z Bordeaux

R2D2: a xenon TPC for
neutrinoless double beta
decay search

A.Meregaglia, F. Piguemal (LP2i BordeauxCNRS/IN2P3)
On Behalf of R2D2

LAPP- 11/07/2025



Introduction: physics case

The observation of neutrinoless double beta decay (b On) is fundamental to determine the
nature of neutrino.

I+

Dirac (v # V)
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Allowed ONLY by
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+ The observation of b Bn decay would have implications in particle physics (generation of
neutrino masses)and cosmology (leptogenesismodel).
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Experimental o

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 .

I+

The measurement of other kinematical variables
could cast light on the driving mechanism

I+

Furthermore the identification of excited states
and daugther nucleus could forster the detection.

I+
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ISotopes

isotope Q-value natural abundance
MeV] %]

The isotopes concerned by b bdecay must have a T80, 497 0187

single b decay forbidden (by energy conservation) Nd 3.37 5.6
or strongly suppressed (due to large angular Ir S 28

3.054 9.8
momentum change). 2Ge 3.k

I+

About 35 possible Bf emitters and only s
10 experimentally observed with typical

half-life of 1018 - 1021 years

Current limit for neutrinoless double beta

Phase space factor
e

decay of 1025 - 1026 years

Nuclear matrix element

1
70V |sotope-dependent
A

N

Phase space factor

Effective Majorana mass A ee sz S e a e T X NG
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Background

The main source of background is natural
radioactivity .

I+

Other background sources are:

I+

Muons (depending of underground laboratory).
gfrom (n,g) reactions or mbremstrahlung
Muon spallationproducts.

a from materials bulk or surface contaminations
for calorimeters

b Bn (if modest energy resolution).

Different strategies to

eliminate the background

208T| (and thoron)

214Bj (and radon)

208T] (2.6 MeV y)

40K, 60

110Pd TBGe 124Sn 136Xe 130Te 11SCd B2Se WOOMO QBZr

Isotope with high Qgg
Material screening
Excellent energy resolution
|dentification of electrons
Active veto

150Nd 4BCa

°“p AS13ua uonsisuels]
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Experiment sensitivity

+ The experimentalsensitivitycan be computed in terms of a limit of the half life.

Signal efficiency Isotope active mass

EXxposure in years

.

Isotope molar mass

Signal upper limit

+

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

background )
Zero backgound ; Hamlge |)l(mlt |Inr(:;ar
Clear importance © — -
packground 1€
exper'\mem Half-life limit dependence
Non-zero backaound as square root of exposure
S Ceongr@TTIM (if Gaussian description of

increase as well background holds)
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Experiment sensitivity

Sensitivity
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Background increases Half-life limit dependence
TR " D with exposure and as square root of exposure
J therefore Signal limit (if Gaussian description of

increase as well background holds)
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Status of the art

Next generation

—1
10Lightest vV mass (eV)1
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Birth of R2D2

+ Themain requirements to searchforOn b tbecay are:

Excellent energy resolution

Electron tracks identification puumd® Can we meet all the Goal of R2D2
requirements at the (Rare Decays with

Low background ik same time? Radial Detector)

Large masses of isotopes

+ R2D2 is an R&D program started in 2017

aiming at the development of a zero How?
background ton scale detector to search '

for the neutrinolessdouble beta decay.

Using a radial high

pressure xenon TPC
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Two geometrical options

A Two options were considered in the R&D: a spherical Xenongas
TPC (STPC) as used today in the NEWSG collaboration for the
search of dark matter by Giomataris et al., and a cylindrical TPC
(CTPC)_ Cathode _

+ Theworking principle is the same.

Central anode

HV Wire
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Two geometrical options

A Two options were considered in the R&D: a spherical Xenongas
TPC (STPC) as used today in the NEWSG collaboration for the
search of dark matter by Giomataris et al., and a cylindrical TPC
(EHE@)!
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The working principle is the same.
Both geometries have in principle the needed detector features.

B 1

Detector features

- Excellent energy resolution (goal off} Main goal of the R2D2 R&D
1% FWHMat *3°Xe Qb ). NOW VALIDATED

'

- Extremelylow background due to the | Ongoing R&D with innovative

very low material budget. materials (see later)

N

- Scalabilityto large isotope masses

: _ tion
. Simplicity of the detector readout True by concep

with only one readout channel. e
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Two geometrical options

Considering the advantages,
CTPC is the baseline option
for R2D2

5

STPC

|ssues:around-the Homegeneous anounchthe,anadic
supportingrrod wire

Field Uniformity

Field Strength Weakatccathadel(R?) Strongersat-eathod¢l(R)

Xenonwvolume Optimal \WoluméfSttface | Volume/Sufface notrmaximised

HY dependent((positivddVon HVindependent((nggativélV on cathate
anode) \ and groundedanddic/\wiie) |
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I+

I+

I+

Two operation modes

The CTPCcan 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 Weighted electric field

Electron charge Drift radial velocity

The electric fieldin a CTPC can be described as:

Electric field Weighted electric field

1 1
E(r)=VyxE,(r) =V X " X

108 (Feathode [ Tanode)

Potential difference between

anode and cathode Cathode and anode radii
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near the anode with a resulting gain).

Two operation modes

+ The CTPCcan be operated in two modes: IOI([SBIEB@IIOTQI €. No gan) or proportional (i.e. avalanche

Induced Signal (A.U)
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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.

+ Thesignalwith is directly related to the radial position of the energy deposit .
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Two operation modes

+ The CTPCcan be operated in two modes: ionisation (I.e. no gain) or propog

near the anode with a resulting gain).
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+ Thesignalis due by the drift of the ions produced in the avalanche

+

the arrival time of the primariesi.e. through the risetime).
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+ The signal with is only weakly related to the radial position of the energy deposit (through
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Two opera

~——4

tion modes

Best possible energy resolution avoiding
any stochastic fluctuation due to the
avalanche process

No impact of wire inhomogeneities
(different gain in proportional mode)

Smaller impact of electronegative
impurities (signal given by electrons with
much higher mobility than ions)

Less demanding HV (possible use of
thick wires)
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History and milestones

About 34 cm tracks About 1520 cm tracks

1.1 bar - 2000V 200 mbar - 720 V

F_irSt STPC 1.2% FWHM 1.1% FWHM
(no high pressure) resolution resolution
SN
V

54 55 5.6 5.7 . . . 5.4 55 5.6 5.7
Reconstructed Equivalent Energy (MeV) Reconstructed Equivalent Energy (MeV)

Same resolution for short and long tracks
(Ar)
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Resolution (%)

First STPC Second STPC
(no high pressure) (certified to 40 bar)
SN
V

500 1000 1500 2000 2500 3000
Pressure (mbar)

Same resolution for short
and long tracks (Ar)

1.1 bar - 2000V 200 mbar - 720 V

Stable resolution
up to 3 bar Ar
(limited by HV at 3900V)

JINST 16 (2021) 03, P03012
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® CPC Ar Proportional
¥ CPC Ar lonisation
® CPC Xe Proportional

Energy resolution FWHM @ 5.3 MeV [%)]

800 1000 1200 1400
Pressure [mbar]

Similar resolution in Ar and Xe
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First CTPC
(no high pressure)

3) 10, T10001

20



History and milestones

210

Energy resolution Po

. | . : Second CTPC
4+ Po?'%a @ 5.3 MeV in Ar - 50um Wire ) (certified to 40 bar)

- —§— Po?% @ @ 5.3 MeV in Ar - 1.2 mm Rod
L 4+ Po?% a @ 5.3 MeV in Xe - 50um Wire
- —$— Po?% ¢ @ 5.3 MeV in Xe - 1.2 mm Rod

Energy resolution FWHM [%]

S O O B B B K N
2 o ®m o N B O ® O

2 s 6 8 10
Pressure [bar]

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