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Neutrinoless double beta decay: Ov[3[3

« Motivation: Proof of Majorana neutrino (if it happen)
* Origin of the light neutrino mass: See-Saw mechanism ?
» Matter-antimatter asymmetry: Leptogenesis @ - @

* Feature of Ovp[3
« Rare event: T,,, > 3.8e26 year ('36Xe) [arxiv:2406:11438]
« Mono energy: 2.458 MeV ('36Xe)

[Double beta decay]

* Requirements for the detector
» Large mass (>ton scale)
* Low background (< 1ev/year)
» Good energy resolution (< 1%FWHM)
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OvB sensitivity

Normal mass ordering Inverted mass ordering
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* Need > 1 ton double-beta nuclei and background free



OvppB search in the world

* a lot of experiments competing
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Large mass
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Xenon gas detector

* lonization process
« W=22.1eV, Fano=0.13
* 0.25%(FWHM) @2.48MeV
» good energy resolution bellow 100atm

« Amplification process
« electroluminescence process
* gain is proportional to the length
« amplification fluctuation is small
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AXEL experiment

* High pressure xenon gas TPC (Time Projection Chamber)
« Large mass by high pressure
» background reduction by tracking
 high energy resolution by using electroluminescence
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ELCC Electroluminescence Light Collection Cell

 AXEL's original readout structure

* lonization electrons are detected via electroluminescence (EL) cell by cell

 Features

* EL process is linear amplification --> high energy resolution
* Pixelized hit pattern for 3D track reconstruction --> BG rejection
» Scalability thanks to its rigid structure --> large mass

Proof of principle: NIMA 875 (2017) 185
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Roadmap
Collaboration with 10 ton scale
NEXT in Spain
1 ton scale
200kg scale \
Possible

oy o experiment at
Jinping Lab in

10-L prototype
2014-2018

¢ ~0.05kg @&
* ELCG T

- 180-L prototype

Gy T 2018-2024

 ~405kg @8bar
phase—1 : 168 ch
phase-2 : 672ch
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180L prototype

VUV-sensitive PMT
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Drift anode electrode
/ PTFE w/ holes

Mesh electrode

MPPC (photon sensor) array
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Electronics

» Waveform digitizer for MPPC signal
« 56 channel
» DC coupling (to keep charge signal)
 Bias application, individual adjustment (10mV)

* measure 1pe — 10° photon/us by two types of ADCs
* Low gain: EL measurement, 5MHz sampling
* High gain: 1p.e. calibration
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Cathode high voltage generation

» Cockcroft-Walton generator in the chamber
* The voltage passing through the feedthrough can be reduced

CW Reglster chaln
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« 76 kV achieved in atmosphere (for 1 OOOL detector)
« Now, developing low-radioactivity CW circuit



Gas system

» Gas circulation to keep purity of Xenon in 8bar

« Gas recovery system (gas and liquid)
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Energy measurement PTEP 2025 053G03

* Energy measurement up to 2.6MeV is performed

» Thoriated tungsten rod: 2.615MeV
« c.f. 136Xe Onbb Q-value: 2.458MeV
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Event topology 16

PTEP 2025 053G03

* Track reconstruction

« 2.615MeV gamma: clear end point: “blob”
» double escape: two “blob” by e+, e-
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Evaluation of energy resolution

» Extrapolation of energy resolution (FWHM) to Q-value (2.458MeV)
* AE/E = ~0.7%(FWHM)
» Less than 1%FWHM resolution is achieved !
» World best resolution for the 2.5MeV region for xenon gas TPC experiments
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Breakdown of energy resolution

Breakdown of 2615 keV peak

Initial 1onization (inevitable) 0.25 %

Z mis-reconstruction 0.24 %
Fluctuation of the EL generation and detection 0.20 %
Recombination 0.17 %
MPPC non-linearity correction 0.16 %
Variation in time bin of time variation correction 0.12 %
Offset of the baseline =0.11%
Error in time variation correction 0.10 %
Error in z dependence correction =0.06 %
Fluctuation of MPPC non-linearity ~0.04 %
Accuracy of the MPPC recovery time =0.03 %
Fluctuation of the attachment =0.02 %
Estimation total (0.50-0.52) %
Data total (0.67%0.08) %
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Scintillation detection

* Due to low scintillation photon
Breakdown of 2615 keV peak - . .
P detection efficiency (only 2-3
Initial ionization (inevitable) 0.25 % p.e. @1.8MeV)
Z mis-reconstruction 0.24 % F’
Fluctuation of the EL generation and detection 0.20 % * New scintillation detector
Recombination 0.17 %  TPB coated plane
MPPC non-linearity correction 0.16 % - Ve ry_ smooth TI_DB sun_‘ace
obtained by spin coating 1. crayi
Variation in time bin of time variation correction 0.12 % etal., Appl. Opt. 59, 1217 (2020)]
. * Expected: 11 p.e./plate
Offset of the baseline =0.11 % ) T
’ @2.5MeV
.. .. ) o
Error in time variation correction 0.10 % « Cons: MPPC dark count
Error in z dependence correction =0.06 % Fixing jig
TPB coating
Fluctuation of MPPC non-linearity ~0.04 % |
Acrylic plate /I
Accuracy of the MPPC recovery time =0.03 % T
Fluctuation of the attachment =0.02 % Scintilation
Total internal reflection

Estimation total (0.50-0.52) % avelene® ky sbove the critical augle
Data total (0.67%0.08) %




ELCC update

Breakdown of 2615 keV peak

Anode

PTFE unit

Initial ionization (inevitable) 0.25%

Z mis-reconstruction 0.24 %
Fluctuation of the EL generation and detection 0.20 % P'
D Aannndhinantinn N 170/

* New MPPC

» Larger MPPC - increase EL
photon

* Round shape - reduce dark
count Normal MPPC New MPPC

* No celamic package > reduce Seoophers oo gt
* Prevent discharge

» Step structure at ELCC hole

* FPC electrode

* In case of discharge
« individual anode HV application
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MPPC non-linearity correction

Breakdown of 2615 keV peak

Initial ionization (inevitable)

Z mis-reconstruction
Fluctuation of the EL generation and detection

Recombination

0.25%
0.24 %

0.20 %
0.17 %

MPPC non-linearity correction

So far, correction is done for each 5
MS/s sampling by assuming uniform
photon rate in 200ns.

Reality: Photon rate changes within
200ns. Reat-out electronics distorts
waveform with ~400ns low pass filter.

New method: Get original finer

0.16 % ? waveform by deconvolution.

Variation in time bin of time variation correction
Offset of the baseline

Error in time variation correction

Error in z dependence correction

Fluctuation of MPPC non-linearity

Accuracy of the MPPC recovery time

Fluctuation of the attachment

0.12 %
=0.11%

0.10 %
=0.06 %
~0.04 %
=0.03 %
=0.02 %

Estimation total

(0.50-0.52) %

Data total

(0.67=0.08) %

10

=2

Result (simulation)
« FWHM AE/E=0.16%—0.042%,

* equivalent to statistical
fluctuation of pixel overlap

T

1

Waveform

I

— original signal

- deconvoluted sing
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1000L project in Kamioka mine

« Want to demonstrate operation of large size detector
« >70 kV with low-BG CW multiplier
* Low-BG FPC field cage
 Scintillation detection with WLS

« Handling of large data

* Firmware development
* New board with ASIC?

103 cm

Xe fiducial mass
: 24 kg

Scintillation plane

Cean room in K‘r”nioka
observatory, ICRR, Tokyo univ.

156 cm

N
v
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ELCC in NEXT experiment

« ELCC installation for NEXT-100 (Canfranc, Spain) is under active
discussion between AXEL and NEXT. Probably in 2028.

First step is to install ELCC in
ELCC? 2027 to their small prototype.

instead of

PAATY it laYaVa¥al
FIVIT S 1T LUZO

1.1m



Tracking by machine learning
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Signal Likelihood

Akiyama-Dth
» Current model
« 3D CNN (convolutional neural network) by DenseNet
» Convert the track into a 3D voxel grid and feed it into the model
» Voxel size is 10 mm(x) X 10 mm(y) X 2.5 mm(z)
* Due to GPU memory limitation,
* volume is limited to 30cm(x) X 36cm(y) X 40cm(z)
 only 33% signal acceptance
Event »| Acceptance ,
generation | pSignaI: 33% »| Signal: 83%
(Geant4) Fully-contained to BKa: < 2.63 x 10-+ | Selection Bkg rejection: 11%
30%36x40 voxels 9= 2 by cuts and ML
- OVBB_ 0.07
II’LY e oos] oot
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distribution well reproduced
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Future sensitivity

« Condition
* 10 ton yr measurement
« BG assumption: inner copper shield (10ton)
» Energy resolution: 0.678% or 0.320%
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« Tracking by ML: current CNN (to be updated) N ."":,: ...... g 0 a0 Pk
(current) (intrinsic) 02F
ROI half width 11.5 keV 4.0 keV L N
ML cut signal efficiency 0.825 0.757 T e
ML cut BG efficiency 0.112 0.086

# 214Bj 36 2.2
# 208T| 12 4.0 . 3.8x1020
# 137Xe 0.093 0.033 Wi’;:l'; 3:1 ton yr

T, ,(90%CL) 6.28x10%  1.12%x10% by KamLAND-Zen

* Further improvement is anticipated by ML update to sparce CNN or GNN
« signal acceptance of ML input (33% = 100%)
 use deconvoluted finer track



Track deconvolution

 Using finer track, BG rejection will be improved.
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Summary

 AXEL experiment
* high pressure xenon gas TPC for Ovp3 search

» Performance checked by HP180L
 high energy resolution (0.7%FWHM@2.5MeV)
* tracking ability is established
» Scalable design
« Machine learning based background rejection

* Further improvement
* R&D to improve energy resolution (scintillation, ELCC, MPPC)
* large size development (HV, ELCC, electronics)
 improve machine learning (sparce CNN or GCC, deconvolution)

 Larger size
 1000L detector at Kamioka mine
 ELCC installation for NEXT-100 is under active discussion

* New collaborator is high welcomed!

m.?.
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