R2D2 project overview




PNysics case

« The observation of neutrinoless double beta decay (ff0v) is fundamental to determine the

nature of neutrino.
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 The observation of Bp0v decay would have implications in particle physics (generation of
neutrino masses) and cosmology (leptogenesis model).
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Experimental observables =

« The signature of the decay is given by the sum of the kinetic energy of the two emitted
electrons.
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Experimental observables

« The signature of the decay is given by the sum of the kinetic energy of the two emitted

electrons.

Electrons enerqgy
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Experiment sensitivity &

 The experimental sensitivity can be computed in terms of a limit of the half life.
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EXperiment sensitivity &

 The experimental sensitivity can be computed in terms of a limit of the half life.
(
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« The signal upper limit depends on the chosen confidence level and on the experimental
background:

— Bg:O
Bg=1 ev/year/ton
—— Bg=10 ev/year/ton

Limit on T9% at 90% C.L. [years]
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Birth of R2D2

« The main requirements to search for Ovpp decay are:

Excellent enerqy

resoletion

6062/ of’ ( 2)2

Cdn Lwe Meef 62// 2(/78
/‘e?a/remenz‘é a? /e mme ( ? are Decayé enth
( da//‘d/ DeZ‘eCZ‘oﬁ>

Lo Aacégroana/

Z-dl‘ge masses of /‘éoiopeé sSame Cime?

Electron tracks
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« R2D2 is an R&D program started in 2017 ‘ _ !
aiming at the development of a zero T Using a radial high
background ton scale detector to search : pressure xenon TPC

for the neutrinoless double beta decay.
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Standing on the shoulders of giants &

E Resoluti
Experiment Year Volume Pressure Mass l}i:,?,‘(_meg@ogﬁz)o f Detection Principle
Gotthard 1993 180 L 5 bar 5 kg 5.4 % Drift + proportional
8 Milano
Q 1992 80L 9.5 bar 4 kg 4.2 % Proportional
N (LNGS)
|
Q
o ITEP
N 1986 40 L 30 bar 8 kg 2.5 % lonisation
(Baksan)
DEVIS
2002 13000 L 1 bar 70 kg 3-4% Proportional
(ITEP)

Linnts
e
Energy resolution (gas purity, mode of operation e.g. wire

uniformity in proportional mode, and electronics)

Detector design (scaling)

Low background (materials radioactivity)
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Standing on the shoulders of giants 2

: Energy Resolution : s
Experiment Year State Mass (FWHM @ Q) Detection Principle
o EXO-200
% . 2011 Liquid (TPC) 200 kg of 3.9 9 Scintillation +
o (US) . 136Xe e ionization
|
Q
KamLAND-ZEN : :
8 2011 X dlssL;Ived b BOgGI;(g of 8% Scintillation
& (JAPAN) e
NEXT High-pressure 100 kg of . Electrolu_mlnes_cence
2016 as (10-15 bar) 136Xe 1% (proportional light) +
(CANFRANC) 9 tracking
R2D2
KamLAND-ZEN 800 ; s Possible Record energy deposits in
| ¢ breakthrough large Xe volumes with a

The best present limit

on effective neutrino

mass based on pure
calorimetry.

simple antenna, combining

calorimetry and electron
identification in a low-

background environment.
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Detection principle

« We started with a spherical Xenon gas TPC (STPC) as used in the NEWS-G collaboration.

<—Grounded Rod

Know-Aoew ac yeved
M

- Operation of gaseous detectors and

understanding of signal formation.

- Development of DAQ and signal processing.

- Purification and recirculation system design.

- Study and mitigation of electronic noise,

iIncluding HV dependence.

- Design of a low-noise preamplifier.
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Iwo geometrical options =

« The R&D and acquired know-how led to the evolution from a spherical to a cylindrical TPC
(CTPC), based on the same working principle but offering easier operation and improved
event topology reconstruction.

2025

/ Track reconstruction
2017 ‘ A 7 years of K&D lonisation mode
Calorimetric detector e

Proportional mode

Cathode

Detector fealures &3
M ]
- Excellent energy resolution (goal ‘ 8D
Main gqoal of the K2D2 K
0 136 : 3
of 1% FWHM at 136Xe Qgp). p" \/4[6)47«@

§&—

‘

Extremely low background due to O o
the very low material budget. ngoing K&D with innovadive
mclerials (see /ater)

&
- Scalability to large isotope >
masses.

True by conceplion
- Simplicity of the detector readout

with only one readout channel. ——
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Two operation modes &

« 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).

« The signal observed is a current induced according to the Shockley-Ramo theorem.

- Signal due to the drift of the ions of the avalanche (slower

- ol
?OVJUO than electron signal).
e - Mainly charge is reconstructed (rough position dependence

based on signal risetime).
- Gas mixture needed (quenching to avoid secondary signals).
- Thin anode required.

_ 0{00” - Signal due to the drift of the electrons and directly related
M to the radial position of the energy deposit.
- The topology of the event can be reconstructed.
- Thick anode possible.

A\

)

The iomSation mode avords 3@/‘/7 fluctuadions

ana/ a/ /oS Z opo/ ogica/ rec.onsS Z racz‘ 10oN.
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First STPC Second STPC First CTPC
(no high pressure) (certified to 40 bar) (no high pressure)
S &
V V
Same resolution for short Stable resolution Giri o
and long tracks (Ar) up to 3 bar Ar bl e ol
(limited by HV) in Ar and Xe

1.1 bar - 2000V 200 mbar -720 V
: A

JINST 16 (2021) 03, P03012 JINST 18(2023) 10, T10001
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History and milestones

Second CTPC
(certified to 40 bar)

A

0
q
%

Good resolution in Ar/Xe
up to 10/6 bar (limited by
the purification system)

Eur.Phys.J.C 84 (2024) 5, 512

D
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Qutcomes of R&D

e Signal processing is critical to extract all the information from the detector.

« A simple detector with a single readout channel could identify the two electrons, their radial
position as well as their energy thanks to a dedicated signal analysis.

¢ = total charge

’( o et or»?

7T Areshold

‘ ( e/‘nZ‘egrQZ‘ed \5/3/762/
i IRt aaneil

—————p e —————

00 1525 1550
Time [us]
Dh =5 /jna/ eordth ad Aalf raxirnieen
Kadial extent of the irczcé

1350 1375 1400 1425 1450 1475 15
DY = S/Bncz/ /engZ‘/?

Meaximal radial distance fronr Zhe anode
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Outcomes of R&D
G

The observables were used to select the events, namely the Po or the Rn issued alphas
showing the detector performances in identifying energy and position of the events.

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

- -, - 0
6000 7000 8000 L

Qt [ADU] I{nergy
o
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Outcomes of R&D
G

e The observables were used to select the events, namely the Po or the Rn issued alphas
showing the detector performances in identifying energy and position of the events.

Data for xenon at 3 bar, anode of 1.2 mm diameter, and -3000 V applied to the cathode
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Outcomes of R&D oy

(2024) 5, 512

The main goal of the R&D was to establish the energy resolution at the level of 1% at the
136X e Qfgg of 2.458 MeV.
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Conservative results due to several identified constraints (see next)
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Constraints

A huge effort was done to have a readout signal with the lowest noise although the detector
was not operated in a dedicated environment (neutrino experimental hall at LP2i with other
experiences and users).

e [wo sources of noise were identified: electronic and vibrational.

« A low noise front end preamplifier was developed (for proportional mode) but a standard
ORTEC was used for ionisation.

= Additional ideas for noise reduction are under investigation such as operation on battery.
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Constraints

Gas par/r/? calion

« Reduction of electronegative impurities is required.

« A Recirculation and purification system with cold/hot
getters was commissioned (limit at 10 bar), and a new
spark-chamber-based system is under development for
operation up to 40 bar.

« Electron lifetime of ~2 ms achieved (one order of
magnitude worse than noble liquid detectors).
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= Purification solutions from the xenon community are
available.
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Constraints

 Forthe R&D we used 219Po and 222Rn alpha sources.

= A thorough calibration strategy for the full scale detector has yet to be finalized.

o : 222Rn source (and
210Po source (5.3 MeV alphas) PRy g g following decay chain)
located behind 2 mm diameter hole NG Al issued by the getter

in the cathode P o and located inside the
o | 223 vears gaS

Fit results: mean = 4846.415, FWHM = 1.316 %

Tail due to alphas losing More symmetric but lower
energy while passing in the statistics
hole in the cathode and no correction for field
at edges

4400 4600 4800 5000 5200 4800 5000 5200 5400
Qt [ADU] Qt [ADU]

Field distortion, energy loss through Low statistics, and no field

the cathode hole. correction at the CTPC edges.
A.Meregaglia
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What did we learn?

o  GeomeZry. CTPC selected, giving strong field at the cathode

(1/R dependence), uniform field through the gas volume, and
electrostatic stability.

e Anode: Thick tube, more robust than a wire and providing a

larger field at cathode and allowing vertical or horizontal
operation.

* 7riqger: Autotrigger with no need of scintillation light readout for
a cheaper detector with lower radioactive contamination.

s Kead ou: lLarge volume read with only 1 channel, extendable to

2 for longitudinal position reconstruction. Charge preamplifier
validated and ongoing tests of ASIC current preamplifier for
resistive anode readout ongoing.
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What did we learn”
| Operation mode defined and aptimised |

o Operation mode: lOnization selected given no gain fluctuation
and more topological info on the signal.

o Polarisation. Negative HV on cathode and read out of non
polarized anode to have no HV-induced noise on the signal.

*  Gas optirvsation. Same performances in Argon and Xenon so
possibility to commission the detector in Ar.




What did we learn?

3 2500 —— Deconvolved experimental signal

* Signal formation:. Clear understanding with validation
between Monte Carlo and real signals.

1300 1350 1400 1450 1500 1550 1600
Time [us]

*  Signal reconstruction. Robust detector response model,

and algorithm for 2-electron tracks and missing charge
correction validated on MC. Optimisation on data ongoing.

Amplitude [A.U.]

*  énergy resolution: 1% FWHM for 5.3 MeV alphas validated.

New synthesis algorithm reaches 0.7% (equivalent to 1% at
136Xe Qpp of 2.458 MeV if rescaled as 1/sqgrt(E)).

2800 3000 3200 3400 3600 3800
Sampling index

o Spatial localization. Possible reconstruction of radial and
longitudinal position with sub-cm precision.

2000 2500
Reconstructed charge [keV]
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Towards a tull scale demonstrator =

A composite full scale vessel from MAHYTECH has been
acquired to prepare future detector instrumentation and validate
critical aspects where no showstoppers are expected.

= Test detector instrumentation (cathode deployment, HV
connection, and electronic noise).

S cm diameler

= Test long drift and vertex accuracy at different pressures.

= Test resistive anode with the full ASIC electronics.
= Validate electron identification up to 40 bars.

= Validate purification principle at high pressure.

i
.ga
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Towards a full scale demonstrator

Lo radiocactivity

: : . : mMeasLrenents
e The main open question is whether a composite R EI——

vessel can be produc_ed W|th_a rad.|oa§:t|V|ty Igvel of of . Mesure with Ge detectors (LP2i, LSM.
10 uBg/kg (research is ongoing with industrial partner .

Bratislava).
IRT Jules Verne).

- M ICP-MS (Bratisl
 Validation of the radioactivity of other components casure by IC > (Bratislava)

(electronics, cables, etc.)

Kadon measurements
DR S e e e
- Mesure with Rn emanation chamber
(LP2i, CPPM).

« Assessment and suppression of radon emanation from
materials (ANR IRENE, P.I. J. Busto, ongoing).
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R2D2 possible sensitivity &

« Based on the know how developed in the R&D we designed a possible experiment using the
R2D2 technology and computed its sensitivity.

550 (’3 of” active Xenon
fooipr/nz‘ 80 »7°

nﬁ and é(f///z(/e§> 'S

¢ ( /nc/aa//ng Stield:
cost exc/uded)

- Deteclor CcoS
abou 3 Millions ( Enriched Xe
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R2D2 possible sensitivity &

Eur.Phys.J.C 85
(2025) 7, 732

Before selection

Composite Radioactivity
Anode Radioactivity

Lead Radioactivity

BB2vfor T = 2,16 x 10%! years
External y

kev-1)

« The sources of backgrounds were simulated
and a reduction of a factor 100 is found in the
ROI after selection cuts.

ton-1.

Rate [year-!-

Signal for T = 10%® years

e The sensitivity limits at 90% CL were
computed.

29 3.0
Energy [MeV]

After selection
Sensitivity Composite Radioactivity
Anode Radioactivity

Lead Radioactivity

BB2vfor T = 2,16 x 10?! years
External y

>
v
X

- Bg=0
Bg=1.6 (Xel36)

S
v
E
A
@«
Q
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v

1. ton

External neutrons
Radon
Cosmogenic
— Al BG
= Signal for T = 10%¢ years

Rate [year

2.9 3.0
10 Energy [MeV]

Exposure [years]
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R2D2 In a global context

Eur.Phys.J.C 85
(2025) 7, 732

« The possible sensitivity of R2D2 is comparable with the one foreseen for other approved
experiments.

Sensitivity

R2D2 10y
R2D2 10y no BG

R2D2 2t 10y

R2D2 2t 10y no BG

NEXO 10y Current éackgroana’
LEGEND1000 10y

CUPID 10y (1.4 events per year

<mpBp> [eV]

dosrnnated éy 1.2

events due Zo

COMPOS e vesse/ >

Ultimate goal of
m lightest v [eV] Zero Aacégroana/ and

PMASS 1hCreasSe
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Costs and timescale

T imeline Hetivities Cos?ts

o 250 keuro for equipment
2017 — 202s - Detector proof of principle . f .
euro for salaries

300 keuro (mostly to
collaborate with IRT Jules
Verne)

- Composite development and low

radioactivity assessment of vessel and
2026 — 202% other components

- Validation of electronics and gas
purification on MAHYTECH detector

- Collaboration widening

2029 - 2030 - Detector construction
- Detector commissioning (Ar / Natural Xe)
10 Meuro for enriched

xenon
- Data taking with enriched xenon |
Possibly funded by
£

International collaboration

Our request to IN2P3
(search of funding ongoing
through ANR and ERC)

3 Meuro (including 500 kg
of natural xenon)

Possibly funded by
international collaboration,
ERC, ANR, RI2, regional
support
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Request to IN2P3

The R&D phase is completed (REx on the 4th of September) thanks to the support of IN2P3,
Université de Bordeaux, IMT Atlantique, and the involved laboratories.

We only have one main open question concerning the vessel radioactivity before moving
towards detector construction.

= |f low radioactivity composite is obtained, it will be a major breakthrough for all the low
radioactivity experiments.

The next step in 2026-2028 is a transition from R&D to full-scale experiment.

Require fundings at the level of 300 keuro (mainly for collaboration with IRT Jules Verne) .
= Validation of the composite radioactivity with IRT Jules Verne and chemical laboratories:

- Raw material development and screening.
- Machinery prototyping.




Conclusions

R2D2 R&D proved that the technology is mature (electron identification and energy resolution
with single anode detector) and suitable for a tonne scale neutrinoless double beta decay

experiment.

A detector based on the R2D2 technology would be competitive with current experiments and
could be a breakthrough in the field.

The simplicity of the detector and the operation at room temperature make it fully compatible
with environmental sustainability requirements.




