
Tales of Other neutrinoless double 
beta decay efforts in Europe

…and worldwide
…and R&D for the future (!!)

A frightening task taken on by S. Biller (Oxford)



A Brief Word On 
Sensitivity Comparisons
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Exactly calculable, model-independent 
phase space factor accounting for 
different momentum distributions 
corresponding to different isotope 
endpoints and the impact of the 
nuclear charge on the produced 
electrons.

Not so exactly calculable, model-
dependent matrix element for the 
transition. Many different approaches 
to estimations, even for the “standard 
mechanism.” Proportional to gA2 

(factored from G0ν), which might entail 
an effective “quenching.”

Want to represent results so as to fairly compare across different 
isotopes and make the nature of model dependencies transparent



• The expression is first divided into model-independent and model-dependent pieces.  

• To compare sensitivities appropriately across different (colour-coded) isotopes, the 
x-axis in the following plots gives the product of the projected half-life sensitivity 
times the isotopic phase space factor. The unit-less product is therefore effectively 
an indication of the relative sensitivity to 0νββ if the impact of uncertain matrix 
elements were ignored (e.g. if the mechanism is not known).  

• For the standard light neutrino exchange mass mechanism, different matrix element 
models are represented by the different symbols indicated, each allowing a model-
dependent translation to an effective neutrino mass on the y-axis, here assuming 
gA=1.25. Note that if the value of  is instead taken to be 1.0, the position of these 
symbols would be shifted upwards in mass by about 50%. This representation 
allows for the comparison of relative experimental sensitivities model-by-model.  

• Larger symbols indicate the experiment for which the projected sensitivity is 
anticipated to provide the best constraint for that particular model.  

• The region approximately corresponding to the inverted neutrino mass hierarchy 
(which also includes part of the normal mass hierarchy for degenerate neutrinos) is 
indicated by the horizontal blue band.  
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R&D Currently Not 
Associated With A 

Major Future Project



The R2D2 project
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• R2D2 (Rare Decays wi th Radial 
Detector) is an R&D program aiming at 
the development of a zero background 
ton scale detector to search for the 
neutrinoless double beta decay. 

• We aim at developing a detector which 
meets all the main requirements at the 
same time i.e. an excellent energy 
resolution, a low (potentially zero) 
background and large masses of 
isotopes. 

• The idea is to use a spherical Xenon 
gas TPC at high pressure (i.e. 40 bars). 

• The development include a multichannel 
central anode for PID and coarse 
tracking (common R&D with NEWS-G).

Figure 1: Working principle of the sphere TPC.

Xenon is motivated by its natural abundance of 136Xe at ⇠ 9%, its low cost and the fact

that it is safe and easy to enrich.

In this paper a possible setup of the detector is studied in detail, showing that its perfor-

mance in terms of background events in the region of interest (ROI) can be as low as the

one reached by other Xenon based experiments such as EXO [4], NEXT [5] or KamLAND-

Zen [6].

The possibility to set a limit on the ��0⌫ decay using 136Xe in a moderate volume detec-

tor would definitely be an important achievement, although it would be di�cult to obtain

competitive results compared to already running experiments with larger mass. The real

breakthrough would be the possibility to use the same detector filled with di↵erent gases

and to study the ��0⌫ process for di↵erent isotopes (possibly with higher Q�� than 136Xe

for an easier background rejection) and the same background sources.

2 Detector and simulation setup

The working principle of the sphere TPC can be seen in Fig. 1: the electrons produced by

the particles crossing and ionizing the Xenon gas are drifted towards the central anode.

When the electrons are close enough to the anode they enter the avalanche region and they

are collected by the anode itself to form the readout signal (see Ref. [1, 7] for more details).

In the GEANT4 [8] based simulation developed for the presented studies, the electron drift

and their avalanche were not considered: all the results are based on the Monte-Carlo (MC)

information on the true energy deposition of the di↵erent particles where no quenching for

↵’s is accounted for. This simplification does not a↵ect the robustness of the results since

no signal selection was made based on the reconstructed waveform. A Gaussian energy

smearing on the deposited energy is applied before any selection cut: an energy resolution
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Figure 1 – a left) Principle of spherical gas detector - b right ) 60cm prototype made of low activity Copper

varying as 1/r2 is highly inhomogeneous along the radius, allowing the electrons to drift to
the central sensor in low field regions constituting most of the volume, while they trigger an
avalanche within few mm around the sensor (Figure 1a). The amplification capability combined
with the very low capacitance of the sensor allows to reach easily sub-kev threshold, and, in
particular settings, single ionization electron sensitivity. It should be noted that the threshold
does not depend on the size of the vessel, anticipating the possibility to handle rather large mass
of targets read by a single channel.

Other key advantages of this detector are its fiducialisation capability and the possibility to
isolate point like energy deposition by pulse shape analysis.

Last but not least, the possibility to vary the pressure, the nature of the gas, (from Helium
to Xenon and possibly Hydrogen) allows to cover a wide range of WIMP mass, and provide
many knobs for redundancy to check the possible presence of a signal.

Getting a low threshold for large mass however requires to keep sizable gains at high pressure,
which leads to the choice of a small diameter for the sensor. However, the field which is roughly
proportional to the diameter of the sensor becomes very low at large radii and may not be strong
enough to drift electrons to the sensor. Studies on sensor are pursued to decouple these two
requirements.

Calibrations and preliminary data obtained with a low activity prototype installed in the
underground laboratory of Modane (Figure1b) are presented in next sections.

3 Experimental details on detectors and set up

Calibrations and tests have been performed in a surface lab at Saclay with a spherical copper
vessel of 130 cm in diameter, used up to 1 bar pressure, and with a low activity prototype of
60 cm in diameter, installed within lead and polyethylene shields in Laboratoire Souterrain de
Modane, designed to hold up to 10 bars pressure.

The detectors were operated with various spherical sensors, ranging from 3 to 16 mm in
diameter, hold, through adequate isolator, by a metallic rod at ground. Two types of sensors
were studied : one with an ”umbrella”, mounted on the rod a few cm from the spherical sensor,
and set to an intermediate high voltage, the other with no ”umbrella”. Set-ups were tuned thanks
to electrostatic simulations to obtain the best homogeneity of the field inside the vessel. Anyhow,
the homogeneity of response is ultimately assessed by the symmetry of the peak obtained with

• Energy resolution
• Low background
• Large masses of isotopes

To be validated 
Low material budget

Easily scalable (1ton = 1m radius)  
or multiple spheres
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A�������: Several e�orts are ongoing for the development of spherical gaseous time projection
chamber detectors for the observation of rare phenomena such as weakly interacting massive
particles or neutrino interactions. The proposed detector, thanks to its simplicity, low energy
threshold and energy resolution, could be used to observe the ��0⌫ process i.e. the neutrinoless
double beta decay. In this work, a specific setup is presented for the measurement of ��0⌫ on
50 kg of 136Xe. The di�erent backgrounds are studied, demonstrating the possibility to reach a
total background per year in the detector mass at the level of 2 events per year. The obtained results
are competitive with the present generation of experiments and could represent the first step of a
more ambitious roadmap including the ��0⌫ search with di�erent gases with the same detector
and therefore the same background sources. The constraints in terms of detector constructions and
material purity are also addressed, showing that none of them represents a show stopper for the
proposed experimental setup.

3 key requirements for 0νββ

(slides from Anselmo Meregaglia)



The R2D2 Roadmap
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Up to 7.9 kg (40 bars) Xenon prototype (no low radioactivity) to 
demonstrate the detector capability in particular on the energy 

resolution

Prototype 1 Tests ongoing - Funded by IN2P3 R&D

If prototype 1 successful 
and prototype 2 funded 

50 kg Xenon detector (low radioactivity) with LS veto for first 
physics results to demonstrate the almost zero background 

Prototype 2 Sensitivity studies carried out

JINST 13 (2018) no.01, P01009

Going towards a 1 ton 
background free detector

Experim
ent

Exploit the detector with other gases to cross check the 
background and possibly obtain interesting results selecting 

higher Qββ, as well as the possibility to do tracking

Depending on the results 
and fundings



Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

LiquidO…Release @CERN: https://indico.cern.ch/event/823865
Publication: arXiv:1908.02859

LiquidO ≈ PID ⊕ (high) Doping 
opacity↔ stochastic light confinement
! sharp sub-atomic images (particle ID)
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(ββ: less background) (ββ: large isotopic mass R&D)

novel opaque-liquid-scintillator technology
(slides from Anatael Cabrera)



Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

LiquidO…

unique event-wise sub-atomic MeV imaging

2MeV particles in LiquidO (simulation)

e+ β- γ

Collaborators⊕Cooperators
(Brasil, Canada, Chile, France, Germany, Italy, Japan, Spain, UK, USA)

contact: anatael@in2p3.fr & suekane@awa.tohoku.ac.jp

R&D

Figure 1. The picture shows three samples with 10% (left vial), 15% (middle vial) and 20% (right vial) of
para�n wax at 30�C. The scintillator was cooled from above 40�C at a cooling rate of about 2 K/hour and
kept overnight at 30�C. The outer diameter of the vials is 2.8 cm. At 25�C all the samples are opaque.

Figure 2. The plot shows the temperature dependence of the scintillator density. The series of measurements
started at 41�C and then the scintillator was slowly cooled down.

This data is suggesting a volumetric coe�cient of thermal expansion around 7 · 10�4 K�1 above 33�C
which is similar as for other organic LS. A stronger increase of density is observed as the mixture
cools down below the temperature of crystallization. The value at 30�C plotted in figure 2 was
obtained after waiting at constant temperature for about 2 hours. The value could even be slightly
underestimated in case of trapped gas bubbles. To avoid those, it is preferable to cool the scintillator
in its containment from the bottom. This could be also relevant in large detectors, in particular if the
diameter of the container is decreasing towards the top.

– 5 –

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

(fast) SiPM electronics readout… 23

(expected) time resolution: ≤100ps/PE
(i.e. ≤3cm/PE @ speed of light)

only mounted!

new readoutopaque scintillator experimental validation prototype mechanical design & prototype

Unoptimised PID (2D)
Optimised PID (2D)
Optimised PID (3D)
Optimised PID (2D) [30x light]

arXiv:1908.02859

ββ: •≥10 tons loading (no-enrichment): Te/Nd/Mo [R&D: ≥10% loading] 
•BG-Index ≲10-4/(keV•kg•year) via active PID [R&D: fibres & cosmogenic]
•σE ≥ 3.6% @ Q-value [R&D: higher light level via new scintillators?]

arXiv:1908.03334

ββ
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SuperNEMO Overview

31/10/19 Tracker Calorimeter Experiments 1

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.

CENBG (Bordeaux), CPPM (Marseille),  Charles U. (Prague), Comenius U. (Bratislava), CTU (Prague), INL 
(Idaho Falls), Imperial College (London), ITEP (Moscow), JINR (Dubna), LSM (Modane), LPC (Caen), LAL 

(Orsay), LAPP (Annecy), INR (Kiev), Osaka U. (Osaka), Manchester U. (Manchester), Texas U. (Austin), UCL 
(London), Jyväskylä U. (Jyväskylä), Warwick U. (Warwick), Werc (Fukui)

9 countries, 21 Laboratories

(slides from Dave Waters)



The Tracker-Calorimeter Technique

31/10/19 Tracker Calorimeter Experiments 2

§ Source separated from detector: (almost) any 
solid isotope can be hosted.

§ Full topological event reconstruction including 
e�, !-ray and "-particle identification � strong 
background control & mechanism probe.

§ Successfully exploited by NEMO-3 experiment: 
0νββ limits and 2νββ T1/2 for several isotopes.
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100 Mo control 

channel

Access unique 
signatures, e.g. 0ν4β

PRL 119, 041801 (2017)

2

(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.

inner calorimeter

outer calorimeter

source foil

50 cm

5
0

 c
m

X

Y

832 keV

1256 keV

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-

1024 year limit with just 
7kg of 100Mo

PRD 92, 072011 (2015)

Kinematic probes of DBD 
mechanism (SSD/HSD)
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SuperNEMO - demonstrator

31/10/19 Tracker Calorimeter Experiments 3

calo
tracker

source

31/10/19

17.5 kg�yr initial exposure :

Demonstrator Module (2.5 year run)

hm⌫i < 0.20� 0.40 eV

T 0⌫
1/2 > 6.5⇥ 1024 yr

§ Experience from the Demonstrator Module 
suggests a 100 kg, 1026 yr class experiment (“full 
SuperNEMO”) would be possible.

§ Full event reconstruction of 2νββ gives unique 
precision measurements and access to nuclear 
physics : gA analysis in preparation.

§ Can the technique be extended to confirm a 
signal anywhere in the IH region ? R&D and 
isotope developments can point the way.

SuperNEMO
Demonstrator 

Module :
final 

commissioning
in progress



SuperNEMO Future Directions

Tracker Calorimeter Experiments 43

Two options for Demonstrator Design
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See Christian’s talk 

Thursday, 29 October 2009

Full SuperNEMO

500 kg�yr :

hm⌫i < 50� 100 meV

T 0⌫
1/2 > 1026 yr

Alternative Designs
• A unique approach with access 

to fundamental nuclear physics.
• The best technique for exploring 

a signal.
• Europe-led.
• Continued support and R&D is 

essential.



Major Projects With 
Future Plans Currently 

Not On EU Roadmap



EXO-200

(Andrea Pocar, TAUP 2019 & 
nEXO pre-conceptual design report)













(Yoshihito Gando, TAUP 2019)







• Reactor neutrinos (will resolve             tension)
• Low energy solar neutrinos
• Geo neutrinos
• Supernova neutrinos
• Invisible modes of nucleon decay
•  
•  
•  
 

Δm2
12

0νββ



130Te-loaded scintillator

• 130Te is the most cost effective isotope: Enriched 136Xe                ~ $20,000 /kg of isotope

Natural Te (34.5% 130Te) ~ $     150 /kg of isotope

• 130Te has good predicted matrix element values (better than 136Xe) and a good 
phase space factor (comparable to 136Xe and ~6 times better than 76Ge)

• Liquid scintillator is the most cost effective and scalable 0νββ detection technology



130Te-loaded scintillator

 New loading method (developed in UK): Te-diol complex

Te Loading

• 130Te is the most cost effective isotope: Enriched 136Xe                ~ $20,000 /kg of isotope

Natural Te (34.5% 130Te) ~ $     150 /kg of isotope

• 130Te has good predicted matrix element values (better than 136Xe) and a good 
phase space factor (comparable to 136Xe and ~6 times better than 76Ge)

• Liquid scintillator is the most cost effective and scalable 0νββ detection technology



SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Pure Scintillator Fill

 9

• Scintillator	purification	plant	being	
commissioned	

✓ LAB	successfully	distilled	
underground	

✓ PPO	prep	underway	

✓ N2/steam	stripping	tested	

• Scintillator	fill	starts	mid-July	2018
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SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Pure Scintillator Fill
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• Scintillator	purification	plant	being	
commissioned	

✓ LAB	successfully	distilled	
underground	

✓ PPO	prep	underway	

✓ N2/steam	stripping	tested	

• Scintillator	fill	starts	mid-July	2018
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SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Tellurium Status

 10

• Tellurium	will	be	dissolved	in	SNO+	scintillator	
in	the	form	of	a	Te-butanediol	complex	

• Telluric	acid	(TeA)	will	be	purified	underground	

• TeA	stored	underground	(3.8	tonnes	for	2+	yrs;	
cosmogenic	activity	decaying)	

• TeA	purification	plant	constructed;	ready	for	
commissioning	

• Te-butanediol	synthesis	plant	build	underway

7 

Poster	#54		
SNO+	Tellurium	

Loading	for	
Neutrinoless	Double	

Beta	Decay	
S.	Manecki

All of the Te needed for Phase I is now underground Te purification and loading plants construction 
finished (starting commissioning)

LAB arrival at site Scintillator purification system operational



SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Solar Neutrino Flux Measurement

 21

Solar	neutrino	PDF	from	MC,	includes	oscillations	

1D	fit,	backgrounds	assumed	flat	in	cos(θsun)	

114.7	days	of	data

SNO	PRL	89,	No.	1,	011301	(2002)	

R	≤	550	cm	
Te	≥	5	MeV
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Recent Water Results

Several other papers in preparation

LAB fill in progress

Ready for Te loading next year

water

LAB





SENSITIVITY

SNO+ 5 YEARS: 
T1/2 > 2.1 x 1026 YEARS 

37meV < mββ < 89meV
SNO+ PHASE II: 

1) 5% TE 
2) INCREASED LIGHT COLLECTION

Source: PDG18
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Pulse Height Spectra for 90Sr Source

0.5% Te 
(current)

2% Te 
(modified loading
+ boosted PPO)

Improved Loading Protocol to Move Beyond Phase I

SENSITIVITY
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Just Add 
More Te !

~$15M



Other Recent Advances 
in the General Loaded 
Scintillator Approach



Δ log L

0νββ

Compton length for 1 MeV 
γ in LAB ~20cm, vs vertex 

resolution of ~10cm

(Dunger and Biller, NIM, 943, 162420, 1 November 2019, arXiv:1904.00440)

Multi-site event discrimination in large liquid scintillation detectors

In situ calibration of technique
multi-site events:
• α-tagged 214Bi & 208Tl decays

• external γ’s (dominant at higher radius)

single-site events:
• 2νββ events (dominant at lower energy)

• 8B solar ν (dominant at higher energies)

can also use deployed sources

use time residuals 
from vertex fit to form 
PDFs for a likelihood 
discriminant



without multi-site parameter with multi-site parameter



Cherenkov separation using slow fluors (papers in progress)

Could allow suppression of 8B background and potentially 
provide topological information to test 0νββ mechanism 



Is there a practical approach that could 
ever let us explore the non-degenerate 
Normal Neutrino Mass Hierarchy?
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