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• Observation of 0νββ  would mean
 Lepton number violation
 Neutrinos are Majorana particles
 Rate measures (effective) electron neutrino mass

Standard Model 2νββ decay 
τ ≥ 1019 y

0νββ τ ≥ 1025 y

Neutrinoless Double-Beta Decay

The measurable quantity is the half life:
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Phase space factor~Q5 Nuclear Matrix Element 
Effective neutrino mass
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Γ =  1/τ = GF
2Φ(Q,Z) |M0ν|2 <mββ>

2

0νββ
rate

 Phase 
space∝ Q5 Nuclear 

matrix element
Effective 

neutrino mass

high Q candidates preferred

large phase space low background

238U  γ end at 2.4 MeV
232Th γ end at 2.6 MeV

[2039 keV (76Ge) ⇔ 4271 keV (48Ca)]
                         

0νββ Rate and Neutrino Mass

2νββ 
continuum

0νββ peak

sum electron energy / Q
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τ0ν~1024–1026 years: large mass and extremely low backgrounds needed (underground labs, ultra 
purity materials, active rejection of backgrounds) 
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F = GF2Φ(Q,Z)|M0ν|2 me2  [y-1]
F 

[y
-1

]

82Se 100Mo 116Cd 130Te 136Xe 150Nd76Ge

0νββ Isotopes: Figure of Merit 
(Want as high as possible)
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Experimental Sensitivity
Standard sensitivity for a counting analysis (nonzero background):

Isotopic abundance
Efficiency Detector mass (kg)

Exposure time (y)

Desired sensitivity in σ

Atomic weight SNR (assume 0) Background (c/kg/y/keV)

ROI (keV)

Experimental challenge: 
 Increase M as high as possible (200-1000 kg for current experiments): $$, R&D
 Increase a: $$ 
 Decrease b as much as possible (to 2νββ limit): radio purity, active rejection 
 Decrease δ (highest resolution possible): technology choice
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Two Experimental Techniques
Source external to detector Source internal to detector

+: event topology, background rejection, 
    multiple isotopes possible
–: detector mass, resolution, acceptance

Ex: NEMO, SuperNEMO, others Ex: Gerda, Majorana, EXO, CUORE, 
SNO+, KamLAND-Zen, and others

+: detector mass, resolution, acceptance
–: event topology, background rejection

Technology: typically tracking detectors
Technology: calorimeters (bolometers, 

ionization, scintillation), tracking
May prove invaluable to test models 

once 0νββ is discovered
Typically aimed at 0νββ discovery
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Possible Evidence: Klapdor et al
• Heidelberg-Moscow Ge experiment

 11 kg of enriched 76Ge, 72 kg*y exposure
 Fraction of the collaboration (KKDC) claim discovery 
 Klapdor et al., Phys. Lett B 586 (2004) 198

T = (0.7 - 4.2) x 1025 years (3σ C.L.) 
mββ = (0.2 - 0.6) eV (3σ C.L.)
mββ best = 0.28 eV
4.2σ claim

signal

Intriguing, but not universally 
accepted… 
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Klapdor et al. Phys. Lett. B 586 (198) 2004

5 HP-Ge diodes: 10.9 kg (86% enriched 76Ge)

Exposure: 53.9 kg y (1990-2001)  

!EFWHM~ 4 keV @ Q
""

 ~2039 keV 

#0$
1/2 > 1.9 ·1025 y  ⇔〈m""〉< 0.35 eV

Exposure: 71.7 kg y(1990-2003)

Bkgd ~ 0.11 counts/keV/kg/y 

         #0$
1/2 = 1.2 ·1025 y

                     ⇔

       〈m""〉= 0.44 eV

source = detector

0$""
After pulse shape

analysis
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Search for Double-Beta Decay
• 0νββ is one of the top priorities in neutrino physics

 Multiple experiments, variety of techniques
• Present: ~10 kg active mass (mββ ~ 300–700 meV)

 Hidelberg-Moscow, Cuoricino, NEMO
• Near term: ~200 kg active mass (mββ ~ 50–100 meV)

 Address KKDC claim
  Different isotopes: reduce sensitivity to nuclear matrix elements
  Different methods (tradeoffs of background, resolution, efficiency)

 In case of negative result
 Rule out the degenerate hierarchy
 Explore inverse hierarchy

• Near-term upgrades: ~1 ton detectors (mββ ~ 20–50 meV)
 Perhaps combined with Dark Matter experiments
 In case of negative result

 Rule out inverse hierarchy
 Or (if oscillation experiments confirm inverse hierarchy) prove Dirac nature of 

neutrinos
• Longer term: aim for normal hierarchy (mββ ~ 5 meV)

 Multi-ton detectors, low backgrounds: requires substantial R&D

9
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Total detector mass: 40.7 kg TeO2 ⇒ 11.34 kg 130Te

Cuoricino, the prototype for CUORE

11 modules, 4 detector each,
crystal dimension: 5x5x5 cm3

crystal mass: 790 g
44 x 0.79 = 34.76 kg of TeO2

2 modules x 9 crystals each
crystal dimension: 3x3x6 cm3

crystal mass: 330 g
18 x 0.33 = 5.94 kg of TeO2

Encased in a cryostat, lead shield, nitrogen box, neutron shield, and Faraday cage

Bolometer detectors
Cooled to 10mK

10

Gran Sasso National Lab (Italy)
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Cuoricino Results (2010)
Exposure 

= 19.6 kg y 

Resolution: 
FWHM at 2615 keV ~7 keV 

Background: 
In the ββ0ν region (large crystals) 
= 0.153 ± 0.006 counts /(keV kg y)

No peak found
τ0ν1/2 > 2.8⨯1024 y at 90% C.L.

mββ  < 0.3 – 0.7 eV
Spread is due to a range of published matrix elements
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Figure 9: Left panel: best fit, 68% and 90% confidence intervals for the total statistics (RUN I+RUN II) superimposed to the CUORICINO sum spectrum of the
three groups of crystals (each scaled by efficiency and exposure) in the 0νββ region. (The purpose of the plot is to give a pictorial view of the result, indeed the fit is
done separately on 6 spectra whose likelihood are combined, as described in the text). Right panel: negative profile of the combined log likelihoods of RUN I and
RUN II before (blue) and after (red) the systematic uncertainty is included.

root of the exposure, i.e. we would expect an improvement of520

about a factor 1.3 which is by far smaller than the spread in521

the 90% C.L. limits that different experiments (with the same522

exposure and sensitivity) can yield (figure 8). This is the rea-523

son why we prefer to quote the sensitivity of the experiment524

together with the limit. It has to be mentioned also that in paper525

[12] we used the old value of the 130Te transition energy. This526

was defined with a much larger error and a slightly higher cen-527

tral value. On the same statistics used for [12] the use of the528

new result for the transition energy (with its small error) pushes529

the limit toward a lower half-life.530

The inclusion of the systematic error modifies the likelihood
profile for our data as shown in the right panel of figure 9. The
profile can be considered the χ2 of our fit as a function of all the
possible Γ0ν. Thus we will refer to it as χ2stat. If we rely on the
hypothesis that our knowledge of Γ0ν is smeared - near the best
fit values - by a gaussian systematic uncertainty of magnitude
σstat, the total χ2tot will be:

1
χ2tot
=

1
χ2stat

+
1
χ2syst

(5)

where χ2syst simplest approximated form is:

χ2stat =

(

Γ0ν − Γ0νbest
)2

σ2syst
(6)

With this modification of our χ2 and being the systematic
uncertainty small compared to the statistical error, we obtain a
slightly weaker limit on the half life:

τ0ν1/2 ≥ 2.8 × 10
24y

We present also, as it is a standard approach in 0νββ literature,
the 95% confidence level limit on τ0ν1/2 including systematics:

τ0ν1/2 ≥ 2.3 × 10
24y

9. Conclusion531

In this paper we have presented the CUORICINO final re-532

sult on 130Te 0νββ decay obtained with a statistics of 19.6533

kg (130Te ) y, including for the first time a detailed study of sys-534

tematics. A half life limit of 2.8 1024 y at 90% C.L. is obtained535

(2.9 1024 y if systematics are not included), to be compared536

(as discussed in section 6.2) with an experimental sensitivity of537

∼2.6 1024 y. This number can be converted in an upper limit538

on mee using the theoretical NME evaluation for 130Te nucleus.539

We report here results obtained using the most recent nuclear540

calculation found in literature:541

• 300-570 meV using the Quasiparticle Random Phase Ap-542

proximation (QRPA) evaluations of reference [5]543

• 360-580meV using the QRPA evaluations of reference [6]544

• 570-710 meV using the Shell Model (SM) evaluations of545

reference [7]546

• 350-370 meV using the Interacting Boson Model (IBM)547

evaluations of reference [8]548

Note that, for each reference, a range (and not a single value)549

for mee is presented because of the different results on the NME550

obtained by the authors when e.g. varying the treatment of the551

short range correlations or the value of gA (the axial-vector cou-552

pling). A final range for the 90% C.L. upper bound on mee can553

thus be considered the interval 300-710 meV (at 95% C.L. this554

becomes 340-780 meV).555

In table 5 we compare this result with the most stringent556

90% C.L. half-life lower limits present in literature. For each557

experimental result we report the mee range obtained with the558

NME evaluations here considered. Despite the differences aris-559

ing from the use of the one or the other NME, it is evident560

how CUORICINO is one of the most sensitive experiment per-561

formed so far.562

9
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E. Andreotti et al., Astr. Phys. 34, 822 (2011)
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NEMO-3 
• Source: ~10 kg of ββ isotopes

 cylindrical foils (20 m2)
 Measure 2νββ decays and search for 0νββ 

• Tracking detector
 Drift chamber operating in Geiger mode 

 He+4%alcohol+1% Ar

• Calorimeter: plastic scintillator, low-
activity PMTs

• 25 Gauss magnetic field
 Ability to identify γ, α, β+, β-
 Low background (except for 2νββ → 0νββ)
 Reconstruct decay kinematics: sensitivity 

decay dynamics
 But:  ΔE/E ~8% @ 3 MeV (FWHM)

12

3 m

B (25 G)

20 sectors Source: 10 kg of isotopes
cylindrical, S = 20 m2, 60 mg/cm2

Tracking detector:
drift wire chamber operating 

in Geiger mode (6180 cells)
Gas: He + 4% ethyl alcohol + 1% Ar + 0.1% H2O

Calorimeter:
1940 plastic scintillators
coupled to low radioactivity PMTs 

Magnetic field: 25 Gauss
Gamma shield: Pure I ron (18 cm)
Neutron shield: borated water (~30 
cm) + Wood (Top/Bottom/Gapes 
between water tanks)

The NEMO3 detector

Able to identify e , e , and 

100Mo foil

100Mo foil

Transverse view
Longitudinal

view

Run Number: 2040
Event Number: 9732
Date: 2003-03-20

Geiger plasma
longitudinal
propagation

Scintillator 
+ PMT

Deposited energy:
E1+E2= 2088 keV

Internal hypothesis:
( t)mes ( t)theo = 0.22 ns

Common vertex:
( vertex) = 2.1 mm

Vertex
emission

( vertex)// = 5.7 mm

Vertex
emission

Transverse view Longitudinal
view

Run Number: 2040
Event Number: 9732
Date: 2003-03-20

Criteria to select events:
2 tracks with charge < 0
2 PMT, each > 200 keV
PMT-Track association 
Common vertex

Internal hypothesis (external event rejection)
No other isolated PMT ( rejection)
No delayed track (214Bi rejection)

Trigger: at least 1 PMT > 150 keV
3 Geiger hits  (2 neighbour layers + 1)

Trigger rate = 7 Hz
events: 1 event every 2.5 minutes

Typical 2 event observed from 100Mo

events selection in NEMO-3 

Frejus Underground Lab (France)
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NEMO-3 Results
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Plus measurements of 2νββ lifetimes for 7 isotopes Phys. Rev. C 80, 032501 (2009)

Table 1: NEMO 3 results of the 2νββ half-life measurements.

Isotope Mass [g] Qββ [keV] Sig/Bkg T1/2 [1019 years] M2ν

100Mo 6914 3034 76 0.717 ± 0.001 (stat) ± 0.054 (syst) 0.126 ± 0.006
82Se 932 2995 4 9.6 ± 0.1 (stat) ± 1.0 (syst) 0.049 ±0.004
130Te 454 2529 0.25 70 +10

−8 (stat) +10
−9 (syst) 0.017 ± 0.003

116Cd 405 2805 10.3 2.88 ± 0.04 (stat) ± 0.16 (syst) 0.069 ± 0.003
150Nd 37.0 3368 2.8 0.920 ± 0.025 (stat) ± 0.063 (syst) 0.030 ± 0.002
96Zr 9.4 3350 1.0 2.35 ± 0.14 (stat) ± 0.16 (syst) 0.049 ± 0.002
48Ca 6.99 4274 6.8 4.4 +0.5

−0.4 (stat) ± 0.4 (syst) 0.024 ± 0.002

5 Neutrinoless Double Beta Decay Search

The neutrinoless double beta decay search was performed on the NEMO-3 data from 2003 to the end
of 2009 and no evidence for neutrinoless double beta decay has been observed in 100Mo nor in 82Se
(Fig. 6). Therefore, 90% CL lower limits on the half-lives have been set: T 0ν

1/2 > 1.0 1024 yr for 100Mo

and T 0ν
1/2 > 3.2 1023 yr for 82Se. The corresponding limits on the effective Majorana neutrino mass

are respectively 〈mν〉 < 0.47 − 0.96 eV and 〈mν〉 < 0.94 − 2.5 eV, according to the most recent NME

calculations used by NEMO-37 8 9.

100Mo, 7 kg, 4.5 years
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Figure 6: Total energy spect ra of 2 elect rons events observed in NEMO-3 after 4.5 years for 100Mo on the left and
82Se on the right . For 100Mo, 18 events have been observed between 2.8 and 3.2 MeV for 16.4 ± 1.4 expected.
For 82Se, 14 events have been observed between 2.6 and 3.2 MeV for 10.9 ± 1.3 expected. For illust rat ion, the

magenta line represents what a 0νββ signal would look like with a given half-life.

Other 0νββ mechanisms have also been investigated and several limits (90 % CL) have been set for
decays to excited states: T 0ν

1/2(0
+ → 0+1 ) > 8.9 1022 yr and T 0ν

1/2(0
+ → 2+1 ) > 1.6 1023 yr, right-handed

currents (V+A): T 0ν
1/2 > 5.4 1023 yr and Majoron emission: T 0ν

1/2 > 2.7 1022 yr.
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[2.8-3.2] MeV: 18 evts (data) vs 
                         16.4±1.4 (MC)
τ0ν1/2>1.0⨯1024 years @ 90% C.L.
mββ<(0.47-0.96) eV 

[2.6-3.2] MeV: 14 evts (data) vs 
                         10.9±1.3 (MC)
τ0ν1/2>3.2⨯1023 years @ 90% C.L.
mββ<(0.9-2.5) eV 
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Planned Experiments
• Four complementary approaches, multiple isotopes

 High-resolution calorimeters (source=detector)
  Bolometers: CUORE (130Te)
  Ionization: GERDA (76Ge), MAJORANA (76Ge), COBRA 

(130Te, 116Cd)
  Tracking detectors (source=detector)
  Liquid Xe or high-pressure gas TPC: EXO-200, NEXT (136Xe)

 Tracking detectors (source≠detector)
  SuperNEMO, MOON, DCBA

 DBD-loaded scintillators (source=detector)
  SNO+ (150Nd), KamLAND-Zen (136Xe), XMASS (136Xe), 

CANDLES (48Ca)

• Will describe the most developed project next

14
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CUORE
Array of 988 TeO2 crystals
 19 towers suspended in a cylindrical structure
 13 levels, 4 crystals each 
 5x5x5 cm3 (750g each)
 130Te: 33.8% natural isotope abundance

 New pulse tube refrigerator and cryostat
 Radio-purity techniques and high resolution 

achieve low backgrounds
 Joint venture between Italy (INFN) and US 

(DOE, NSF) 
 Under construction (expected completion by 

end of 2013)

750 kg TeO2  =>  200 kg 130Te
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CUORE Sensitivity

Five year sensitivity based on 
detector resolution (5 keV 

FWHM), background, and matrix 
element spread

KKDC

5 year sensitivity

16

The First CUORE Tower (CUORE-0) will be assembled and operated in 2010

! test new procedures  on gluing, holder, wires, zero contact approach

! expected background: 0.06 counts/keV/kg/y (limited by cryostat contamination)

! !EFWHM~ 5 keV @ Q
""

 ~2527 keV

CUORE data taking  foreseen in 2013

! bkgd: 10-2 counts/keV/kg/y

        #0v
1/2 = 2.0 ·1026 y

 

      〈m""〉= 44-87 meV

15
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CUORE-0 - 0.06 c/keV/kg/y

Combined Cuoricino + CUORE-0

CUORE - 0.01 c/keV/kg/y

First tower (CUORE-0) to be 
assembled in Cuoricino cryostat 
by end of 2011 and operated until 
the start of CUORE. 
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76Ge Sensitivity
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Commissioning of Phase-I (~17 kg of 76Ge) 
detector ongoing (2010, LNGS)
Phase-II detectors in production (add 20 kg 
of 76Ge with pulse-shape discrimination): 
2012-2014
R&D on detection of scintillation in LAr for 
additional background suppression

MAJORANA
DEMONSTRATOR

Demonstrator approved (30 natGe, 30 kg 
enrGe), to be deployed at Sanford Lab 
(2012-2013)
Novel point-contact HPGe detectors
High resolution, pulse-shape discrimination 
of α vs β
Aim for ~1 evt/ton/keV/year background
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EXO
19

200 kg Liquid (80% 136Xe) Xe TPC + scintillation:  136Xe !  136Ba++  +  2e- (+ 2!e)

18

Data taking foreseen in Sep 2010
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EXO-200: 200 kg of LXe (80% 136Xe): 
TPC +Scintillation
Prototype for a 1-ton detector, aiming at 
~100 meV mββ sensitivity
Commissioning since ~Nov. 2010, coming 
along well
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EXO-1000: 1 ton LXe TPC
Barium ion extraction and atomic spectroscopy 
tagging: potential for zero-background detection 
(except for 2νββ→0νββ)

Muon track in EXO-200 (Dec 2010)
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SuperNEMO
20

!"#$%&'()*+,-.)%&'
/"01'23'4$'-5 '"(-0-6&' 278'()*+,-.)%&('5-9':88;'4$'-5 '"(-0-6&

()99-)#.&.'*<'(1"&%."#$'

Very preliminary design

20 modules (Modane)

NEMO-3 SuperNEMO

Isotope 100Mo 82Se or 100Mo

Isotope mass 7 kg 100-200 kg

Resolution   @ 
3 MeV

8% FWHM 4% FWHM 

Efficiency 
(0νββ)

18% ~30%

Radiopurity 208Tl < 20μBq/kg
214Bi ~ 300μBq/kg

208Tl < 3μBq/kg
214Bi < 10μBq/kg

Sensitivity τ0ν1/2>2⨯1024 y
mββ<0.3-1.0 eV

τ0ν1/2>(1-2)⨯1026 y
mββ<40-140 meV

R&D directions: ββ foil production, 
radio-purity, resolution
Demonstrator (1 module): ~2013
Full detector construction start ~2014
Aim for ~50 meV sensitivity by 2019
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SNO+ and KamLAND-Zen
21

SNO+: 150Nd dissolved in liquid 
scintillator
Pros: large mass (up to 500 kg of Nd), 
high purity, well understood backgrounds
Con: poor energy resolution
Stage-1: natNd (44-120 kg of 150Nd), reach 
mββ~80-150 meV
Possible Stage-2: enrNd (1 ton of 150Nd), 
reach mββ~50 meV

Masayuki Koga ICHEP2010

Background study using KamLAND MC (GEANT4) 
Major BG
(1). 136

(2). spallation isotopes : 10C, 11Be   => 1/10 using new electronics help
(3). 8B solar neutrinos       <4.9 events/d/kton on KamLAND
(4). from Mini Balloon (MIB) material : 208Tl, 214Bi   => vertex cut, 

Simulated Energy Spectrum at KamLAND Assumed 
- 400kg 90% enriched Xe  loaded LS
- MIB contamination (238U, 232Th, 40K) 

= (10-12, 10-12, 10-11)[g/g]
-

=   150meV (the lower limit of the
current claimed detection)

- T1/2
22y

- T1/2
24y 

- 10C 90% tag, 214Bi 66% tag

Summary of BG and signal in signal 
region

[events/year]

KamLAND-Zen: 136Xe dissolved in liquid 
scintillator (mini-balloon inside KamLAND)
Pros: very large mass (up to 1 ton of 136Xe), 
high purity, well understood backgrounds
Con: poor energy resolution
Stage-1: mββ~60 meV by end of 2013
Stage-2: 1 ton of 136Xe (depends on funding)

0νββ with
mββ=150 meV
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DBD and Neutrino Mass
22

 A. Strumia and F. Vissani, 
hep-ph/0503246
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Summary
23

Experiment Isotope Mass [kg] τ0ν1/2 [y] mββ [meV] When

CUORE 130Te 200 2⨯1026 35-80 2014-2019

GERDA 76Ge 17
40
1000

3⨯1025

2⨯1026

6⨯1027

180-500
70-200
10-40

2010-2012
2012-2014
2015-2025

MAJORANA 76Ge 33
1000

1.5⨯1026

6⨯1027

70-200
10-40

2012-2013
2015-2025

EXO 136Xe 200
1000

6⨯1025

8⨯1026

130-190
30-60

2010-2012
2015-2025

SuperNEMO 82Se 100-200 (1-2)⨯1026 40-140 2013-2019

KamLAND-Zen 136Xe 400
1000

4⨯1026

~1027

40-80
25-50

2011-2013
2014-2016

SNO+ 150Nd 44-120
500

5⨯1024

3⨯1025

80-130
40-100

2013-2016
2016-2020

Approved R&DAfter A.S.Barabash, Phys.Atom.Nucl. 73, 162 (2010)
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0νββ: one of the top priorities in neutrino 
physics

- Probe Majorana nature of neutrinos and the absolute scale of neutrino 
mass
- Next generation experiments: probe inverted hierarchy
- Multiple experiments and isotopes: complementary approaches and 
cross-checks 
- Expect first results from the current crop of experiments by 2013
→ Stay tuned ! 

24
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Backup
25



05/25/2011 Yury Kolomensky: 0νββ FPCP 2011

Cryogenic Bolometers
• Dielectric diamagnetic materials
• Low temperatures (~10mK)
• Low heat capacity 

 C~2 nJ/K = 1 MeV / 0.1 mK

5cm

   Heat sink
Cu Frame

Crystal absorber Te02

Event 
(deposited energy)

       1000           2000          3000          4000

A
m

pl
itu

de
 (a

.u
.)

Signal: ΔT = E/C ~ 0.1mK
Time constant  = C/G

Time (ms)

Single pulse example

Thermal coupling
Teflon

Teflon

G = 4 pW/mK

Thermometer

NTD Ge

NTD Ge

100-200 µV/MeV

26
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KamLAND-Zen
27

Masayuki Koga ICHEP2010

KamLAND-Zen project

3.4

4.6

Brighter LS

Winstone
corn mirror

1st phase  enriched Xe 400kg
R=1.7m balloon
V=20.5m3,S=36.3m2

LS : C10H22(81.8%)+PC(18%)
+PPO+Xe(~2.5wt%)

： 0.78kg／
high sensitivity with low cost

tank opening (2013 or 2015)

2nd phase   enriched Xe 1000kg
R=2.3m balloon
V=51.3m3,S=66.7m2

improvement of energy resolution
(brighter LS, higher light concentrator ) 
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SNO+
28

SNO+ Sensitivity
0.1% loading natural Nd ⇒ 44kg 150Nd         light yield ~400p.e. /MeV

Uses IBM-2 NME  (Most conservative NME calc for 150Nd)             

PRELIMINARY:
0.3% loading
light yield ~200p.e. /MeV

Uses QRPA

Gabriel Orebi Gann
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Status of EXO-200 
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Status of EXO-200
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Muon track in EXO-200 (Dec 2010)
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One of the two TPC modules

U and V wires
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