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of Double Beta Decay experiments 
 

(aimed to know still unknown neutrino properties) 
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 0ββ    7 out of 9 parameters of neutrino mass matrix ! 

with considerable increasing of sensitivity 
in comparison with predecessor experiments               

->  to reduce the previous background level dramatically   
(several orders of magnitude !) 

-> up to 0.1 cts / ton !٠keV٠year!) 
► to cover the inverted neutrino mass hierarchy  <mee> ~10 meV  Why so many efforts (and money) are needed ? 

A.Smolnikov, International workshop “Prospects of Particle Physics”, Valdai,  January 27 – February 1, 2014 

Present and Future 

of Double Beta Decay experiments 
(aimed to know still unknown neutrino properties) 



•Majorana vs. Dirac, effective mass , hierarchy, CP phases 

 
Observation of 0νββ 
 is the only known way 
 to determine  
nature of neutrino  
(Dirac or Majorana) 
 
 
•Ton scale experiments are 
required to resolve 
neutrino-mass hierarchies 
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9 physical parameters  in neutrino mass matrix m ν 

 

• θ12 and m2
2 − m2

1 

• θ23 and |m2
3 − m2

2 | 

• θ13 (or |Ue3|) 

• m1, m2, m3 

• sgn (m2
3 − m2

2 ) 

• Dirac phase δ 

• Majorana phases α and β (or α1 and α2, or φ1 and φ2, or. . .) 

 
(see, for instant, W.Rodejohann, J.Phys.G. 39 (2012) 124008) 
 



  

    Method 

ν – mass Sensitivity 

Now  

(2014) 

[eV] 

Nearest future 

(2017-2020) 

[eV] 

Far future 

(> 2020) 

[eV] 

  

Kurie 2.3 0.2 0.1 

Cosmology 1 0.5 0.05 

0νββ 0.3 0.1 0.02 



Goal of the next generation experiments 

 20 meV 

 60 meV  0.3 eV 



(V+A) current <m>,<l>,<h> 

Neutrinoless double beta decay 
                

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

Discovery implies DL=2 and Majorana neutrino 

 

           Process:                                     parameters 

T1/2= F(Qbb,Z) |M|2 <m>2 -1 

Phase space factor Nuclear matrix element 

                        Effective mass: 

 

<m>= m1|Ue1|
2 + m2|Ue2|

2.eia1 + m3|Ue3|
2.eia2 

 

|Uei|: mixing matrix element 

a1 et a2: Majorana phase 
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Light neutrino exchange  <m> 

Majoron emission <gM> 

SUSY l’111,l’113l’131,…..  

T1/2= F |MJ|
2 <gM>2 -1 

Phase space factor Nuclear matrix element 

           Coupling between Majoron and neutrinos 

 

R-parity violation T1/2 depends on 

 l’111, gluino and squarks mass 

Electron energy sum 
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Qbb 

bb(0) 

bb(M) bb(2) 





Heeck, Rodejohann., Eur.Phys.Lett. 103) 



Heeck, Rodejohann., Eur.Phys.Lett. 103) 



Sterile Neutrinos:  
the usual plot for double beta decay 

gets completely turned around! 



DL=0 

What we should observe in experiments ? 

2ββ  0ββ  

Light neutrino exchange  



What we can observe in experiments ? 



%)90(102.4)( 20106/2

2/1 yCdT ECEC 



Controversy V. Egorov, JINR 

The experimental challenge 

Experimental approach:  
→ reduce background b, improve resolution ∆E,  increase exposure (M·T),  



TGV -2 
TGV -3 

Ge diodes 
    ε, ∆E 
   106 Cd, … 

Multilevel 



Izotope T1/2 2 ββ NEMO-3 

100Mo [7.16 ± 0.01 (stat) ± 0.54 (sys)] 1018 y  NEMO-3 

82Se [ 9.6 ± 0.1 (stat) ± 1.0 (sys)] 1019 y  NEMO-3 

116Cd [ 2.88 ± 0.04 (stat) ± 0.16 (sys)] 1019 y   NEMO-3 

130Te [7.0 ± 0.9 (stat) ± 0.9 (sys)] 1020 y  NEMO-3 

150Nd [9.11 + 0.25 – 0.22(stat) ± 0.63 (sys)] 1018 y  NEMO-3 

96Zr [ 2.35 ± 0.14 (stat) ± 0.16 (sys)] 1019 y NEMO-3 

48Ca [ 4.4 + 0.5 – 0.4 (stat) ± 0.4 (sys)] 1019 y NEMO-3 

76Ge [ 1.84 + 0.09 – 0.08 (stat) + 0.11 -  0.06 (sys)] 1021 y GERDA-I 

136Xe [2.30 ± 0.02 (stat) ± 0.12 (syst)] 1021 y KamLand-Zen 

136Xe [2.23 ± 0.017 (stat) ± 0.22 (syst)] 1021 y EXO-200 

 

Recent results of T1/2 2 ββ 2ββ  )y10 -10( 21182

2/1 T

NEMO-3 
2ββ  
Factory 

Experimental 
definition of 

M2 ββ 

M0 ββ 



 

Choice of the best isotope   -  
2ββ spectrum is always background for 0ββ  

  
 



Choice of the best isotope ? 



Choice of the best isotope ? 



Nuclear matrix elements 



Nuclear matrix elements 



Nuclear matrix elements 

for m = 50 meV: 

9 cts/(ton year) 

13 cts/(ton year) 

2 cts/(ton year) 



Conclusion of general consideration 

No favorite isotope / experimental techniques 

Several experiments using 
  different  isotopes and methods 

 are needed 



Presently used isotopes 



To: Director of the JINR (Dubna) 
V.A.Matveev  

... 
… 
 
By October 2014 it is planned to build the prototype of separation 
cascade and produce on it the sample contained 0.5 kg of Nd- 150 
enriched to more than 80%. This sample will be presented to the 
SuperNEMO collaboration for tests. 
 Industrial production of Nd- 150 can be started at the beginning of 2016. 
 
Deputy Director General,  
Head of the separation department               S.I.Belyantcev 
JSC " ECP " 

Kilograms of enriched Nd-150 
– dream or close to reality? 



Overview of past/current/near future 0ββ experiments 

 

adopted  from B.Schwingenheuer, PACT 2013 

SuperNemo dem.  82 Se / 150Nd        7         track./calor.   Modane          2015           6.6 10 24        



Past Ge-76 experiments 

Heidelberg-Moscow 

IGEX 

Disclaimer:  
Next slides represent only the past Ge-76 experiments for 
comparison with the recent results of the Ge-76 and Xe-136 
experiments. 



 

HPGe detectors  
fabricated from germanium enriched in 76Ge isotope (up to 86 %) 

are simultaneously 

 the ββ decay sources and the 4π detectors.     
    

         The advantages of such type experiments are due to: 

  1) the excellent energy resolution (4 кэВ at 2 MeV) , 

  2) the high purity of  Ge crystals (very low intrinsic background), 

  3) and the high signal detection efficiency (close to 100%).  

       Disadvantages: 

1) not the highest ββ–transiton energy for 76Ge:  Qbb=2039 keV 

      (in comparison with the more promising isotopes, such as Mo-100, 

                     Nd-150,Ca-48)  

  2) only one characteristic of ββ decay  - sum energy of two electrons –  

       is possible to detect. 

  



Heidelberg-Moscow    IGEX 





Claim of signal 
by part (small) of Hd-M collaboration 

claimed signficance of 4.2 σ 
disputed in literature,  
see e.g. Strumia+Vissani 
Nucl Phys B726 (2005) 

2.23 x 0.6 x 0.9 = 1.19 !!! 

Klapdor-Kleingrothaus et al, 

Mod Phys Lett A21 (2006) 1547: 



Current experiments  
(running, first results) 

GERDA Phase I 

EXO200 

Kamland-Zen 
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Liquid Ar cryostat: 
Shielding, cooling of 

detectors 

Water tank instrumented with PMTs: 
Shielding, Cherenkov muon-veto 

Clean room: 
Detector handling 

Lock system: 
Detector 

insertion 

Phase I 
detector array 

Cu shield 

The main conceptual 
design of the GERDA 
experiment  
is to operate  with 
“naked” HPGe 
detectors 
 (enriched in Ge-76) 
 submerged in high 
purity liquid argon 
supplemented 
 by a water shield.  

Located at LNGS, Italy 

 GERDA: the GERmanium Detector Array  

 Neutrinoless Double Beta Decay Experiment 

3400      m  w.e. 
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 GERDA 

will probe Majorana nature of neutrino 

  with sensitivity at 

   GERDA phase I : 

 with background 0.01 cts / (kg٠keV٠y) 

► to scrutinize KKDC result within 1 year 

GERDA phase II :  

with background 1 cts / (ton !٠keV٠y) 

► to cover the degenerate neutrino mass 

hierarchy ( <mee> < 0.08 – 0.29 eV ) 

phase III : 

 world wide GERDA –MAJORANA collaboration 

background 0.1 cts / (ton٠keV٠y) 

► to cover the inverted neutrino mass hierarchy  

<mee> ~10 meV  

KDKC claim: 

Expected sensitivity of the GERDA experiment  

Phase I: 18 kg  of 76Ge 
Phase II:  40 kg  of 76Ge 
 



• End of 2009: Cryostat was filled 
 with 95 t of liquid argon. 
Summer 2010: Water tank was filled 
with 565 t of ultrapure water.  
* June 2010: Start of commissioning 
runs with 3 natGe detectors 

Construction of the GERDA set up  
started in 2007 

in  Gran Sasso National Laboratory (LNGS),  Italy.  
Installation of the “nested type” assembly  

completed  in 2010 

in the deep underground facility  at 3400 m  w.e.   

           Phase I detectors 
 8 enriched HPGe detectors  
(in total ~ 18 kg of 76Ge)  
from  HdM and IGEX experiments,  
6 natural HPGe detectors  
(in total ~ 16 kg of NatGe)  
from the Genius T-F will be deployed . 
All detectors reprocessed optimized for 
LAr. Energy resolution in LAr:  
~2.5 keV (FWHM) @1.3 MeV 
+ 5 enriched BeGe detectors   
(in total ~ 4 kg of 76Ge) – from July 2012 
          Phase II  detectors 
the new 30 BeGe detectors (~ 20 kg of 
76Ge) made from  enriched in 76Ge 
material  will be added.  
In total:  ~ 40 kg of 76Ge + 16 kg of NatGe  

November 2011 – May 2013 :  
Phase I physics data taking  



Three strings with the GERDA Phase I semi-coaxial detectors. 

The GERDA Phase I semi-coaxial  

enriched in Ge-76  and natural Ge detectors.  

38 



Phase II (and Phase I-b) detectors - BEGe 

n+ contact 

p-type germanium 

 81 mm 

3
2

 m
m

 

878 g 

p+ contact 

  FWHM @ 59.5 keV       0.49 keV 

  FWHM @ 1.33 MeV     1.59 keV 

Single-site  
(0bb-like) 

multi-site  
(bgd:  FE peak) 

DEP: 90%  

0bb-like -bgd: 
11% 
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From July 2012 - 5 enrGe BEGe detectors 

(R&D for Phase II) 

Detector array assembly 

for GERDA Phase I: 

 

3 + 1 strings:  

 8 enrGe coaxial detectors  

(2 not considered in the analysis) 

 

3 natGe coaxial detectors 

 

5 enrGe BEGe detectors 

40 



9 November 2011: Start of Phase I 

All 8 enrGe + 3 natGe coaxial detectors deployed in GERDA  

(2 enrGe detectors are not used for analysis due to high leakage current) 

 

7 July 2012: Insert 5 enrGe BEGe detectors ( 2 natGe detectors were removed) 

9 November 2011 – 21 May 2013: 

558.6 days,  

-> exposure:  

Enriched Ge-76 detectors:  

21.612 kg*yr, 

Natural Ge detectors:  

6.192 kg*yr  

 

Phase I Data taking 
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First  2νββ half-life results  

The first 5.04 kg yr of data collected in Phase I of the experiment have been analyzed. 

 The observed spectrum in the energy range between 600 and 1800 keV  

is dominated by 2νββ decay of 76Ge. 

42 



Intensities of Gamma-peaks in comparison with Hd-M experiment 

43 



Intensities of Gamma-peaks in comparison with Hd-M experiment 

The Gerda experiment for the search of 0ββdecay in 76Ge, 

Eur. Phys. J. C (2013) 73:2330  

44 



 0νββ blinded data of GERDA Phase I 

1. Data after January 2012 is blinded in ± 20 keV region around Qββ 
 
->  To avoid tuning the analysis towards signal or no-signal outcome. 
 
2. All data processing, quality cuts and statistical analysis methods are being fixed. 
 
-> Paper with background model and analysis parameters published on arXiv prior to 
final unblinding: 
 
The background in the neutrinoless double beta decay experiment GERDA submitted 
to EPJC; on arXiv:1306.5084  
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http://arxiv.org/abs/1306.5084
http://arxiv.org/abs/1306.5084


 Background spectra of GERDA Phase I 
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 Unblinding of the GERDA Phase-I 0νββ data 

GERDA has unblinded the data after 1.5 years of data taking (558.6 days)  

on 14 June 2013 at the GERDA Collaboration Meeting in Dubna.  

 

This happened after developing a model for the background 

    and several methods of PSD for BEGe and semi-coaxial detectors.    



 Region of Interest 









3 new limits on T1/2 in 2012/13 

How to compare? Who is better? 



small QRPA-NME for Xe! (Mustonen, Engel, 1301.6997) 

↔ small overlap in initial and final mean fields 

(Bhupal Dev, Goswami, Mitra, W.Rodejohann., PRD 88) 

How to compare? Who is better? 



Xe vs. Ge 



EXO 200 , Kamland-Zen and GERDA Phase I vs KK claim  



Barry, Rodejohann., JHEP  1309) 

Left-right symmetry.  Who is better? 



Search for double beta decay of Ge-76 on 
excited level 01

+ and 21
+  of daughter nuclei Se-

76. 

0ββ  



Future experiment 
(under construction or funded) 

GERDA Phase II 

Majorana demonstrator 

Super NEMO demonstrator 

Cuore 0 / Cuore 

Kamland-Zen 1000 

nEXO 

GERDA - Majorana 

TGV-3 

CANDLES – data taking 

 



 GERDA Phase-II 



Phase II  detectors - BEGe 

Adopted from: B.Lehnert., Talk at RICAP 13 conf., Rome, 23 May 2013 
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R&D for GERDA Phases II and III 

LArGe test facility + BEGe  detectors 
 

First results obtained with LArGe + BEGe  successfully demonstrate possibility of considerable  

background reduction  for GERDA Phase II and III by using LAr scintillation veto + BeGe PSD.  

First naked BEGe  

 inside LArGe 

BEGe parameters  in LArGe:  

High voltage  4000 V 

Leakage current ~ 4 pA 

FWHM @ 1.33 MeV   1.8 keV 

       mass  878 g 
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all events

after PSD

all events

after PSD

Th228

1621 keV
full absorp-
tion peak

surviving
fraction
10.1%

(a) (b)

DEP
1593 keV

surviving
fraction
89.2%

surviving fraction 0.93%

Co60

0bb-like 

The LArGe Setup 
with 1.4 tons of LAr 

9 PMTs:  8” ETL9357; 

Reflector: VM2000 

 & wavelength shifter; 

Cryostat:  90 cm x 205 cm,          

volume: 1000 liter; 

Shield: Cu -15 cm, Pb -10 

cm, Steel- 23 cm, PE- 20 cm. 

 

The LArGe set up was assembled at LNGS in 2010 

and operates with naked Ge detectors immersed 

in 1.4 tons of LAr served as scintillation veto.  

Efficiency of the LAr scintillation veto  and pulse 

shape discrimination (PSD) of signals from the 

BEGe detector inside the LArGe were tested and 

optimized . It was shown that the internal 

background from Th-228 suppressed in LArGe by 

factor 5000 after applying LAr veto and PSD. 

ROI – reduction factor > 5000  



Phase II: LAr Scintillation Veto 

• Experimental prove of principle  

in R&D facility LArGe (LNGS) 

• Investigation of different design principles 

for GERDA with tuned MC simulations: 

 

• PMT arrays on top and bottom 

• Fiber shroud with SiPM readout 

• SiPMs inside mini shroud (if deployed) 

 

• Combination of designs is approved 
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NEMO-3 
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And many other experimental R&D efforts, such as 

  Lucifer – phonons and scintillation  

COBRA – pixelized CdZnTe semiconductor detector,  

SuperNEMO – full scale, SNO+,  Moon, DCBA, NEXT,….. 



GERDA-II: preparation in progress from 2013, data taking  from 2014 
 
Super NEMO demonstrator: installation in progress from 2013, 
 data taking  from 2015 

Nearest Future 





  Summary 

until today            2014 - 2017                   2017 – 2020        very far future ? 

Controversy  S. Schönert, NME WS, LNGS Nov. 2011 

100 – 300 kg  
of 136Xe 



 

 CONCLUSION 

New generation of the of the 0bb experiments 

has a good chance 

to penetrate deeper  

in understanding 

of the neutrino properties 



 Extra slides  



Pulse shape discrimination for coaxial detectors  



Pulse shape discrimination A/E for BEGe  





















χ0 predicted by several theories (extensions of SM, SUSY, ...) 
Can be massless Goldstone boson, massless or light boson, with or 
without leptonic charge, …. 
Emission of 2χ0 possible 













Five neutrino parameters are now measured 
 in the solar, atmospheric and reactor neutrino experiments 





40 keV  
blinded window 

(energy resolution at Qββ:  
4.5 keV (FWHM)) 





Cuoricino 



EXO 200 
Probing the 0νββ  of 136Xe, Q = 2458 keV 

100 kg  of 136Xe 





Exposure: 35 kg  yr (120.7 days) 



300 kg  of 136Xe 



Real experiment MC simulation 













Real experiment MC simulation 









 
Telescope Germanium Vertical (TGV-2)   

            

  32 HPGe planar detectors 60 mm  x 6 mm 

  with sensitive volume: 20.4 cm2 x 6 mm 

  Total sensitive volume: ~400 cm3 

  Total mass of detectors: ~3 kg  

  Total area of samples :  330 cm2 

  Total mass of sample(s) : 10  25 g       

  Total efficiency :   50  70 %                        

  E-resolution :  3  4 keV  @ 60Co  

  LE-threshold : 5  6 keV 

  Double beta emitters:                            

  16 samples (~ 50 µm ) of 106Cd (enrich.75%)  

  13.6 g ~ 5.79 x 1022 atoms of  106Cd  

HPGe 

HPGe 

Cd 









– Measurement started in June 2011 ! 





Kamland-Zen, 1000 kg 



Cryogenic Underground Observatory for Rare Events 

CUORE program 

Primary objective is to search for 0νββ decay in 130Te 



CUORE construction started 

CUORE construction started 



• End of 2009: Cryostat was filled 

 with 95 t of liquid argon. 
Summer 2010: Water tank was filled 

with 565 t of ultrapure water. 

Construction of the GERDA set up started in 2007 
in  Gran Sasso National Laboratory (LNGS),  Italy.  

Installation of the “nested type” assembly  
completed  in 2010 

in the deep underground facility  at 3400 m  w.e.   

 November 2011: Start of Phase I. 
    All 8 76Ge + 3 NatGe detectors  
           deployed in GERDA 

                  Phase I detectors 
 8 enriched HPGe detectors  

(in total ~ 18 kg of 76Ge)  
from  HdM and IGEX experiments,  

3 natural HPGe detectors  
(in total ~ 7.6 kg of NatGe)  

from the Genius T-F  
 

Soon: 5 BEGe from 76Ge will be 

implemented  (June 2012) 
 

        Phase II  detectors 
the new BeGe detectors (~ 25 kg of 
76Ge) made from  enriched in 76Ge 

material  will be added.  

In total:  about  40 kg of 76Ge 

•June 2010: Start of commissioning runs 

with 3 natGe detectors 





















COBRA 

Use large amount of CdZnTe Semiconductor Detectors 













• Si pixel detectors in coincidence mode 

• Thin foil of enriched isotope 

• Signature = two hitted pixels with X-rays of 
precise energy  

• Good efficiency (comparable with TGV-2) 

• Particle identification (alpha, electrons) 

• information about energy + position of 
registered X-ray 

• Measurement at room temperature  

 

     Observable: 2× 21keV X-rays from 106Pd daughter 
originated in the enriched Cd foil 

Double-side event (DSE) 
K1 

K2 

Single-side events (SSE) 

K1 K2 

K1 

K1 K2 

Search for 2νEC/EC of 106Cd with pixel detectors 

Si Si 

Control  
unit 

Cd foil 


