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• Double beta and neutrinoless double beta decay 

• NEMO-3 results 

• SuperNEMO demonstrator module
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Introduction



Analogue to β decay, for 
cases where the Z±1 is 
forbidden (heavier nucleus) 
but Z±2 is allowed.
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Double β decay



• If neutrinos are Majorana 
fermions 0ν2β is allowed 

• electrons~few MeV
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Neutrinoless double β 
decay



• Lepton number 
violation 

• New physics 

• Neutrino mass and 
mass ordering
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Why is 0ν2β interesting?



NEMO-3
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• Source independent 
from detector 

• Compromise between 
calorimeter resolution / 
tracking 

• Topological 
information, timing  
and particle tagging 

• Background suppression 
and BSM decays

7

NEMO design principles
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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-

100Mo 
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NEMO-3



• Active from 2003 to 2011 

• Hosted in Frejus tunnel 
(1700m, 4800 w.e.m.  
10-6x cosmics) 

• 7x 2β and several 
calibration sources
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NEMO-3
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NEMO-3 
structure
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NEMO-3 
structure

1.Source strips
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NEMO-3 
structure

1.Source strips

2.3D tracking multi-
wire Geiger cells 
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NEMO-3 
structure

1.Source strips

2.3D tracking multi-
wire Geiger cells 

3.PS scintillator 
with low activity 
PMTs
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NEMO-3 
structure

1.Source strips

2.3D tracking multi-
wire Geiger cells 

3.PS scintillator 
with low activity 
PMTs

4.Cu/Fe frame 



• Tracker essential in rejecting 
background 

• Internal contaminations 

• External radiation 

• 214Bi (Qβ = 3.3 MeV) 

• α tagging
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Bismuth and Radon

t1 ⇡ t2

measured(in

1e1! (internal)
sample

t1 < t2

measured(in

1!1e((external)
sample



• Large Qββ = 3.4 MeV and 
phase space (36.6 g of 
isotope) 

• BDT using 10 kinematic 
variables 

• Quadruple beta decay search 

• Phys. Rev. D 94 072003 
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• highest Qββ = 4.3 MeV 

• 7g of isotope  
(~300 2ν2β  events) 

• Phys. Rev. D 93, 112008
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SuperNEMO

13



• Next gen demonstrator 

• Modular design 

• Better hermeticity
14

SuperNEMO

1

NEMO-3 SuperNEMO
100Mo isotope 82Se (or 150Nd) 
7 kg  isotope mass 7 (demonstrator) ➔ 100 kg 

 5 mBq/m3 radon 0.15 mBq/m3

208Tl: 100 µBq/kg 
214Bi: 300 µBq/kg

internal 
contamination 

208Tl ≤ 2 µBq/kg 
214Bi ≤ 10 µBq/kg

14% @ 1 MeV Calorimeter 8% @ 1 MeV
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The SuperNEMO tracker

• Restricted materials: copper, steel, 
duracon. HPGe and Rn tested 

• Robotic construction of 2034 cells 
(~45Km of wires) 

• Controlled construction, assembly and 
testing conditions. 



1. Purge for several T½
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Radon measurements



1. Purge for several T½

2. Flow through cooled carbon trap
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Radon measurements



1. Purge for several T½

2. Flow through cooled carbon trap

3. Release into electrostatic detector
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Radon measurements



1. Purge for several T½

2. Flow through cooled carbon trap

3. Release into electrostatic detector

4. Rn: 41.3 ± 4.7mBq (→150μBq/m3 
with flushing)
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Radon measurements



• 520 x 8’’ + 192 x 5’’ 
high q.e. PM  

• 8% FWHM,  
σt = 400 ps @ 1 MeV  
(1% stability)
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SuperNEMO calorimeter

  

The SuperNEMO demonstrator

Calorimeter : 

520 x 8’’ PM + 192 x 5’’PM coupled to 
polystyrene scintillators

Energy resolution : 8 % FWHM @ 1 MeV

Time resolution : σ = 400 ps @ 1 MeV

YSF Moriond 2017 – calvez@lal.in2p3.fr    4/7
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• Purification methods tested: distillation,  
chromatography, chemical  precipitation 

• All foils checked with “BiPo” to measure 
contamination at few μBq/kg level
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SuperNEMO source foil

arXiv:1702.07176



• Calorimeter and tracker 
delivered 

• Source frame arriving next 
month 

• Demonstrator running by end 
of year
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Current detector status
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Conclusions
• NEMO-3 

• World leading 0ν and  
2νββ measurements 

• Unique new physics  
searches  

• SuperNEMO  
demonstrator (T1/20v ~6.5 1024y) 

• Scales to 500 kg·yr (T1/20v ~1026y) 

• Tracker-calorimeter technique powerful ββ physics probe



Questions?

Thank you
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Two models to give neutrinos their masses

MajoranaDirac
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Majorana and  Dirac 
models
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νR and νL̄ 
exists, even if 
we (currently) 

have no way to 
detect them

ν are their own 
antiparticle! 



• Window into new 
physics 

•  Supersymmetry 

• Right handed weak currents 

• Majorons 

• Doubly-charged Higgs 
bosons 

• Heavy neutral leptons 

• Light Majorana neutrino 
exchange 
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Why is 0ν2β interesting



Majorana mass
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