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Introduction: physics case
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• The observation of neutrinoless double beta decay (bb0n) is fundamental to determine the

nature of neutrino.

• The observation of bb0n decay would have implications in particle physics (generation of

neutrino masses) and cosmology (leptogenesis model).
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Experimental observables
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• The signature of the decay is given by the

detection fo the 2 emitted electrons and sum

of the kinetic energy of the two emitted

electrons.

• The measurement of other kinematical variables

could cast light on the driving mechanism.

(A,Z)→(A,Z+2) + 2 e- + g’s

1 or 2 additional g-rays

• Furthermore the identification of excited states

and daugther nucleus could forster the detection.
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Isotopes
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• The isotopes concerned by bb decay must have a

single b decay forbidden (by energy conservation)

or strongly suppressed (due to large angular

momentum change).

Phase space factor Nuclear matrix element

Effective Majorana mass
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Background
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• The main source of background is natural

radioactivity.

• Other background sources are:

- Muons (depending of underground laboratory).

− g from (n,g) reactions or m bremstrahlung.

- Muon spallation products.

− a from materials bulk or surface contaminations
for calorimeters.

− bb2n (if modest energy resolution).
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Experiment sensitivity
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• The experimental sensitivity can be computed in terms of a limit of the half life.

Signal efficiency

Isotope molar mass

Isotope active mass

Exposure in years

Signal upper limit

• The signal upper limit depends on the chosen confidence level and on the experimental

background:
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Experiment sensitivity
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Status of the art
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200 kg – 1000 kg of 76Ge diodes

ΔE/E = 0.1 % (FWHM) at Qββ

4 kg – 1000 kg of 100Mo 

bolometers diodes

ΔE/E = 0.2 % (FWHM) at Qββ

800 kg of 136Xe dissolved

in liquid scintillator

ΔE/E = 10 % (FWHM) at Qββ

200 kg – n tons of liquid xenon

ΔE/E = 3 % (FWHM) at Qββ

TPC  5 kg – ntons 10 bars Xe TPC
ΔE/E = 1% (FWHM) at Qββ

Tracko-calo 7 kg– 100 kg 82Se foil

ΔE/E = 5% (FWHM) at Qββ
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Birth of R2D2
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• The main requirements to search for 0nbb decay are:

• R2D2 is an R&D program started in 2017

aiming at the development of a zero

background ton scale detector to search

for the neutrinoless double beta decay.

How?
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Two geometrical options
• Two options were considered in the R&D: a spherical Xenon gas

TPC (STPC) as used today in the NEWS-G collaboration for the

search of dark matter by Giomataris et al., and a cylindrical TPC

(CTPC).

• The working principle is the same.

Central anode

Cathode

11
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Two geometrical options

Central anode

Cathode

- Excellent energy resolution (goal of

1% FWHM at 136Xe Qbb).

- Extremely low background due to the

very low material budget.

- Scalability to large isotope masses.

- Simplicity of the detector readout

with only one readout channel.

Detector features

• Two options were considered in the R&D: a spherical Xenon gas

TPC (STPC) as used today in the NEWS-G collaboration for the

search of dark matter by Giomataris et al., and a cylindrical TPC

(CTPC).

• The working principle is the same.
• Both geometries have in principle the needed detector features.

12
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Two geometrical options
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Field Uniformity
Issues around the

supporting rod
Homogeneous around the anodic 

wire

Field Strength

Xenon volume

Noise

Weak at cathode (1/R2) Stronger at cathode (1/R)

Optimal Volume/Surface Volume/Surface not maximised

HV dependent (positive HV on 
anode)

HV independent (negative HV on cathode 
and grounded anodic wire)
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Two operation modes
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• The CTPC can be operated in two modes: ionisation (i.e. no gain) or proportional (i.e. avalanche

near the anode with a resulting gain).

• To understand the two modes of operation and appreciate the different pro and cons it has to be

reminded that the signal observed is a current induced according to the Shockley-Ramo

theorem.

Induced current

Drift radial velocity

Weighted electric field

Electron charge

• The electric field in a CTPC can be described as:

Electric field Weighted electric field

Potential difference between 
anode and cathode

Cathode and anode radii
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Two operation modes
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• The signal is due by the drift of the electrons wherease the signal due to ions is typically below

threshod due to the low mobility.

• The signal with is directly related to the radial position of the energy deposit.

• The CTPC can be operated in two modes: ionisation (i.e. no gain) or proportional (i.e. avalanche

near the anode with a resulting gain).

IONISATION

Anode

Signal duration 
related to 

initial position

ionisation
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Two operation modes
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• The signal is due by the drift of the ions produced in the avalanche.

• The signal with is only weakly related to the radial position of the energy deposit (through

the arrival time of the primaries i.e. through the risetime).

• The CTPC can be operated in two modes: ionisation (i.e. no gain) or proportional (i.e. avalanche

near the anode with a resulting gain).

PROPORTIONAL

Anode

proportional
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Two operation modes
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History and milestones
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First STPC

(no high pressure)

JINST 16 (2021) 03, P03012

About 15-20 cm tracksAbout 3-4 cm tracks



F. Piquemal

History and milestones
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First STPC

(no high pressure)

JINST 16 (2021) 03, P03012

Same resolution for short 

and long tracks (Ar)

Second STPC 

(certified to 40 bar)

JINST 18(2023) 10, T10001
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First STPC

(no high pressure)

JINST 16 (2021) 03, P03012

Same resolution for short 

and long tracks (Ar)

Second STPC 

(certified to 40 bar)

JINST 18(2023) 10, T10001

Stable resolution 

up to 3 bar Ar 

(limited by HV)

First CTPC

(no high pressure)

JINST 18(2023) 10, T10001
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First STPC

(no high pressure)

JINST 16 (2021) 03, P03012

Same resolution for short 

and long tracks (Ar)

Second STPC 

(certified to 40 bar)

JINST 18(2023) 10, T10001

Stable resolution 

up to 3 bar Ar 

(limited by HV)

First CTPC

(no high pressure)

Similar resolution 

in Ar and Xe

JINST 18(2023) 10, T10001

Second CTPC

(certified to 40 bar)

Eur.Phys.J.C 84 (2024) 5, 512
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CTPC 2.0 - prototype design
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• The second CPC prototype built in 2023 has a height

of 27 cm and a radius of 11 cm. The CTPC is inserted

in the previous STPC vessel to take measurements up

to 40 bar.

• Measurements of material outgassing were made for

the choice of cathode and supporting structure and we

finally chose Teflon as supporting structure and a

cathode made of 200 mm thick Aluminum.
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Different tested anodes

CTPC 2.0 - prototype design
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• The HV was applied to the cathode up to

values of 5 kV.

• Different anodes were tested from wires of

50 mm diameter, to rods of 1.2 and 12 mm

diameter.



F. Piquemal

CTPC 2.0 - prototype design
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• Two calibration sources were used:

➡ A 210Po a source of 5.3 MeV

deposited on a silver plate of 0.6 ×

0.6 cm2, and positioned on the

outside of the cathode behind a hole

of 1 mm radius.

➡ Diffuse 222Rn in the gas emitting a

of 5.5 MeV in all the volume.

• The daughters of the Rn decay chain can

also be used used (although they are

typically positively charged and they drift

more and more towards the cathode)
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Gas purity
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• Gas purity is a key issue for the operation of the CTPC.

• A system based on cold and hot getter was set up

granting purities up to few ppb in terms of electronegative

impurities such as Oxygen.

• However, the purification system limits the operation

of the detector at 10 bar.
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Gas purity
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• The gas is constantly recirculated through the getter to

grant a constant purity.

• However the pump produces vibrational noise and it

is source of outgassing.
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Gas purity
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• The electron lifetime was computed fitting with

an exponential curve the signal amplitude as a

function of the drift time.

• Practically the HV was changed assuming to

know the drift time (based on Garfield

simulation) since it was not possible to move the

source radially without affecting the electric

field.

• The achieved purity in tems of electron lifetime

is good enough for the prototype but far

from the values obtained in liquid argon

and xenon at the level of 20 ms and 10 ms,

respectively.
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DAQ chain
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Signal induced 

on the anode

ORTEC charge 

preamplifier
CALI card developed 

for Edelweiss

SAMBA program 

developed for CALI card 
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Noise
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• A lot of work was done to reduce as much as possible the noise on the readout signal, which had

two origins: mechanical and electronic.

• Vibrations can be seen on the waveform exhibiting low frequency.

• Perturbations of the electric network (many experiments ongoing on the same ground in the room)

are seen with some specifics peaks in the Fourrier transform of the waveform.

• The most dangerous noise is the one which changes the baseline between its evaluation (first 1.5

ms) and its subtraction (following 1.5 ms) i.e a frequency around 350 Hz.
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Signal

30

• The reconstructed waveforms are used to extract observables such as the total charge of the

event, its duration and the width at half height.

• Each observable is associated to a specific feature of the original signal.
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• The reconstructed waveforms are used to extract observables such as the total charge of the
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• The reconstructed waveforms are used to extract observables such as the total charge of the

event, its duration and the width at half height.

• Each observable is associated to a specific feature of the original signal.
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Signal
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• A simulation based on the Shockley-Ramo theorem was developed and a very good agreement

was found between the registered and the simulated waveforms.

• The simulation was used to confirm our understanding of the observables.
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Data selection
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• The observables were used to select the events, namely the Po or the Rn issued alphas.

Data for xenon at 3 bar, anode of 1.2 mm diameter, and -3000 V applied to the cathode
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• The observables were used to select the events, namely the Po or the Rn issued alphas.

Data for xenon at 3 bar, anode of 1.2 mm diameter, and -3000 V applied to the cathode
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Data selection
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• The observables were used to select the events, namely the Po or the Rn issued alphas.

Data for xenon at 3 bar, anode of 1.2 mm diameter, and -3000 V applied to the cathode
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Data selection
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• The observables were used to select the events, namely the Po or the Rn issued alphas.

Data for xenon at 3 bar, anode of 1.2 mm diameter, and -3000 V applied to the cathode
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Data analysis
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• The Qt of selected events (cuts on Dt and Dh) were fitted to establish the energy resolution.

Data for xenon at 3 bar, anode of 1.2 mm diameter, and -3000 V applied to the cathode
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Resolution results

39

• The same procedure was applied filling the detector with different gases (Ar and Xe) at various

pressures and with different anode sizes.
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Further studies on the signal
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• Based on real data and on GARFIELD simulation of the drift time, the signal tratment was further

pushed to reconstruction energy deposits of the same event.

• In the signal study a resistive anode with readout at both side was assumed, allowing to reconstruct

also the longitudinal position of the events.

• An ASIC based current preamplifier was also assumed (currently designed and in production).
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Further studies on the signal
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• The signal studies were carried out assuming a CTPC filled with xenon at 40 bar with 1 cm radius

anode, 50 cm radius cathode, 20kV HV.

• A realistic noise was assumed based on collected data with the prototype.
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Further studies on the signal
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• The signal is treated to reconstruct the different

energy deposits.

• The procedure is base on an iterative method

and on the knowledge of the expected signal

from a single electron.

• The template signal depends on the detector

(geometry, HV, readout electronics…) and

should be properly measured to apply the same

procedure on real data (ongoing…!)
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Further studies on the signal
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• By analysing the different peaks, it is possible to

reconstruct the radial position R via the drift time

and the longitudinal position Z via the amplitude

ratio of the partial waveforms.
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Further studies on the signal
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• Since the signal in ionization mode is made only

by the electrons (ions under threshold), the

total charge depends on the radial position

where the ionization electrons are created.

• This explain the typical shape of the

reconstructed charge versus the initial

position.
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Further studies on the signal
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• A calibration was performed and the

reconstructed charge was corrected.

• A small calibration helps even for the charge

computed in the synthetization process (sum of

the found peaks) and overall we get 0.1%

FWHM (limit of the method with no statistical

fluctuations).
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From R&D to the experiment
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• The R&D allowed to validate the energy resolution and to fully understand the detector

response.

• Based on the achieve detector knowledge a detailed study to compute the sensitivity on

neutrinoless double beta decay was carried out.
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The detector

47



F. Piquemal

The detector

48



F. Piquemal

The detector

49



F. Piquemal

The detector

50



F. Piquemal

The detector

51



F. Piquemal

Sensitivity study
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• We carried out a complete Monte Carlo simulation to evaluate the signal efficiency and

background reduction.
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• We carried out a complete Monte Carlo simulation to evaluate the signal efficiency and
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• We carried out a complete Monte Carlo simulation to evaluate the signal efficiency and

background reduction.
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Energy resolution
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NOTE: We assume that the energy resolution scales as a function of the energy as 1/sqrt(E).

Energy resolution 

at Xenon Qbb of 

2.458 MeV
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Signal and Background
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e-
1e-

2 ΔR

ΔZ

e-
1

e-
2

ΔR

ΔZ

γ

γ

γ
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ROI and selections
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• The first selection is to ask that the events are in the ROI (Region Of Interest) after the

Gaussian energy smearing assumed of 1%FWHM at 2.458 MeV.

• The optimal ROI choice corresponds to an half width equal to the energy resolution [JINST 13

(2018) 01, P01009] i.e. we selected events in the range [2.433-2.483] MeV

Simulated signal
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ROI and selections
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• The events in the ROI are then selected based on 5 variables.

• The cuts are chosen to reduce the background while assuring a signal efficiency larger than

60%.
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• The events in the ROI are then selected based on 5 variables.

• The cuts are chosen to reduce the background while assuring a signal efficiency larger than

60%.
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• The events in the ROI are then selected based on 5 variables.

• The cuts are chosen to reduce the background while assuring a signal efficiency larger than

60%.
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Simulations
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• 0nbb decay is not included in GEANT4, therefore two electrons are generated based on a pre-

computed energy spectrum by J. Kotila and F. Iachello (Phys. Rev. C 85, 034316 (2012)).

• No angular correlation is included but this is a second order effect.

• Events are generated inside the xenon active volume.
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Simulations
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• The high energy tail of the bb2n spectrum could fall in the ROI.

• However, assuming a lifetime of 2.165 x 1021 years we expect 825000 decays in the active

volume per year.

• Considering the chosen ROI and an energy smearing at the level of 1%, the fraction of events in

the ROI is 9 x 10-10 which corresponds to 0.001 events per year.
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Simulations
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• The vessel radioactivity was assumed to be at the level of 10 mBq/kg.

• Decay chains of 238U and 232Th, were simulated uniformly within the carbon fibre layer (total

mass of about 330 Kg), with a large statistics corresponding to about 10 years of data taking.
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Simulations
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• Different neutrons sources were considered:

➡ Neutrons captures on detector shielding and material

➡ Neutrons produced by muons inside the detector

➡ Neutrons captures on xenon

➡ Spallation neutrons
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Simulations
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• Radon is one of the ultimate sources of background in low-radioactivity experiments.

• Cryogenic distillation is an effective method for radon removal although quite demanding in terms of

nitrogen. Alternative methods based on absorbers under study (Progress of Theoretical and

Experimental Physics 2024(2), 023C01 (2023)).

• We assumed a radon activity level of 5 mBq/kg (corresponding to1.5 mBq/m3), a conservative

estimate (0.3 mBq/kg for nEXO, 1 mBq/kg for XENONnT and 3.5 mBq/kgfor PandaX-4T).
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Simulations
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• Cosmogenic nuclei produced by muons passing through the xenon volume could contribute to the

background.

• A detailed simulation by the EXO-200 collaboration identified 137Xe as the primary contributor to

signals near the 136Xe Qbb.

• The production rate of 137Xe depends on both the muon flux and their energy.

• We assumed the muon rate expected at LSM and we obtained 10 events per year. After the

selection cuts the expected number of events is below 2 x 10-3.
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Background and pile-up
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• The total expected background is of

1.6 events per year.

• The same sources were used to

computed the possible pile-up assuming

an event time window of 5 ms.

• The expected rate is about 0.19 Hz,

well below the acceptable limit of 1

Hz.
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Sensitivity
• The experimental sensitivity can be computed in terms of a limit of the half life.

Signal efficiency of 60.8%

136Xe molar mass of 0.136 Kg

Xenon-136 active mass of 580 kg

Exposure in years

Signal upper limit

68
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Sensitivity
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• The lifetime is related to the effective Majorana mass <mbb>:
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Conclusions
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• The R&D to achieve a composite low radioactivity

thin vessel is ongoing with industrial partners.

• A “full scale” demonstrator (commercial composite

tank, no low radioactivity) to validate the drift over

42 cm is under commissioning.

• The simplicity of the detector results on low electric

consumption, no need of cryogenics, and a

relatively low cost.

• The R2D2 R&D demonstated the simple CTPC detector can be used for neutrinoless double

beta decay search.

• All possible technical issues (gas purification, recirculation etc.) can be solved based on the

know-how developed by R2D2 and the existing one in the xenon community.
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Temperature corrections
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• Variations of the temperature also affect

the signal integral.

• The temperature variations impact the

measurements in two ways:

➡ Gas temperature variations implying

pressure variations.

➡ Variations of the electronics chain

response.

• To obtain a resolution at the percent level,

the temperature has to be stable

within 1 degree at the most, or

corrections have to be applied.
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Simulations
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• The same decay chains were studied for the anode.

• In real life we plan to use a 1 mm thick tube made of polymer materials coated with a resistive foil of

few mm.

• The mass is extremely small at the level of 200 g and the background can be considered

negligible even considering an increase of a factor 100 in the activity at the level of at the

level of 1 mBq/kg.
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Simulations
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• The lead shielding is also source of background.

• To bring such a background to anegligible level, assuming upper limits on the 238U and 232Th chain

of 12 mBq/kg and 4 mBq/kg, respectively (NIM A 591, 490 (2008)) and additional layer is needed in

the detector.

• The simulation shows that 5 cm of low-radioactivity commercial copper (e.g. 1 mBq/kg from

Aurubis) or water passive veto could bring the background below 0.1 events per year.
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Simulations
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• External gamma background strongly depends on the environment. We assumed the rate and

spectrum measured at LSM (Nucl. Instrum. Meth. A 482, 832).

• Gammas for a statistics of more than 10 years were generated in the GEANT4 on a sphere of 280

cm radius, homogeneously and isotropically.


