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Decay modes for 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 (0n-DBD) 
never observed (except a discussed claim) 

t > 1025 y 
 

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

with Majoron (light neutral boson) 
never observed – t > 1022 y 

 

Processes  and  would imply new physics beyond the Standard Model 

violation of total lepton number conservation 

They are very sensitive tests to new physics since the phase space term  
is much larger for them than for the standard process (in particular for )  

interest for 0n-DBD  lasts for 70 years ! 
Goeppert-Meyer proposed the standard process in 1935 
Racah proposed the neutrinoless process in 1937 



Weiszaecker’s formula for the binding energy of a nucleus 
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oscillations do occur neutrinos are massive  

 given the three n mass eigenvalues M1, M2, M3 we have  
approximate measurements of two DMij

2 

DM12
2  ~ (9 meV)2  Solar |DM23

2 | ~ (50 meV)2     Atmospheric 

(DMij
2  Mi

2 – Mj
2)   

n1 

n2 

n3 

ne nm nt 

measurements  of the 3 angles which parametrize  Ulj   elements of the 
n mixing matrix 

Info from neutrino oscillations 
0.026 



neutrino mass hierarchy direct inverted 

absolute neutrino mass scale degeneracy ?      (M1~M2~M3 ) 

DIRAC or MAJORANA nature of neutrinos  

n  n n  n 

What oscillations don’t tell us 

 

 
Future oscillation 

experiments will have 
access to this parameter 

 small masses (see-saw) 
 matter-antimatter asymmetry (leptogenesis) 



Cosmology, single and double b decay measure different combinations 
of the neutrino mass eigenvalues, constraining the neutrino mass scale 

In a standard three active neutrino scenario: 

S Mi
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S        
cosmology 
simple sum 

pure kinematical effect 
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Mbb  
double b decay 
coherent sum 

virtual neutrino 
Majorana phases 

Cosmology, single and double b 
decay  
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The three constrained parameters 
can be plot as a function of the 

lightest neutrino mass 

Two bands appear in each plot, 
corresponding to inverted and direct 

hierarchy 

The two bands merge in the degenerate 
case (the only one presently probed) 

Present bounds 
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e- 
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W- 

W- ne 

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 

0n-DBD  
is forbidden 

  IF neutrinos are massive MAJORANA particles: 

  Helicities can be accommodated thanks to the finite mass, 
  AND Lepton number is not relevant 

0n-DBD  
is allowed 

More in detail: double beta decay 
and neutrino 

With massless neutrinos,  
the process is forbidden 
because neutrino has no 
correct helicity / lepton 

number to be absorbed at 
the second vertex 



SUSY l’111,l’113l’131,…..  (V+A) current <mn>,<l>,<h> 

Other possible mechanisms 

mn  0 
n  n 

Observation of 0n-DBD  

However, independently of the mechanism, 
the Schechter-Valle theorem states that 

even if the light neutrino exchange should 
not provide the dominant contribution 



parameter containing  
the physics: 

Effective Majorana mass what the nuclear theorists  
try to calculate 

what the experimentalists  
try to measure 

1/t = G(Q,Z) |Mnucl|2Mbb 
2 

neutrinoless 
Double Beta Decay  

rate 

 Phase  
space 

Nuclear  
matrix elements Effective  

Majorana mass 

how 0n-DBD is connected to neutrino mixing matrix and masses 
in case of process induced by light n exchange (mass mechanism) 

Mbb = ||Ue1 | 
2M1 + eia1 | Ue2 | 

2M2 + eia2 |Ue3 | 
2M3 | 

0.026 

More on the mass mechanism 
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Three hurdles to leap over 
Mbb  

[eV] 

Klapdor’s claim 

100-1000 counts/y/ton 

~300 meV 

0.5-5 counts/y/ton 

20 meV 

0.1-1 counts/y/(100 ton) 

1 meV 



The first leap looks easy but 
one year ago nobody did it… 

A. Faessler et al., Phys. Rev. D79,053001(2009) 

Ge experimental 

range (Klapdor) 

Adapted from 

1990’s 

2000’s 

2000’s 



…but something new is appearing 
at the horizon: Xe is coming 

A. Faessler et al., Phys. Rev. D79,053001(2009) 

EXO 
KamLAND-ZEN 

Adapted from 



To start to explore the inverted hierarchy region 

Sensitivity at the level of  1-10 counts / y ton 

To cover  the inverted hierarchy region 

Sensitivity at the level of 0.1 -1 counts / y ton 

The order of magnitude of the target bakground is   
~ 1 counts / y ton 

Background demands 

Present generation experiments, under commissioning or construction, aim at 
scrutinizing Klapdor’s claim and possibly attacking the inverted hierarchy region 



   Natural radioactivity of materials  
     (source itself, surrounding structures) 

   Cosmogenic induced activity (long living) 

   2 n Double Beta Decay 

Signal and Background sources 

   Neutrons (in particular muon-induced) 

d=DE/Q 

100Mo  7.1x1018 

136Xe  2.2x1021 



Light neutrino exchange V+A current 

Electron minimum 

energy spectrum 

Angular distribution 

between the 2 electrons 

MeV 
MeV 

Cosq Cosq 

Other observables 



Two approaches: 

e- 

e- 

Source  Detector 
(calorimetric technique) 

 

  scintillation 
  phonon-mediated detection 
  solid-state devices 
  gaseous/lquid detectors 

  very large masses are possible 
         demonstrated: up to ~ 50 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 approaches 



sensitivity F: lifetime corresponding to the minimum detectable number  
                      of events over background at a given confidence level 

importance of the nuclide choice 
(but large uncertainty due to nuclear physics) 

sensitivity to Mbb    
1 bDE 

MT  Q1/2 

1/4 

|Mnucl| 

F  (MT / bDE)1/2 

energy resolution live time 
source mass 

F  MT 

The sensitivity 

b = 0 b: specific background coefficient 
    [counts/(keV kg y)] b  0 



Isotopic abundance (%) 

48Ca 76Ge 82Se 96Zr 100Mo 116Cd 130Te 136Xe 150Nd 

0 

20 

40 

Transition energy (MeV) 

48Ca 76Ge 82Se 96Zr 100Mo 116Cd 130Te 136Xe 150Nd 

2 

3 

4 

5 

Choice of the nuclide 

Nuclear Matrix Element 

No super-favoured isotope ! 

Sign of convergence!  



R0=1.2fm & gA=1.25 

But do not forget the phase space! 

 48Ca  76Ge  82Se 96Zr 100Mo 116Cd 128Te 130Te 136Xe 150Nd 124Sn 

10-12 

10-13 

10-14 

10-15 

Gon [y
-1] Suhonen et al., R0 =1.2 fm & gA = 1.25 



Enrichment 
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Precursors of the present generation searches 

I will comment about three crucial experiments: 

  Heidelberg – Moscow (HM) (closed in 2003) 

dominated DBD scenario over a decade 

The basic detecting element preludes to a present generation experiment 

GERDA   

  NEMO3 (recently stopped) 

it was tracking experiment capable to study different candidate nuclides 

It is also a precursor of the present generation experiment SuperNEMO 

  CUORICINO (closed in 2008) 

it was a calorimetric experiment with the 

potential to approach the HM result 

it is also a prelude to a present generation experiment, 

CUORE (Cryogenic Underground Observatory for Rare Events),  



High energy resolution (<2%) 

No tracking capability 
Easy to reject 2n DBD background 

Low energy resolution (>2%) 

Tracking / topology capability 
Easy to control bakground 

(with the exception of  

2n DBD component) 

e- 

e- 

Source  Detector 

Easy to approach the ton scale 

e- 

e- 

source 

detector 

detector 

Source  Detector 

Easy to get tracking capability 

HM - CUORICINO 

NEMO-3 



The Heidelberg Moscow experiment 

Source = detector 

Well established technology of Ge diodes 

   Five Ge diodes for an overall mass of 10.9 kg  isotopically enriched ( 86%) in 76Ge 

   Underground operation in the Gran Sasso laboratory (Italy)  

   Lead box and nitrogen flushing of the detectors  

   Digital Pulse Shape Analysis (PSA) (factor 5 reduction)  

identification of Multi-site events  

(gamma background) 7.6  1025 76Ge nuclei 

Background in the region of DBD: 

b = 0.17 counts/(keV kg y) 

Mbb < 0.3 – 2.5 eV 

similar results obtained by IGEX experiment 

This technique has been dominating 

the field for decades and is still one of 

the most promising for the future 

E. Fiorini – 60s 

T0n < 1.9 x 1025 y 



HM: claim of evidence of  0n-DBD 

Suddenly, in December 2001, 4 authors (KDHK) of the HM collaboration 

announce the discovery of neutrinoless DBD 

KDHK claim: mee = 0.11 - 0.56 eV (0.39 eV most probable.)  

                        t1/2
0n (y) = (0.8 – 18.3)  1025 y (1  1025 y most probable.) 

                     (95 % c.l.) 

                     H.V. Klapdor-Kleingrothaus et al. Mod. Phys. Lett. A 16 (2001) 2409  

most probable value of events: 

14.8 in 46 kg y exposure 

later, the authors widen the allowed range for mee to account for nuclear matrix element uncertainty: 

Mbb = 0.05 - 0.84 eV (95% c.l.) 

immediate skepticism in DBD community 

Klapdor-Kleingrothaus HV hep-ph/0205228 

H.L. Harney, hep-ph/0205293 Independent replies to the Comments  

Aalseth CE et al. , Mod. Phys. Lett. A 17 (2002) 1475 

Feruglio F et al. , Nucl. Phys. B 637 (2002) 345 

Zdezenko Yu G et al., Phys. Lett. B546(2002)206 
Comments and reanalysis of HD-M data 



Subsequent papers (2004) about claim of evidence 

With respect to the 2001 results, now data with higher statistics and with 

better quality show an increase of the statistical significance of the “peak”:  

54.98 kg•y     2.2 s 

2001 

71.7 kg•y     4 s 

2004 

  mee = 0.24 - 0.58 eV 

                    t1/2
0n (y) = (0.69 – 4.18)  1025 y (1.19  1025 y most probable) 

                 (3 s) 

                 Klapdor et al., Physics Letters B 586 (2004) 198-212 

  New analysis 2 years later: 2.23+0.44
−0.31 × 1025 y central value for mee~0.3 eV 

  Klapdor et al., Mod. Phys. Lett. A, 21 (2006)1547 



Many background features 

are still to explain 

Looking at a larger range, many  

structures resemble the DBD “peak”  

and need  to be explained 

Strumia-Vissani hep-ph/0503246 

The statistical significance depends 

on the flat component of the background 



NEMO3: the structure 

Source   detector 

Well established technologies in particle detection: 

tracking volume with Geiger cells 

plastic scintillators 

magnetic field 

The most sophisticated 

DBD detector with external source 

   Different sources in form of foil can be used simultaneously 

   Underground operation in the Frejus laboratory (France)  

   Water and iron shields 

4.1  1025 100Mo nuclei 

other sources 

1 SOURCE 

2 TRACKING VOLUME  

3 CALORIMETER 

detector scheme 





NEMO3: the results and the sensitivity 













NEMO3: technical features 



















CUORICINO 

Nuclide under study: 130Te  0n DBD is a factor 5-10 faster than in 76Ge 

 A.I.: 34%  enrichment not necessary 

Source  = detector 

Bolometric technique: 

young (born in ~ 1985) but now firmly established 

The bolometric technique for the 

study of DBD was proposed 

by E. Fiorini and T.O. Niinikoski 

in 1983 

experiments can be expanded at low cost 

5  1025 130Te nuclei 

CUORICINO source 

Bolometric technique: the nuclear energy is measured as a temperature 

increase of a single crystal 

DT = E/C DT    DV thanks to a proper thermometer, 

In order to get low specific heat, the temperature must be very low (5 – 10 mK) 

Typical signal sizes: 0.1 mK / MeV, converted to about 1 mV / MeV 



Perfect calorimeters 

Heat sink 

T  10 - 100 mK 

Thermometer 

(phonon sensor) 

Energy absorber (C) 

Thermal coupling (G) 

particle 

   The only relevant parameter for the energy absorber is the heat capacity C. 

   The thermal conductance to the bath G enables the temperature recover. 

DT = E/C t = C/G 
signal 

relaxation time 

  Dielectric diamagnetic materials are preferred 

 C    (T/D)3      (Debye Law) 

  Intrinsic energy resolution according to a now classical discussion (Mather et al., 1983) is: 

DERMS =  (kT2C)1/2 5 eV for 1 g  

Silicon at 50 mK 



Phonon Sensors 

A phonon sensor is a device that collects phonons and generates or modulates 

an electrical signal, proportional to the energy contained in the collected phonons. 

If the PMD is operated as a perfect calorimeter, the phonon sensor works as 

a thermometer  

In practical devices, there are two classes of phonon sensors extensively employed: 

   Semiconductor Thermistors (ST) 

   Transition Edge Sensors (TES) 

There are in addition other devices that can be used as phonon/temperature sensors: 

   Superconductive Tunnel Junctions (STJ) 

   Kinetic Inductance Detectors (KID) 

   Magnetic Micro-Calorimeters (MMC) 



Semiconductor Thermistors 

Doped semiconductors close to the Metal to Insulator Transition (MIT) 

At low temperatures (< ~10 K), the resistivity is given by: 

(Variable Range Hopping with Coulomb gap conduction regime) 

(T) = 0 exp [(T0/T)1/2] 

T0 depends on the doping level  it fixes 0  and the sensitivity 

   Neutron Transmutation Doped (NTD)  

      Ge thermistors 

  Ge crystal exposed to neutron bombardment 

  Neutron capture and subsequent b and EC 

    decays produce p and n doping. 

  Neutron dose fixes net doping. 

  MIT: 6 x 10 16 cm -3 

   Si-implanted thermistors; 

  Standard microelectronic technology 

  Implantation of P, As (n-doping),  B (p-doping) 

  MIT (Si:P): 3 x 10 18 cm -3  

Two main types: 



Characteristics of Semiconductor Thermistors 

  Read-out: a current I is flown in the thermistor 

  

         Signal:      DV = I DR = I (R/ T) DT 

in case of thermal phonons 

  Ge and Si STs are: 

  Easy to handle (usually epoxied at the energy absorber) 

  Scarcely sensitive to athermal phonons 

  Sensitive over a large temperature range 

106 

104 

102 

20 100 200 

T [mK] 

R
 [

W
] NTD Ge 

example 

High impedance (1 MW - 100 MW): 

 

  Standard electronics can be used 

  Quite sensitive to spurious  

      noise sources 



Transition Edge Sensors 

  TES is a superconductive film kept around TC 

if we define the sensitivity as 

A    d logR/dlogT 

 

A10 for ST 

 

A1000 for TES 

Low impedance thermistors   SQUID readout 

  Much higher S/N ratio with respect to ST 

  It exploits the steep temperature dependence of the resistance in these conditions 

W transition 

at  11 mK 

  Film is deposited on the energy absorber: 

  sensitive to athermal phonons 

  fast response 

BUT not easy and not always 

reproducible procedure 



Properties of 130Te as a DBD emitter 

  high natural isotopic abundance (I.A. = 33.87 %) 

 

  high transition energy ( Q = 2527 keV ) 

  

  encouraging theoretical calculations for 0n-DBD lifetime 

 

  already observed with geo-chemical techniques 

     ( t 1/2 incl = ( 0.7 - 2.7 )  1021 y) 

excellent feature for reasonable-cost  

expansion  of Double Beta Decay experiments 

large phase space,  

lower background 

(clean window 

between full energy 

and Compton edge 

of 208Tl photons) 

mee  0.1 eV  t  1026 y 

130Te features as a DBD candidate: 



A physical realization of bolometers for DBD 

Energy absorber 
single TeO2 crystal 

  790 g 

  5 x 5 x 5 cm 

Thermometer 
(doped Ge chip) 



CUORICINO = tower of 13 modules,  

                        11 modules x 4 detector (790 g) each 

  2 modules x 9 detector (340 g) each 

M = ~ 41 kg 
Underground operation in the Gran Sasso laboratory (Italy) 

The CUORICINO set-up 

Cold finger 

Tower 

Lead shield 

Same cryostat 

and similar  

structure 

as previous 

pilot experiment 

Coldest point 



Cuoricino experiment 

► CUORE predecessor 

► Operated March 2003 — May 2008  

► 62 TeO2 crystal bolometers: 

► 44 “large” crystals (5x5x5 cm3, 790 g) 

► 18 “small” crystals: (3x3x6 cm3, 330 g) 

► most crystals had natural 27% 130Te 

► 2 small crystals enriched to 75% in 130Te 

► 2 small crystals enriched to 82% in 130Te 

 

► 40.7 kg TeO2  11.6 kg 130Te 



Cuoricino energy spectrum 
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238U and 232Th alpha peaks due to 

crystal & copper surface contamination 
Photopeaks, scatters, low-energy gammas 
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238U and 232Th alpha peaks due to 

crystal & copper surface contamination 
Photopeaks, scatters, low-energy gammas 



Cuoricino results (2010) 

No evidence of neutrinoless double beta decay in 130Te. 

data: 2003 — 2008 

19.75 kg-yr 130Te exposure  

(130Te) >  (−0.25 ± 1.44stat ± 0.30syst) × 10−25 y−1  

 

0nbb

Q=2527.5 keV 



Cuoricino results (2010) 

Background: 

Lower limit, half-life: 

Upper limit, Majorana mass: 

0.169 ± 0.006 counts/keV/kg/y 

        (130Te) ≥  2.8 × 1024 y (90% 

C.L.) 

mνe
 < 300 – 710 meV 

data: 2003 — 2008 

19.75 kg-yr 130Te exposure  

 

T1 2
0nbb

Q=2527.5 keV 



Cuoricino results: comparison 

data: 2003 — 2008 

19.8 kg-yr 130Te exposure  

2010 Result 

data: 2003 — 2006 

11.8 kg-yr 130Te exposure  

2008 Result 

(130Te) > 2.8 × 1024 y (90% C.L.) (130Te) > 3.0 × 1024 y (90% C.L.) 

 

T1 2
0nbb

 

T1 2
0nbb

C. Arnaboldi et al. (CUORICINO Collaboration), Phys. Rev. C78, 

035502 (2008) [arXiv:nucl-ex/0802.3439]. 

E. Andreotti et al. (CUORICINO Collaboration), Astropart. Phys. 34: 

822–831 (2011) [arXiv:nucl-ex/1012.3266]. 



Expected signal 

The signature for 0νββ in 130Te would be a small peak above background at 

the reaction’s Q-value of 2527 keV. 

HYPOTHETICAL 



Technical results on detector performance 



Technical results on detector performance 

2.6 1.6 0.6 

Energy [MeV] 

C
o
u
n
ts

 (
/1

.2
 k

e
V

) 

10 

60 
238U + 232Th calibration spectrum 

208Tl 

214Bi 

40K 

228Ac 

Performance of CUORICINO-type detectors (555 cm3 - 760 g): 

  Detector base temperature: ~ 7 mK 

  Detector operation temperature: ~ 9 mK 

  Detector response:   ~ 250 mV/ MeV 

  FWHM resolution: ~ 3.9 keV @ 2.6 MeV 
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Source  Detector 

Easy to get tracking capability 

High energy resolution (<1%) 
Easy to reject 2n DBD background 

Tracking / topology capability 

Easy to identify events 

Experiment classification criteria 
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Source  Detector 

Easy to get tracking capability 

High energy resolution (<1%) 
Easy to reject 2n DBD background 

Tracking / topology capability 

Easy to identify events 

Class 1 experiments 

GERDA – 76Ge 
Array of enriched Ge diodes operated in liquid argon 
First phase: 18 Kg; second phase: 40 Kg - LNGS 
Proved energy resolution: 0.2 % FWHM 
CUORE – 130Te 
Array  of low temperature natural TeO2 calorimeters operated at 10 mK 
First step: 200 Kg (2014) – LNGS – it can take advantage from Cuoricino experience 
Proved energy resolution: 0.2 % FWHM 
MAJORANA – 76Ge 
Array of enriched Ge diodes operated in conventional Cu cryostats 
Based on modules; first step (demonstrator): 2x20 Kg modules 
Proved energy resolution: 0.16 % FWHM 
LUCIFER – 82Se – 116Cd – 100Mo  
Array of scintillating bolometers operated at 10 mK (ZnSe or ZnMoO4 or CdWO4 ) 
First step: ~ 10 Kg (2014) – LNGS – essentially R&D project to fully test the principle 
Proved energy resolution: 0.3 – 0.7 % FWHM 
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Source  Detector 

Easy to get tracking capability 

High energy resolution (<1%) 
Easy to reject 2n DBD background 

Tracking / topology capability 

Easy to identify events 

Class 2 experiments 

KamLAND-ZEN – 136Xe  
Dissolve Xe gas in KAMLAND liquid scintillator – feasible at 3% wt  
Use a dedicated balloon immersed in the main vessel 
Increase number of PM and change scintillator – 300 kg of enriched Xe in the first phase 

SNO+ – 150Nd 
SNO detector filled with Nd-loaded liquid scintillator 
0.1% loading with natural Nd → 1000 Kg Nd in 1000 tons scintillators → 56 Kg of isotope 
Crucial points: Nd enrichment and purity; 150Nd nuclear matrix elements  
XMASS – 136Xe  
Multipurpose scintillating liquid Xe detector (Dark Matter, Double Beta Decay, solar neutrinos) 
Three development stages: 3 Kg (prototype)  1 ton  10 ton 
DBD option: low background in the MeV region 
Special development with an elliptic water tank to shield high energy gamma rays 
High light yield and collection efficiency  energy resolution down to 1.4%  control 2n background 
Target: to cover inverted hierarchy with 10 ton natural or 1 ton enriched 
CANDLES – 48Ca 
Array  of natural pure (not Eu doped) CaF2 scintillators 
Prove of principle completed (CANDLES I and II) 
Proved energy resolution: 3.4 % FWHM (extrapolated from 9.1 % at 662 keV) 
The good point of this search is the high Q-value of 48Ca:  4.27 MeV 
out of g (2.6 MeV end point), b (3.3 MeV end point) and a (max 2.5 MeV with quench) 
Other background cuts come from PSD and space-time correlation for Bi-Po and Bi-Tl 
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Class 3 experiments 

EXO – 136Xe 
TPC of enriched liquid (first phase) and gaseous (second phase) Xenon 
Event position and topology; in prospect, tagging of Ba single ion (DBD daughter) through optical 
spectroscopy  only 2n DBD background 
EXO-200: funded, taking data: 200 kg – WIPP facility  
Further steps: 1-10 ton 
In parallel with the EXO-200 development, R&D for Ba ion grabbing and tagging 
COBRA - 116Cd competing candidate – 9 bb isotopes 
Array of 116Cd enriched CdZnTe of semiconductor detectors at room temperatures 
Small scale prototype at LNGS 
Proved energy resolution: 1.9% FWHM 
Pixellization can provide tracking capability 
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Class 4 experiment 

NEXT – 136Xe 
High pressure gas TPC 
Total mass: 100 kg 
Aims at energy resolution down or below 1%  FWHM exploiting  electroluminesce in high field region 
Two prototypes have substantially proved the detection concept and the performance 
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Easy to reject 2n DBD background 

Tracking / topology capability 

Easy to identify events 

Class 5 experiments 
SUPERNEMO - 82Se or 150Nd 
Modules with source foils, tracking (drift chamber in Geiger mode) and calorimetric (low Z scintillator) 
sections - Magnetic field for charge sign 
Possible configuration: 20 modules with 5 kg source for each module  100 Kg in Modane extension 
Energy resolution: 4 % FWHM 
It can take advantage of NEMO3 experience 
BiPo construction to measure the source activity (Canfranc) 
First step: construction of a single module (demonstrator) 
MOON - 100Mo or 82Se or 150Nd 
Multilayer plastic scintillators interleaved with source foils + tracking section (PL fibers or MWPC) 
MOON-1 prototype without tracking section (2006) 
MOON-2 prototype with tracking section 
Proved energy resolution: 6.8 % FWHM 
Final target: collect  5 y x ton 
DCBA - 150Nd 
Momentum analyzer for beta particles consisting of source foils inserted in a drift chamber with 
magnetic field 
Realized test prototype DCBA-T2: space resolution ~ 0.5 mm; energy resolution 11% FWHM at 1 MeV 
  6 % FWHM at 3 MeV 
Test prototype DCBA-T3 under construction: aims at improved energy resolution thanks to higher 
magnetic field (2kG) and higher space resolution 
Final target: 10 modules with 84 m2 source foil for module (126 through 330 Kg total mass) 
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CUORE 
Technique/location: natural 988 TeO2 bolometers at 10-15  mK– LNGS (Italy) 
       evolution of Cuoricino  
Source: TeO2 – 741 kg with natural tellurium - 9.5x1026  nuclides of 130Te 
Sensitivity: 41 – 95 meV (5 years) – approach/attack inverted hierarchy region 
Timeline: first CUORE tower in 2012 (CUORE-0) 
               data taking with full apparatus in 2015 

Structure of the detector 
Detector in the custom fridge 

Class 1 



CUORE-0 Class 1 

First CUORE tower, just assembled (April 2012) – waiting to be cooled down in 
former Cuoricino cryostat (LNGS) 



CUORE background Class 1 

Cuoricino experience + dedicated tests in the CUORE R&D phase clearly shows 
the most critical background component 

Cuoricino 
background 

model 

Background budget 

Dominant contribution: energy-degraded alphas from Cu surface facing detectors 
It will contribute at a level of 2.5x10-2 counts/(keV kg y) 
If removed, 1 order of magnitude lower background would be possible! 



(A)  Action on the source    surface cleaning – plastic wrapping 

(B)  Action on the detectors   events identification 

Mechanical action / Electropolishing  
Chemical etching / Plasma cleaning 

  “Legnaro” cleaning method [CUORE baseline] 

  “Gran Sasso” cleaning method 

  Composite  surface sensitive bolometers (Como) 

Strategies for the control of the surface background from inert 
materials  

  Polyethelene wrapping 

  Thin-film equipped surface sensitive bolometers (Orsay) 

 Cerenkov light for beta identification (Rome, LNGS) 
      Luminescent foil around the detector (LNGS) 



(A) Surface-radioactivity source control: three tower run 





Three-tower run: direct comparison of the three methods for source control 

Coating 

Gran 

Sasso 

Legnaro 

Results: 
The three methods are similar, but 
Legnaro and coating are better: 
baseline option is confirmed. 

Raw background in 3-4 MeV region: 
 0.06-0.07 counts/keV kg y 

Safe and conservative extrapolation 
for CUORE background in bb region: 

0.04 counts/keV kg y 

Demonstrated CUORE 
sensitivity in 5 y live time 

T1/2
0n (130Te) > 1.05 x 1026 y 
mββ < 62 - 103 meV 



Parylene coating as an alternative to wrapping 



(50 mm) 

















LUCIFER and scintillating 
bolometers 

Technique/location: scintillating enriched bolometers at 10 mK – LNGS (Italy) 
Source: options: 82Se, 100Mo, 116Cd – realistic amount: 7x1025 82Se nuclides  
Sensitivity: ~100 meV in 5 years but difficult to state now  
                    (uncertainty on enrichment and purification processes) 
Timeline: R&D set-up with significant mass: 2014 

Class 1 

A device able to measure simultaneously the 
phonon (heat) excitations and the photon 
(scintillation) excitations generated in a crystal 
by the same nuclear event can efficiently 
discriminate alphas from betas / gammas. 
 
Alphas emit a different amount of light with 
respect to beta/gamma of the same energy 
(normally lower → a QF < 1, but not in all 
cases). 
 
A scatter plot light vs. heat separates alphas 
from betas / gammas. 



Double bolometer for heat and light 

The most convenient method to realize a light detector at low temperatures is 
the development of an auxiliary bolometer, made with a thin absorber opaque 
to the light emitted by the main bolometer, and facing one polished side of it.  

Scintillating bolometer 

Real light and heat signals acquired 
with a CdWO4 scintillating bolometer 

As in Dark Matter: ROSEBUD, CRESST 



Silver and golden isotopes in scintillating bolometers 

Nucleus I. A. [%] Q-value           Materials successfully tested as bolometers 

    [keV]    in crystalline form 

 
  76Ge 7.8 2039 Ge 
136Xe 8.9 2479 NONE 

130Te 33.8 2527 TeO2 
116Cd 7.5 2802 CdWO4, CdMoO4   
  82Se 9.2 2995 ZnSe  
100Mo 9.6 3034 PbMoO4, CaMoO4, SrMoO4, CdMoO4, SrMoO4,  

   ZnMoO4,  Li2MoO4, MgMoO4  
  96Zr 2.8 3350 ZrO2  
150Nd 5.6 3367 NONE → many attempts  
 48Ca 0.187 4270 CaF2, CaMoO4  

Four golden candidates (116Cd – 100Mo – 82Se – 48Ca)  

can be studied as scintillating bolometers 

Underlined 

compounds are 

good scintillators 



LUCIFER preliminary results 



LUCIFER preliminary results 



ZnMoO4 program 



Luminescent TeO2? 
Indication of weak luminescence of TeO2 traces back to several years ago 

Optical properties of TeO2 crystals 

  Transparent from 350 nm to infrared 
  n=2.4 

Threshold for Čerenkov emission: 
50 keV for an electron 
400 MeV for an alpha particle 

 125 photons for a 0nbb decay event in the 2-3.5 eV range 

First observation of 
luminescence light from TeO2 

on an event by event basis 
(LNGS, Rome) 

For beta/gamma: 73±2 eV/MeV 

For alpha: 6±3 eV/MeV 

Light emission: 

Eur. Phys. J. C 65 (2010) 359 

arXiv:1106.6286v1 

Nucl. Instrum. Methods A 520, 159, (2004) 



Luminescent envelope for TeO2 

TeO2 crystal is equipped 
with a light detector as if 

it were scintillating 

TeO2 crystal is enveloped 
by a high efficient 

scintillating foil 

Only surface events 
produce scintillation, read 
out by the light detector 

arXiv:1103.5296v1 



GERDA 
Class 1 

Technique/location: bare enriched Ge diodes in liquid argon – LNGS (Italy) 
Source: Ge - 14.6 kg – 76Ge enriched at 86% - 9.7x1025 nuclides (phase 1) 
Sensitivity: it can scrutinize Klapdor’s claim in ~1 year data taking 
Timeline: GERDA phase-I is taking data in a physics run 



GERDA-phase 1 - status 
Class 1 

After some excess background in the debugging phase with normal crystals due 
to a higher than expected contamination of 42Ar, now with enriched crystals the 
background is close to the expectation: ~2x 10-2 counts/(keV kg y)  

Two detectors out of nine exhibit anomalous leakage current and have been 
eliminated  

Typical calibration energy 
spectra with energy 

resolution at 2615 keV 
(typically ~5 keV FWHM)  











GERDA – new detectors 
Class 1 

BEGe detectors are p-type HPGe’s with a n+ contact 
covering the whole outer surface and a small p+ contact 
located on the bottom. Main properties: enhanced Pulse 
Shape Discrimination properties, which can be 
exploited for background reduction purposes 

Single site event Multi site event 

bb event 
g event 



Multi site event suppression 





GERDA - prospects 
Class 1 



NEXT 
Technique/location: High pressure (10 bar) enriched Xe TPC – Canfranc (Spain) 
Source: 136Xe enriched at 90%  - 89 kg corresponding to  3.9x1026 nuclides  
Sensitivity: better than 100 meV in 5 years 
Timeline: prototypes are working – commissioning of full detector in 2014 

Energy: both electroluminescence and 
direct scintillation are recorded in 
the photosensor plane behind the 
transparent cathode 
 
Tracking: exploit electroluminescence 
light generated at the anode and 
recorded in the photosensor plane 
behind it  
 

Double beta 
decay event 

(MC) 

Class 4 

Energy resolution is crucial in Xe 
136Xe Q-value: 2458 keV  
Highest energy line of 214Bi: 2447 keV arXiv:1202.0721 



NEXT – energy resolution in 
prototype (1) 

NEXT-DBDM (LBNL) : short drift, high solid 
angle, one plane of PMTs (SiPM plane under 
way) - 

137Cs calibration 
 
~0.53 % at DBD energy 
 
(but in central region) 

Class 4 



NEXT – energy resolution in 
prototype (2) 

NEXT-DEMO: long drift, “small” solid angle, two plane of PMTs (SiPM plane 
starting soon) 

Energy resolution in all fiducial volume: 1.1 % FWHM in DBD region 
(after applying corrections taking into account the zone of the interaction) 

Class 4 



NEXT – tracking in prototype (2) 
Class 4 

NEXT-DEMO: track of an electron produced by a 662 keV gamma 



NEXT – background 

Estimation od the background generated by high energy gammas (214Bi line 
at 2447 keV and 208Tl line at 2615 keV) reaching the active volume by 
applying 3 selection cuts: 

 single track confined within the active volume 
 energy falls in the region of interest, defined as 0.5 FWHM around Q 
 the spatial pattern of energy deposition corresponding to that of a DBD 

track (blobs in both ends). 

Shielding 

Estimated background:  
8x10-4 counts/(keV kgisotope y) 

Class 4 



KamLAND-ZEN 
Technique/location: enriched Xenon dissolved in liquid scintillator  - Kamioka 
Source: 136Xe enriched at 91%  - 300 kg (129 kg fiducial  5.2x1026 nuclides)  
Sensitivity: limit obtained: 300 – 600 meV 
Timeline: presently in pause 

Class 2 

Totally different approach wrt NEXT 
 Moderate energy resolution 
 No tracking/topology but impact 

point (fiducial volume) 
 Coincidence cuts 

arXiv:1201.4664v2 



KamLAND-ZEN – results 
For the second time (see EXO)  2n DBD of 136Xe is measured, resulting ~5 
times faster than a previous limit 

T2n
1/2 = 2.38 ± 0.02(stat) ± 0.14(syst) × 1021 

The background in the region of 
interest is almost two orders of 
magnitude higher than 
expected: monochromatic 
contributions of unclear origin 

The low energy resolution (~9% 
FWHM) doesn’t help in  the 
comprehension of the background 

T0n
1/2 > 5.7 × 1024 (90% c.l.) 

77.6 days X 129 kg (fiducial volume) 

Class 2 



EXO 
Technique/location:  phase 1: liquid enriched Xe TPC – WIPP (New Mexico, US) 
Source: Xe - 200 kg – 136Xe enriched at 80% -  7.1x1026 nuclides 
Sensitivity: limit obtained 140 – 380 meV 
Timeline: phase 1 data taking – phase 2: R&D (Ba tagging) 

Spatial resolution offered by the charge and light readout allows to distinguish 
single site (SS) events – signal – from multisite (MS) events – background. 

Class 3 



EXO 
Detail of the field cage Detail of the LAAPD read-out plane 

Detail of the wires  

Class 3 



EXO - results 
For the first time  2n DBD of 136Xe is measured, in excellent agreement with 
the KamLAND-ZEN result T2n

1/2 = 2.11 ± 0.04(stat) ± 0.21(syst) × 1021 

Multisite events 

Single site events 

Class 3 

PRL 107, 212501 (2011) 



EXO - results 
In the 0n DBD of 136Xe the limit obtained by EXO is excellent and starts to 
attack seriously the Klapdor claim 

Multisite events 

Single site events 
(potential signal) 

Zoom in the region of DBD 

32 kg y 

Background:  
1.5x10-3 counts/(keV kg y) 

Class 3 

arXiv:1205.5608v1 



EXO - results 
Energy resolution: improved thanks to charge-light correlation (~3.9% FWHM)  

Class 3 



EXO and Klapdor 
Class 3 



SuperNEMO 
Class 5 



SuperNEMO 
Class 5 
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The path to the limit 

Take energy resolution [keV] 

Take specific background coefficient [counts/(keV kg y)] 

Multiply them [counts/(kg y)] 

Multiply by detector mass, live time  → bkg counts 

Invert, multiply by number of atoms and live time 

DE 
b 

DExb 
DExbxMxT 

Calculate limit Nlim 

T x Nat/ Nlim   

Figure of Merit for 
the technology 

Scalability of the 
technology 
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A dimension is missing… 
Scalability of the technique 

Excellent for Xe-based techniques 

Reasonable for Ge/bolometers 

Bad for external source approach 



Outline 

  Introduction 

  Why Double Beta Decay is important 

  Challenges in front of us 

  Approaches and technologies 

  Some relevant experiments 

  A critical comparison of technologies 

  Conclusions 



S
 [
e
V

] 
M

b
b
 

[e
V

] 

M
b
 

[e
V

] 
Future bounds 

Exciting times for neutrino masses: 
 

  degeneracy will be deeply probed 
 

  discovery potential in case of  
     inverted hierarchy 

PLANCK + 
 larger surveys 

Present generation 



What about a ~ 5 meV experiment? 

50 meV 5 x 1026 y 

5 meV 5 x 1028 y 

Mbb T0n “average” NME 

for an “average” nucleus 

if we require 10 counts in 5 years with 0 background 

experiment with 1029 nuclei and 0 background 

for example 

30 ton of TeO2 enriched 

100 ton of TeO2 natural 

  selection of the most promising technique 

  design of the experiment 

only “one bit” information  direct hierarchy - Majorana nature of neutrino 


