2009): add ~20 kg new detectors 
                   Total ~40 kg 

•  Modules of enrGe housed in high-purity 
    electroformed copper cryostat  
•  Shield: electroformed copper / lead  
•  Initial phase: R&D prototype module 
                  Total 60 kg 

Majorana GERDA 

Joint Cooperative Agreement: 
•  Open exchange of knowledge & technologies (e.g. MaGe, R&D) 
•  Intention to merge for 1 ton exp. Select best techniques developed and 
tested in GERDA and Majorana 



1tGe Concepts for DUSEL 
(part of S4) 
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Compact 
high‐Z 
shield 

 Direct Immersion 
in LAr/Water 
Shield 

Vacuum 
Cryostat in 
LAr/Water 
Shield 

Vacuum 
Cryostat in 
Water/
ScinBllator 
Shield 
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EXO‐200 TPC 
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EXO 
•  EXO‐200 being commissioned at WIPP 
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1‐10t EXO for DUSEL 
(G. Graka) 
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Conclusions  

•  Neutrinoless double‐beta decay has a 
compelling physics moBvaBon 

•  ConfirmaBon of potenBal discovery requires 
more than one technique/isotope.  
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Backups 
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Majorana vs. Dirac 

Majorana parBcles are their own anB‐parBcles.  
Dirac parBcles are not. 
No fermions are known to be Majorana. 
Experimental evidence consistent with both 
Majorana or Dirac neutrinos. 

VerificaBon difficult due to small neutrino 
masses and handedness of weak interacBon. 
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Neutrinoless double-beta decay is the only practical process that 
can resolve this mystery.  

Ekore 
Majorana  

Paul Dirac 



1‐tonne Ge ‐ Projected SensiBvity vs. Background 

Goal is to achieve ultra‐low backgrounds <1 count per ton of material per year 
in the Region of Interest (ROI) 
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History 
•  1935: Double beta decay postulated by 
Maria Goeppert‐Mayer (assist by Wigner) 
Phys. Rev. 48 (1935) 512 

•  1937: Ekore Majorana formulates theory 
with no disBncBon between ν and anB‐ν. 
Nuovo Cimento 14 (1937) 171 

•  1937: Giulio Racah suggests zero‐neutrino 
double‐beta decay as test for Majorana’s 
theory. Nuovo Cimento 14 (1937) 322 
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Flavor Mixing 
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Mass eigenstates different than flavor 
eigenstates. 

⇒ Propagating neutrinos undergo flavor 
oscillations. 

Mass to flavor relationship described by 
neutrino mixing matrix with 5 
parameters.  

€ 

U =

1 0 0
0 c23 s23
0 −s23 c23

 

 

 
  

 

 

 
  

c13 0 eiδ s13
0 1 0

−eiδ s13 0 c13

 

 

 
 
 

 

 

 
 
 

c12 s12 0
−s12 c12 0
0 0 1

 

 

 
  

 

 

 
  

eiα1 0 0
0 eiα2 0
0 0 1

 

 

 
 
 

 

 

 
 
 

€ 

θ12 ≈ 30° δ = ?
θ23 ≈ 45° α i = ?
θ13 <10°

cij = cos θij  sij = sin θij 

CP Phase 

Majorana Phases 



The weak force and neutrinos 
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•  Three flavors that 
undergo only weak 
interactions. 

•  Electrically neutral 
•  Neutrinos are massive, 

but very light 
•  Compelling evidence 

neutrinos undergo flavor 
oscillations. 

-W

€ 

Z0

€ 

l

€ 

ν l

€ 

ν

€ 

ν



Neutrino Masses 
Absolute masses weakly constrained, < 1eV. 

RelaBve mass‐squared differences known.  

Three possible scenarios: Quasi‐degenerate, also: 
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Δm23
2~2x10‐3 eV2 

1 

2 

3 

3 

1 

2 

Δm12
2= 7.1x10‐5 eV2 

Δm23
2 

Δm12
2 

“Normal” “Inverted” 

νe 

νµ


ντ 

?  ? 

? 

? 

Needs to be resolved 



0νββ-decay and Majorana Neutrinos 
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Schechter et al, Phys. Rev. D25, 2951 (1982) 

Majorana nature verificaBon independent of process that mediates 0νββ 
decay!  
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