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The Big Picture 
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Proton Decay:
“Disappearance” of 
nucleons

Neutrinoless Double Beta 
Decay (!"##)
“Creation” of electrons

• Crucial for understanding dominance of matter over anti-matter
• Crucial for understanding mechanism behind !-mass (Majorana vs 

Dirac)  
• 0νββ is the most sensitive way to address Lepton Number Violation 

regardless of underlying mechanism
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NEW
PHYSICS

phase space

NME:
Nasty Nuclear
Matrix 
Element 

LNV parameter

η can be due to < &!! >, ( + *, Majoron, SUSY, H--, leptoquarks 
or a combination of them  Connection with collider 

and neutrino physics  

(A
, Z
)

(A
, Z

+
2)

Observation of LNV would have profound implications beyond neutrino 
physics  

Most discussed: Light Majorana
Neutrino exchange 
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Isotope
Nat. 
Abundance 
(%)

Qββ (MeV)

Ca48 0.187 4.274

Ge76 7.8 2.039

Se82 9.2 2.996

Zr96 2.8 3.348

Mo100 9.6 3.035

Cd116 7.6 2.809

Te130 34.5 2.530

Xe136 8.9 2.462

Nd150 5.6 3.367

Over 40 nuclei can undergo 
ββ-decay (including β+β+

and 2K-capture) 
Only ~9 experimentally 
feasible for !"##

Double Beta Decay 

High !!!
is good for
• Phase Space
• Suppressing 

natural 
radioactivity
background



23-Nov-2020 R. Saakyan. DBD Experiments. 6

A Very Rare Process. Experimental Observables 

Ee1 + Ee2

Also: individual electron energies, Ee1, Ee2, and angle θ between them

2"##(%&/#+) has 
been detected in 
13 nuclei! 

Γ"# ∝ $$%

%&/"~10&( − 10"% yr!

Γ)# ∝ $$% * +*+,"

%&/" > 10"- yr!
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Current Constraints and Future Goals 

Isotope/Exp T1/2 yrs* < )!! >* , eV

136Xe, Kamland-Zen > 1026 < 0.06 – 0.16 

76Ge, GERDA > 1.8 x 1026 < 0.08 – 0.17

130Te, CUORE > 3.2 x 1025 < 0.08 – 0.35

* 90% CL 

• ×100 improvement in T1/2

• Cover IO with 3σ discovery potential 

• Up to 50% of NO

Future Goals:



Beware of log scales! 
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Next generation experiments will 
have a significant chance of 
discovering 0"## regardless of 
mass ordering! 

Σ = 1& +1" +1.



Challenges
• Backgrounds, backgrounds, backgrounds 

- Radiopurity of components, external background, radon
- Cosmogenic activation (underground depth) 
- 2νββ: Energy resolution 
- Particle ID and active shield 

• Uncertainties in Nuclear Matrix Elements calculations
• Scalability 
• Cost and feasibility 
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Challenges: Nuclear Matrix Elements.  

• Significant effort from different groups and 
different nuclear models

• Question of gA quenching under study 
• No isotope has clear preference. Choice driven 

by experimental considerations.
• Multiple isotope confirmation crucial 
• Experimental input important 

» 2νββ decay
» charge exchange reactions
» muon capture  



Experimental Challenges 
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ba
ck

gr
ou

nd
-fr

ee background limited

maximise efficiency & isotope abundance maximise exposure = mass (isotope) ´ time

minimise background & energy resolution

bb  is about 
background 

suppression!

Backgrounds: • Cosmic ray muons 
(underground lab is a must)

• Natural radioactivity 238U, 
232Th, neutrons,…

• 2νββ

Take Home Message: 

• Large isotope mass
• Superior background suppression
• Good energy resolution  

T1/2~1026yr (<mn>~50-100 meV) with 100kg isotope — ~1 event/yr!



Experimental Approaches 
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Collaboration Isotope Technique mass 
(0νββ isotope) Status

CANDLES-III 48Ca 305 kg CaF2 crystals in liquid scintillator 0.3 kg Operating

CANDLES-IV 48Ca CaF2 scintillating bolometers TBD R&D

GERDA 76Ge Point contact Ge in active LAr 44 kg Complete

Majorana Demonstrator 76Ge Point contact Ge in Lead 30 kg Operating

LEGEND 200 76Ge Point contact Ge in active LAr 200 kg Construction

LEGEND 1000 76Ge Point contact Ge in active LAr 1 tonne R&D

SuperNEMO Demonstrator 82Se Foils with tracking 7 kg Construction

SELENA 82Se Se CCDs <1 kg R&D

NνDEx 82Se SeF6 high pressure gas TPC 50 kg R&D

ZICOS 96Zr 10% natZr in liquid scintillator 45 kg R&D

AMoRE-I 100Mo 40CaMoO4 scintillating bolometers 6 kg Construction

AMoRE-II 100Mo Li2MoO4 scintillating bolometers 100 kg Construction

CUPID 100Mo Li2MoO4 scintillating bolometers 250 kg R&D

COBRA 116Cd/130Te CdZnTe detectors 10 kg Operating

CUORE 130Te TeO2 Bolometer 206 kg Operating

SNO+ 130Te 0.5% natTe in liquid scintillator 1300 kg Construction

SNO+ Phase II 130Te 2.5% natTe in liquid scintillator 8 tonnes R&D

Theia-Te 130Te 5% natTe in liquid scintillator 31 tonnes R&D

KamLAND-Zen 400 136Xe 2.7% in liquid scintillator 370 kg Complete

KamLAND-Zen 800 136Xe 2.7% in liquid scintillator 750 kg Operating

KamLAND2-Zen 136Xe 2.7% in liquid scintillator ~tonne R&D

EXO-200 136Xe Xe liquid TPC 160 kg Complete

nEXO 136Xe Xe liquid TPC 5 tonnes R&D

NEXT-WHITE 136Xe High pressure GXe TPC ~5 kg Operating

NEXT-100 136Xe High pressure GXe TPC 100 kg Construction

PandaX 136Xe High pressure GXe TPC ~tonne R&D

AXEL 136Xe High pressure GXe TPC ~tonne R&D

DARWIN 136Xe natXe liquid TPC 3.5 tonnes R&D

LZ 136Xe natXe liquid TPC R&D

Theia-Xe 136Xe 3% in liquid scintillator 50 tonnes R&D

• Reach experimental landscape 
• Multiple approaches are 

necessary
• No isotope a clear winner, 

NME uncertainties
• Discovery will constitute a 

handful of events (at 
best): need independent 
verification

• Discovery with different 
isotopes may shed light 
on underlying mechanism 

Courtesy of J. Detwiler and J. Wilkerson 



Semi-conductors. HPGe. LEGEND Concept 
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Built on success of GERDA and Majorana
See talk by C. Wiesinger tomorrow

Background suppression strategy 
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LEGEND-200: 
•200 kg in upgrade of existing 
infrastructure at Gran Sasso

•2.5 keV FWHM resolution
•Background goal 
<0.6 cts/(FWHM t yr)           
<2x10-4 cts/(keV kg yr)

•Data start ~2021

LEGEND-1000:
•1000 kg, staged via individual payloads
•Timeline connected to review process
•Background goal <0.03 cts/(FWHM t yr),<1x10-5 cts/(keV kg 
•Location to be selected

Only x3 below

GERDA
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LEGEND-1000

LEGEND-200

GERDA/MJD

>1028 yr or mbb=17 meV* for worst case 
matrix element of 3.5 and unquenched 
gA.

3-s discovery level to cover inverted 
ordering, given matrix element 
uncertainty.

LEGEND Discovery Potential 

Opportunities: Clear path to bkg-free 

regime, discovery potential 

Challenges: Cost, scaling below 10 meV

*1!!~9 − 17meV  



Semiconductors: CMOS imaging detectors  
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•Amorphous 82Se x-ray detectors readout by 

CMOS pixel array

• Stack to achieve high density, high mass array

• 5 μm pixel size gives full track reconstruction

•Estimated background ~0.001 c/(FWHM t y) 

dominated by natural radioactivity

• Opportunities: Industrial production + low 

background indicates sensitivity to Normal 

Ordering mass scale

• Challenges: energy resolution, maturity for low-

bkg applications 

A. Chavarria  et al, J. Inst. 12, P03022 (2017
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Bolometers: CUORE

Δ% = Δ6
7 8/0/1

Heat capacity C ∝ %.
Typically operated at ~ 10mK
FWHM ~ 0.2-0.3%

Limiting factor: surface contamination

130Te

TeO2
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Bolometers: CUORE à CUPID 
Addresses surface 
contamination • Particle ID technique robustly demonstrated 

by CUPID-0 (ZnSe) and CUPID-Mo(Li2100MoO4)
• >99.9% α rejection, >99.9% β/γ acceptance

See next talk by D. Poda

• CUPID: 

• 250 kg of 100Mo in 1500 Li2MoO4 crystals  

in CUORE cryostat
• Good E resolution from phonons: ~5 

keV FWHM at Qββ
• Scintillation readout rejects background

• Background goal: 0.5 c/(FWHM t y) 
dominated by 2νββ pile-up and U/Th γ
summing

• Discovery sensitivity (10 years): T1/2 > 1.1 
x 1027 yr, < +!! >< 12-20 meV
• pCDR online, planning for TDR in 2021, 
followed by 5 years construction at LNGS. 
1 ton experiment under consideration



Bolometers: AMoRE
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•100 kg of 100Mo in >95% enriched Li2enrMoO4 crystals

• Good E resolution from phonons

• Scintillation readout rejects background

•Scaling up from AMoRE-pilot

• Demonstrated MMC + SQUID readout

• Switching from 40Ca100MoO4 crystals

•Background goal: <0.05 c/(keV t y) 

dominated by 2νββ pile-up

•Limit sensitivity (5 years): T1/2 > 8 x 1026 yr

•AMoRE-I with 13 CaMoO4 + 5 Li2MoO4 (6 kg)

scheduled to start in 2020 at Y2L. BG goal: <1.5 c/(keV t y).

Full-scale AMoRE-II starts 2022 in YemiLab

Opportunities: Scalability, isotope flexibility 

Challenges: Control pile-up and surface bkg, complex 

operation



Bolometers: CANDLES 
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•CaF2 scintillating crystals
• Take advantage of 48Ca's high Qββ, "easy" NME

• But: very low natural abundance (0.19%)
• CANDLES-III: immerse in liquid scintillator 

(TAUP 2019: T1/2 > 6x1022 y)
• Next system: operate as scintillating bolometers with MMC phonon 

readout and Ge wafer for photons

•Crystal performance measurements
• Good α discrimination
• E resolution σ = 2% at Qββ (position uniformity)
• Purity improved x~10

•48Ca enrichment: laser isotope separation
• Proof-of-priniciple complete
• Scaling up for mass-production

Opportunities: High Qββ, low BG in ROI. 

Challenges: E-resolution, scaling up isotope 
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Large Liquid Scintillators: KamLAND-Zen 

• Best current constraint on 
<mv> (0.06- 0.16 eV)

•Background ~2 c/(FWHM t y) 
dominated by 2νββ tail and 8B 
solar ν scattering
•Limit sensitivity (5 years):            

T1/2 > 2 x 1027 yr, 1!!< 12-53 meV

•Upgrade preparations underway, 
will proceed following 5-year run of 
KamLAND-Zen 800

KamLAND2-Zen:

Opportunities: Scalability, cost, simplicity 

Challenges: E-resolution, solar neutrinos 



Large Liquid Scintillators: SNO+ 
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• Using existing SNO detector and SNO infrastructure
• Water replaced with liquid scintillator (LAB)
• Natural Te loading to commence soon 
• Phased approach: from 0.5% loading up
• Phase-I sensitivity: 1.9 x 1026 yr

Phase-I 

Phase-II 
•4 t → 6.5 t 130Te via increased loading in LAB

• Up to several percent with improved light yield
• Can use existing SNO+ Phase I Te loading systems

•Inexpensive, no detector upgrade required
•Background ~10 c/(FWHM t y) 
dominated by 8B solar ν scattering
•Limit sensitivity (10 years): T1/2 > 1027 yr, +""< 13-63 meV
•Plan to increase loading after only 2.5 years of running in 
Phase I (1.3 t 130Te)

natTe in 0.8 kT of LS



23-Nov-2020 R. Saakyan. DBD Experiments. 23

Tracker + ScintCalorimeter: NEMO-3 and SuperNEMO

§ 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. B

β−

β−

1024 year limit with just 
7kg of 100Mo

PRD 92, 072011 (2015)

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-

Access unique 
signatures, e.g. 0ν4β
PRL 119, 041801 (2017)
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NEMO-3: Lates Physics Results

Many analyses still making use of unique approach:

§ Search for double-beta decays of 82Se to excited states of 82Kr (2eN, final state) which 
can have exceptionally low background. 

NPA 996, 1
21701 (2

020)

• First ever search for periodic modulations in double-beta decay rate: 6
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FIG. 2: Results of applying both of the periodogram techniques to the double-beta decay rate time series of Phase 2 100Mo
data. The upper plot shows the e�ciency-corrected time series that was analyzed. The lower plot shows the periodograms
obtained from applying the LS and GLS techniques. The horizontal lines denote the threshold powers, in each technique, for
reaching a 90% confidence level based on the “shu✏e test” method described in Section V.

0 2 4 6 8 10 12 14 16 18 20
Largest LS Power

1

10

210

Fr
eq

ue
nc

y

Percent above largest

LS power in data = 54.1%

Maximal LS Powers in 10,000 Shuffled Data Sets

0 2 4 6 8 10 12 14 16 18 20
Largest GLS Power

1

10

210

Fr
eq

ue
nc

y

Percent above largest

GLS power in data = 44.8%

Maximal GLS Powers in 10,000 Shuffled Data Sets

FIG. 3: A distribution of the maximal LS (top) and GLS
(bottom) powers in 10,000 randomly shu✏ed null-hypothesis
data sets (no applied modulations). The fraction of data
sets with maximal power greater than the maximum LS
(GLS) power observed in the data constitute 54.1% (44.8%).
This estimates the significance of the observed maximum LS
(GLS) power in the data to be at the 45.9% (55.2%)
confidence level.

For mid and high ranges of modulation frequencies,
the detection sensitivity only depended on the modula-
tion amplitude. In these regimes the threshold for de-
tection at approximately a 95% C.L. was about 2.0%
(2.5%) relative amplitude for the LS (GLS) technique.
The di↵erence between the two values is due to the GLS
periodogram e↵ectively using fewer data points (which
correlates with less sensitivity) by down-weighting some
of the runs with larger errors on the measured rate. Once
the frequency dropped low enough, wherein the sample
period exceeded the time span of the data, this detection
threshold amplitude began to vary with frequency (as
seen in the left-most plots of Figure 4). In these regimes,
only partial modulation waveforms are being captured in
the time span of the data and the modulation phase be-
gan to have an a↵ect on the results. If the phase was such
that a mostly-linear portion of the modulation was cap-
tured (well between a peak and a trough in the underlying
oscillation) then the sensitivity was reduced compared to
other phase values.

VI. SUMMARY AND CONCLUSIONS

The large, highly-pure sample of double-beta de-
cays observed by the NEMO-3 collaboration provided a
unique opportunity to probe the variability of a second-
order, weak nuclear process. A power spectrum analysis
was used to search for periodicities in the double-beta
decay rate of 100Mo based on 6.0195 y of data. Peri-
odograms were generated using both the Lomb-Scargle
technique (to be consistent with various previous searches
for periodically varying decay rates), as well as its error-
weighted extension, the Generalized Lomb-Scargle tech-
nique, with both resulting in power spectra consistent
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SuperNEMO Status 

source (82Se) tracker
calorimeter

SuperNEMO
Demonstrator 
Module:

final 
commissioning   
in progress

Demonstrator Module (2.5 year run)

17.5 kg×yr initial exposure :

T 0⌫
1/2 > 6.5⇥ 1024 yr

hm⌫i < 0.20� 0.40 eV

§ Covid has delayed the turn-on but strong recent 
progress.

§ The Demonstrator Module will have a unique 
physics programme: full event reconstruction of 
2νββ gives access to nuclear physics : e.g. gA
constraints.

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

Opportunities 

Challenges 
(and opportunities)



LXe TPC 
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EXO-200

�5

• Charge and light collection
• Scalable, excellent self-shiedling
• PID, position reconstruction 
• nEXO

• Upgrade of successful EXO-200 design, Improved 
light and charge collection
•Innermost region BG ~0.1 c/(FWHM t y)
dominated by natural radioactivity
• Discovery sensitivity for 10 years livetime (update 
coming soon): 
T1/2 > 5.7 x 1027 yr, +""< 7-31 meV
• PreCDR online. Planning to deploy in SNOLab. 
Timeline coordinated with US downselect.

•DARWIN/G3 Dark matter 
•Dual phase detectors, good E-resolution 
demonstrated
• Low background observatory: DM + 0vbb
T1/2 > 2.4 x 1027 yr, +""< 11-48 meV

Opportunities

Challenges: E-resolution, BG lines near Qββ



Gas TPC: NEXT-HD
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•High-pressure gas EL TPC with 1 ton 136Xe

• E resolution 0.8% FWHM at Qββ

• Improved tracking over LXe TPC

•Extrapolation of NEXT-100 design

• PMTs → SiPMs with reduced radioactivity

• Lower diffusion gas mixture (Xe/He)

•Background ~0.1 c/(FWHM t y) 

dominated by natural radioactivity

•Limit sensitivity: T1/2 > 1.7 x 1027 yr, 1!!< 13-57 meV

• Will follow NEXT-100 (should start this year )

Opportunities: Energy resolution, topology reconstruction 

Challenges: diffusion, modularity vs scalability, maturity for 

low BG



136Xe Daughter Nucleus (136Ba) Tagging 
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•NEXT: radio frequency carpet sweeps ions to region with 

switched-fluorescent molecules. Single-molecule sensitivity 

demonstrated in Xe background.

•nEXO: freeze Ba in Xe, transport via probe to imaging stage, lase 

and image. Single-atom sensitivity demonstrated.

•Enables background-free searches 

IF high efficiency can be achieved.



TPCs: PandaX, AXEL, NvDEX
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PandaX-4T LXe TPC
PandaX-III GXe TPC

Focusing Electrode

CMOS Sensor

PCB

Source Drain

Source Drain

PMOSCAPNMOS

Charge track

p-substrate

N-WellP-Well

GateGate

GR GRTM

n+ n+ p+ p+

Topmetal CMOS Technology

•PandaX
• PandaX-4T (360 kg 136Xe): upgrade of PandaX-II dual-phase LXe

TPC for DM @CJPL, commissioning by end of 2020. 30T upgrade 
in planning.

• PandaX-III: 0νββ-focused HPGXe TPC with ~100 kg 136Xe using 
micromegas readout. Limit sensitivity: 9x1025 y. Construction 
underway, commissioning in 2020. 1T upgrade in planning

•AXEL
• HPGXe TPC with Electroluminescence Light Collection 

Cell (ELCC) readout
• 10L proof-of-principle demonstrated. 180L prototype 

under construction at Kyoto U. 40 kg upgrade 
planned for ~2024.

•NvDEX
• 82SeF6 HP gas TPC with Topmetal CMOS readout
• 100 kg vessel designed, construction at CJPL starting next year



Other exciting R&D underway: LiquidO, R2D2
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The R2D2 project

1

• 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

– 2 –

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

P������� ��� ���������� �� JINST

Study of a spherical Xenon gas TPC for neutrinoless
double beta detection

J. Busto,a C. Cerna,b A. Dastgheibi-Fard,c C. Jollet,b S. Jullian, f I. Katsioulas,d

I. Giomataris,d M. Gros,d P. Lautridou,e A. Meregaglia,b X. F. Navick,d F. Perrot,b

F. Piquemal,b,c M. Zampaoloc

aCPPM, Université d’Aix-Marseille, CNRS/IN2P3, F-13288 Marseille, France
bCENBG, Université de Bordeaux, CNRS/IN2P3, 33175 Gradignan, France
cLSM, CNRS/IN2P3, Université Grenoble-Alpes, Modane, France
dIRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
eSUBATECH, IMT-Atlantique, Université de Nantes, CNRS-IN2P3, France
f LAL, Université Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, F-91405 Orsay, France

E-mail: amerega@in2p3.fr

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
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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
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The R2D2 Roadmap

2

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

•LiquidO
• Opaque loaded LS + WS fibers: tracking / PID in LS 

with very high loading

• Protyping underway

• See arXiv:1908.02859, 1908.03334

•R2D2

• Spherical Xenon gas TPC

• Test ongoing with 8 kg prototype, plans for 50 kg 

upgrade

• See JINST 13, P01009 (2018)
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Next generation
experiments:

<1 bkg count/year

T 3�
1/2 = ln 2

NAE
maS3�(BE)

• Special role of SuperNEMO if 
< 1# > is in 50-100 meV region

• Underlying mechanism 

• Multi-isotope
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• Upcoming generation of 0νββ experiments will fully 
explore IO region 

• Testing new physics at 10-100 TeV scale!
• Focus on discovery (which could come at any time!)
• Must be open-minded about mechanism behind LNV 

(more than “just” neutrino physics). 
• A multi-isotope program exploiting different technologies 

is necessary
• Nuclear model uncertainties 
• Signal is just a few events 

• R&D underway to reach mββ ~ O(1 meV)
• Difficult balance between diversity and focus of future 

programme 
• The case for 0νββ is clear (to us) but must be 

continuously made (to everyone else). 

Concluding Remarks 

Agostini, Benato, Detwiler, Menendez, Vissani
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Crucial time for defining future 0νββ strategy 

Agostini, Benato, Detwiler, Menendez, Vissani


