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Why is it so Important ? 
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•  Nature of neutrinos : Dirac (          ) or Majorana (           ) 

➡   See-saw mechanism, GUT scale physics, leptogenesis. 

➡   0νββ is the only practical way of determining this. 

•  Absolute neutrino mass scale : only limits so far : 

➡    

➡    

➡  0νββ is the most sensitive (although not the most 
model-independent) technique. 

•  Leptonic CP-violation : 

➡  Dirac phase (LBL) 

➡  Majorana phases : 0νββ is the only practical way of 
discovering these. 

 

ν = νν ≠ ν

mνe
< 2.2  eV  (Tritium end-point)

Σmνi
< 0.3 eV  (Cosmology)
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(0⌫��) would prove that neutrinos are Majorana parti-
cles [3] and that lepton number is not conserved. The
isotopes for which a single-� is energetically forbidden
or strongly suppressed are most suitable for the search of
this rare radioactive process. The experimental signature
of 0⌫�� decays is the emission of two electrons with total
energy (ETOT) equal to the Q-value of the decay (Q��).

The NEMO-3 experiment searches for the double-� de-
cay of seven isotopes by reconstructing the full topol-
ogy of the final state events. The NEMO-3 detec-
tor [4], installed in the Modane underground labora-
tory (LSM, France) under a rock overburden of 4800
m.w.e., ran between February 2003 and January 2011.
Here we report on the results obtained with 100Mo, the
largest sample in NEMO-3, with a mass of 6914 g and
Q�� = 3034.40± 0.17 keV [5]. The most stringent previ-
ously published bound on the half-life of the 0⌫�� de-
cay of 100Mo was obtained by NEMO-3 using a sub-
set of the data sample analysed here, placing a limit
T > 4.6⇥ 1023 y at 90% C.L.[6].

The distinctive feature of the NEMO-3 detection
method is the full reconstruction with 3D-tracking and
calorimetric information of the topology of the final state,
comprising two electrons simultaneously emitted from a
common vertex in a �� source. The NEMO-3 detector
consists of 20 sectors arranged in a cylindrical geometry
containing thin (40-60 mg/cm2) source foils of �� emit-
ters. The 100Mo source foils were constructed from either
a metallic foil or powder bound by an organic glue to my-
lar strips (composite foils). 100Mo was purified through
physical and chemical processes [4]. The foils are sus-
pended between two concentric cylindrical tracking vol-
umes consisting of 6180 drift cells operating in Geiger
mode [4]. To minimize multiple scattering, the gaseous
tracking detector is filled mainly with helium (95%) with
admixtures of ethyl alcohol (4%), argon (1%) and wa-
ter vapour (0.1%). The tracking detector is surrounded
by a calorimeter made of large blocks of plastic scintil-
lator (1940 blocks in total) coupled to low radioactivity
3” and 5” diameter photomultiplier tubes (PMTs). The
tracking detector, immersed in a magnetic field, is used
to identify electron tracks and can measure the delay
time of any tracks up to 700 µs after the initial event.
This is used to tag electron-alpha (e�↵) events from the
214Bi -214Po cascade. The calorimeter measures the en-
ergy and the arrival time of the particles. For 1 MeV
electrons the timing resolution is � = 250 ps while the en-
ergy resolution is FWHM = [14� 17]%/

p
E(MeV). The

detector response to the summed energy of the two elec-
trons from the 0⌫�� signal is a peak broadened by the
energy resolution of the calorimeter and fluctuations in
electron energy losses in the source foils, which gives a
non-Gaussian tail extending to low energies. The FWHM
of the expected 0⌫�� two-electron energy spectrum for
100Mo is 350 keV. Electrons and photons can be identified
through tracking and calorimetry. A solenoid surround-
ing the detector produces a 25 G magnetic field to reject
pair production and external electron events. The de-

tector is shielded from external gamma rays by 19 cm
of low activity iron and 30 cm of water with boric acid
to suppress the neutron flux. A radon trapping facility
was installed at the LSM in autumn 2004, reducing the
radon activity of the air surrounding the detector. As a
consequence, the radon inside the tracking chamber is re-
duced by a factor of about 6. The data taken by NEMO-3
are subdivided into two data sets hereafter referred to as
Phase 1 (February 2003 � November 2004) and Phase 2
(December 2004 � December 2010), respectively. Results
obtained with both data sets are presented here.
Twenty calibration tubes located in each sector near

the source foils are used to introduce up to 60 radioac-
tive sources (207Bi, 232U). The calorimeter absolute en-
ergy scale is calibrated every 3 weeks with 207Bi sources
which provide internal conversion electrons of 482 and
976 keV. The linearity of the PMTs was verified in a ded-
icated light injection test during the construction phase
and deviation was found to be less than 1% in the energy
range [0-4] MeV. The 1682 keV internal conversion elec-
tron peak of 207Bi is used to determine the systematic
uncertainty on the energy scale: the data-Monte Carlo
disagreement in reconstructing the peak position is less
than 0.2%. For 99% of the PMTs the energy scale is
known with an accuracy better than 2%. Only these
PMTs are used in the data analysis presented here. The
relative gain and time variation of individual PMTs is
surveyed twice a day by a light injection system; PMTs
that show a gain variation of more than 5% compared
to a linear interpolation between two successive absolute
calibrations with 207Bi are rejected from the analysis.
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FIG. 1: Transverse view of a reconstructed �� dattracks are
reconstructed from a single vertex in the source foil, with an
electron-like curvature in the magnetic field, and arassociated
to an energy deposit in a calorimeter block.

Two-electron (2e�) events are selected with the fol-
lowing requirements. Two tracks with a length greater
than 50 cm and an electron-like curvature must be re-
constructed. The geometrical e�ciency is 28.3 %. Both
tracks are required to originate from a common recon-



What is Neutrinoless Double-Beta Decay ? 
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A,Z( )→ A,Z + 2( ) + 2e−

ΔL = 2

p

e−

p

e−

n

n

Neutrino-Antineutrino Transitions on Femtometre Baselines  [Furry, 1939] 

× 

W

W

Isotope Qββ (MeV) Nat. Abund. (%) 

48Ca 4.272 0.187 
76Ge 2.039 7.8 
82Se 2.996 9.2 

100Mo 3.034 9.6 
130Te 2.528 34.5 
136Xe 2.459 8.9 
150Nd 3.371 5.6 

•  Candidate isotopes have : 
"   Single-β decay energetically forbidden or 

highly suppressed. 
"   Large Qββ-values (background separation). 
"   Large natural abundance (or easily 

enriched). 
"   Suitable physical properties (electrical, 

optical, mechanical, etc.) 



The Historical Record 
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130Te 
100Mo 

Signal Claim 

from Elliott (2012)	


~400 meV 

~50 meV 

mββ = Uei
2mi∑ = Ue1

2m1 +Ue2
2 m2e

iα21 +Ue3
2 m3e

iα31 α21,  α 31 = Majorana phases

•  0νββ experiments constrain an effective neutrino mass (coherent sum over mass eigenstates) 

Atmospheric 
Oscillations! 
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How To Build a ββ-Experiment 

(E1+E2)/Qββ 

E1 + E2( )∈ 0,Qββ⎡⎣ ⎤⎦ E1 + E2( ) Qββ ≈ 1
[⊗ resolution]
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Heterogenous “source ≠ detector” 

Tracking 
Full event topology 

Can probe different mechanisms 

Homogenous “source = detector” 

Semi-conductor, bolometer, LS. 
Excellent ΔE/E Possible 
Large Masses Possible 

Techniques : 
Semiconductor 

Bolometer 
(Liquid-) Scintillator 

Elements of Both 
Gaseous Xe TPC 
Pixelated CdZnTe 
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How To Build a ββ-Experiment 

T1/2
0ν 90% C.L.( ) = 2.54 ×1026 y ε × a

W
⎛
⎝⎜

⎞
⎠⎟

M × t
b × ΔE

background limited 

T1/2
0ν ∝ M × t

mν ∝ M × t( )−1/4
gets tedious very quickly … 

6 22nd July 2014 

maximise exposure = mass (M) × time (t) maximise efficiency (ε) & isotope abundance (a) 

minimise background (b) & energy resolution (ΔE) W = atomic weight 

Neutrinoless Double-Beta Decay 
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SuperNEMO Demonstrator Module 
20 tons 

1000 radon atoms in the tracker 
1 decay every ~10 minutes 

Brazil Nut 
4 grams 

200,000 radon atoms 
1 decay every ~2 seconds 

It’s All About Backgrounds 

•  Cosmic rays. Work in underground labs 
(1000’s m.w.e.) 

•  Naturally occurring radioactivity present in 
all materials : 
"   T1/2(232Th,238U) ~ 1010 years 
"   T1/2(0νββ) > 1025 years 

•  Background from 2νββ : resolution and 
isotope choice. 



136Xe Experiments: EXO and KamLAND-Zen 
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        99.8 kg.yr 
  T1/2

0νββ >1.1×1025  yr  
       (90% C.L.)
mν <190 − 450 meV

  

EXO 2014 

2νββ 

0νββ 
RoI 

Enriched Xenon Observatory 
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Fit to Energy Spectrum for 2νββ

T2ν1/2 > 1.0 ×1022 yr at 90% C.L.

DAMA (2002) Liquid Xe scintillator

EXO-200 (2013) Liquid Xe TPC  
+ scintillator

T2ν1/2 = 2.165 ± 0.016(stat) ± 0.059(syst) × 1021 yr

KamLAND-Zen (2014) Xe loaded liquid scintillator

T2ν1/2 = 2.32 ± 0.05(stat) ± 0.08(syst) ×1021 yr

consistent with KamLAND-Zen Phase 1

consistent with EXO-200

Phase 2 Internal (R < 1.0 m)

T2ν1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) ×1021 yr

2νββ

film BG

Spallation
110mAg + 88Y + 208Bi + 60Co

210Bi
85Kr

238U Series

40K

232Th Series

preliminary 

KamLAND-Zen !
Phase 2

Xe-LS!
383 kg !

Xe loaded

Outer-LS!
1 kton

Inner Balloon!
(3.08 m diameter)

candidate events (black points)
214Bi MC simulation (color histogram)

ROI : 2.3 < E < 2.7 MeV

40 equal volume binstarget volume for spectral fit : R < 2.0 m

]2 [m2+y2x
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(20 bins + 20 bins in upper / lower hemisphere)

multi-volume selection for analysis optimization

balloon film

Optimization of Volume Selection

preliminary 

larger 214Bi background 
at balloon bottom 

(due to leakage in diaphragm pump)

asymmetry

KamLAND-Zen           ~ 130 kg.yr 
  T1/2

0νββ > 2.6 ×1025  yr  
       (90% C.L.)
mν <140 − 280 meV

§  Currently the best 
0νββ limits. 

§  Background limited ? 



UK Strategy 
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Largest Isotope Mass 
 

Lowest Background 
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Overview of SuperNEMO 

The goals of SuperNEMO : 

1.  Build on the experience of the extremely successful NEMO-3 experiment. 

2.  Use the power of the tracking-calorimeter approach to identify and suppress backgrounds. 
This will yield a zero-background experiment in the first (Demonstrator Module) phase. 

3.  Prove that a 100 kg scale experiment can reach the inverted mass hierarchy (~50 meV) 
domain.  

4.  In the event of a discovery by any of the next-generation experiments, demonstrate that 
the tracking-calorimeter approach is by far the best one for characterising the mechanism 
of 0νββ decay. 

Imperial, Manchester, UCL, 
UCL-MSSL, Warwick 
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NEMO-3 Overview 

•  Tracking-calorimeter 
detector. 

•  Situated in Laboratoire 
Souterrain de Modane 
(LSM) : 4800 M.W.E. 

•  Ran from 2003 – 2011 
•  Decommissioned to make 

space for the 
Demonstrator Module 

B

β−

β−
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0νββ Search with NEMO-3 

Final results with 100Mo  
§  Updates to background model 

and analysis techniques. 
§  Half-life limit from fit to ETOT 

distribution : 

mν < 0.3− 0.8 eV

§  For the Majorana mass 
mechanism this equates to :  

§  Also limits on RHC, RP SUSY 
etc. 

T1/2
0νββ >1.1×1024  yr (90% C.L.)

New ! 



22nd July 2014 Neutrinoless Double-Beta Decay 13 

World’s Best Limits 

EXO-200 
80 kg 136Xe (fiducial) 
[141 kg total] 

GERDA 
18 kg 76Ge 

NEMO-3 
7 kg 100Mo 

mν     [eV]

INVERTED 
MASS 

HIERARCHY 

Sensitivity vs. Isotope 
Mass (area of rectangle) 

[ KamLAND-Zen ] 
290 kg 136Xe total (off-scale) 

Width due to uNclear Matrix Elements 
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SuperNEMO Demonstrator Module : Overview 

  
  

Tracker Prototype 
Prove Mass Production  

Calorimeter R&D 
Demonstrate 

FWHM~7% @ 1 MeV 

2000 tracker cells 

~700 calorimeter channels 

6-7 kg source foil 

Demonstrator Module 

§  Change isotope 
100Mo         82Se 
(longer         ) 

§  214Bi and radon 
reduced by a factor 
of 30. 

§  208Tl reduced by a 
factor of 50. 

§  Halve the 
calorimeter 
resolution to 4% at 
Qββ. 

§  Improved 
efficiency, 
calibration etc. 

T1/2
2νββ



SuperNEMO Construction Progress 
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Integration Review June 30-July 1, 2014 

But need to look more closely at the way Tulle 
(or intermediate system) is clamped to roll 

Test using Texas support rolls 

4 

Optical Module Production 

Tracker Construction 
Source 



SNO+ 
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The goals of SNO+ : 

1.  Cost-effective repurposing of SNO as a giant liquid-scintillator detector. 

2.  Pursue a broad physics programme of 0νββ, solar neutrinos, geo-neutrinos and SN. 

3.  Load the liquid scintillator with O(1 tonne) of isotope. 

4.  Have sensitivity to the inverted mass hierarchy region on a competitive timescale. 

Oxford, Sussex, QMUL, 
Liverpool, Sheffield, Lancaster  



SNO+ 
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Acrylic vessel (AV) 
12 m diameter 

780 tonnes of LAB LS 
Borexino & KamLAND-Zen have 

shown that LS can be extremely pure. 

5700 tonnes H20 
outer shielding 

1700 tonnes H20 
inner shielding 

~9500 PMTs 

O(tonne) 0νββ isotope 
Flexibility regarding choice of isotope 

and loading fraction 



SNO+ : Basic Idea 
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200 kg 130Te (fiducial) 

  

•  Compensate modest resolution with large isotope mass. 
•  Increase loading fraction to reduce background index. 



SNO+ : Future 
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1st phase 
(now!) Future 

phase 

0.3% 0.5% 1% 3% 5% 

Higher Loading Fractions : 

"   Multi-tonne isotope mass. 

"   Studies ongoing to confirm no degradation of optical properties.  



SNO+ : Construction Progress 
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Summation of TELLIE events
(SNO+ PMT calibration and DAQ commissioning run Feb 2014)

Light  
Injection 
Calibration 
System 

Hold-Down Ropes 

AV 

Water Fill In Progress 
Initial Tellurium Production in Progress (09/14) 
Medium Scale Purification Tests Successful 



Timescales 
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2012 2013 2014 2015 2016 2017 2018 2019 2020 2020+ 



Timescales & Sensitivity 
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Lightest Neutrino Mass  (eV)	


KKDC Claim (76Ge)	


Inverted 	

Hierarchy  	


Normal	

Hierarchy	


Best Current Limits 
(EXO, KLZ, Gerda, NEMO-3) 

Current Target Level 
(SNO+ Phase 1, CUORE, EXO+, 
GERDA+, KLZ+, Full SuperNEMO) 

Inverted Hierarchy Explorers 
(SNO+ Phase 2/3 (?) nEXO (?), 
Super-KLZ (?)) 

There Be Dragons … 
Or maybe enormous LS or 
bolometer detectors. 



Summary 
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•  A summary of the field of neutrinoless double-beta decay : 

"   It’s really important. 

"   It’s really difficult. 

"   There’s no reason to think we will not have to search for 0νββ, 
whatever the outcome of neutrino oscillation or other experiments. 

"   The UK is leading two of several worldwide efforts, and has the 
expertise to continue leading the field. 

"   We need as many hands on deck as possible … 

Thanks ! 


