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The 0vBf decay

o o

Lepton Number Violation

Majorana Particle

Allowed By Standard Model Needs Beyond Standard Model Physics !
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Detect 0vgGp

Main signature of the Ov3(3: peak at the Q-value of the reaction
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Detect Ovgf with
cryogenic calorimeters

Main signature of the Ov3(3: peak at the Q-value of the reaction

Absorber
Crystal
Cryogenic calorimeters
e High detection efficiency : 83 emitter embedded in the
detector
Thermal e .
Sensor —_— e Flexible in isotope choice

e Excellent energy resolution — narrow Qv peak
e Scalable as array of 0(1000) crystals (100g - 1kg each)
Heat bath @ 10 mK
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CUPID (CUORE Upgrade with
Particle IDentification)

1596 Li_ MoOQ, crystals (240 kg of ***Mo)

— 190Mo is one of the 23 isotope with the most
advantageous phase space

1710 Ge light detectors

— Main goal is to detect scintillation light from the
crystal for a particle discrimination

a events
B2

B/ events ' CUPID, the CUORE upgrade with particle identification.
' ‘ e European Physical Journal C 85(7). 737.
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https://link.springer.com/article/10.1140/epjc/s10052-025-14352-1
https://link.springer.com/article/10.1140/epjc/s10052-025-14352-1

CUPID setup
@ LNGS
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CUPID setup
@ LNGS
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CUPID, a low background experiment

Coming from outside the detector
structure :
mitigate by shielding and vetos

Mainly due to surface
contamination:

mitigated by a clean assembly
and coincidence between crystals
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2vff3 pile-up

o Mo has a high rate of 2vB
T,=7.07x10" yr [1] /~0.6 mHz per crystal
e Bolometer are intrinsically slower than other
detector
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.162501

2vff3 pile-up

o Mo has a high rate of 2vB
T,=7.07x10" yr [1] /~0.6 mHz per crystal
e Bolometer are intrinsically slower than other
detector

— Two 2v[3[3 events close enough in time that
are not resolved.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.162501

2vff3 pile-up

e '9Mp has a high rate of 2vBp
— 70 7x1018 ~
T,=17.07x10"yr [1] /~0.6 mHz per crystal
e Bolometer are intrinsically slower than other
detector

— Two 2v[3[3 events close enough in time that
are not resolved. but reconstructed as a single
event

[1]https://journals.aps.org/prl/abstract/10.1103/PhysRevlett.131.162501
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2vff3 pile-up

o Mo has a high rate of 2vB
T,=7.07x10" yr [1] /~0.6 mHz per crystal
e Bolometer are intrinsically slower than other
detector

— Two 2v[3[3 events close enough in time that
are not resolved. but reconstructed as a single
event

Extended background at high energy (Q-value
and beyond)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.162501

Pile-up discrimination
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Pile-up discrimination

—
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/ that are faster
' (~1 ms vs ~30 ms for
AR crystals)
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N e - -
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Pile-up discrimination
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Pile-up discrimination

Neganov-Trofimov-Luke (NTL) amplification

—
- -

oo e tr:‘e ligh;detecmr s Drift electron/hole pair by applying a voltage on the
| that are Taster Light detector to generate an additional heat signal and
" (~1 ms vs ~30 ms for inin SNR

RN crystals) gain in SRR,

Tt o-- - Light Detector
LemTTT T ~~o Electrodes

_~~ Improve the Signal to -

/ Noise ratio (SNR) with ) Cu Hold

\ Neganov-Trofimov-Luke , S i

. (NTL)amplification .’ A e

Mathieu Pageot. 11/2025. IRN Neutrino



Pile-up discrimination

—
- -

/ that are faster
' (~1 ms vs ~30 ms for
AR crystals)

~ -
-~ -
N e - -

— - ——
- -

" Improve the Signal to -
'// Noise ratio (SNR) with
\ Neganov-Trofimov-Luke
. (NTL) amplification ~ .*

-
-~ -
e - -

Mathieu Pageot. 11/2025. IRN Neutrino 9



Pile-up discrimination
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Optimize the pile-up \‘,
discrimination analysis
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Pile-up discrimination analysis

The technic uses a Pulse Shape Discrimination (PSD) parameter build upon the “optimal” filter :

§*(w) <7 1) ™\ Pulse frequencies B » )
zh(t) = Re(F~ (H(w)z(w)))

H(w) =
Pn(w) N2 Noise Power Spectrum \© _ Filtered pulse
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Pile-up discrimination analysis

1.005 A

This PSD is currently set as the ratio of 2 10004 4 4 + o
energy estimator : 0995 | "1

y ++++
A]. — ma;x(xH(t)) g0.990- ++*+
\& Sensitive to pileup S

r o en(t)sa(t)

A2 _ 0.975 1 —— 90% acceptance cut
2 — % acceptance cu ingle Simulated Pulses
/( . . Zt SH (t) 0.970 - & zi?e/-up Sirir)ltjlated Pltllses _— iile?LpSSimL:lz:t:dPPJIses
LeSS SenSItlve to plleup 0.0 0.I1 0.'2 0.I3 0.Y4 OjS 0j6 0:7 5'0 1(50 15‘0 260 2%0 360
(for normalization) e (ms) counts
e Optimal for maximizing Signal / Noise Ratio Need to refine frequency

e Not at all optimal for maximizing pile up discrimination weighting to be more sensitive
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Pile-up discrimination analysis the math!
Optimization

Ay = maz(zg(t)) with

i . _ R 9 = — ":Af‘_
Calculation shows that : A imamEad D) Bia= B (w)\;(a&) , ithEns!
N

max(xg, (1))

Changeto: PSD = max(x g, (t))

with  H;(w) = H(w) fi(w) fi(w) to be optimized

Parameter to be minimized is the pileup acceptance defined as :

PSDIf1, f2](t)
opsplfi, f2]

/{\ Defined by the cut efficiency

~ N,)dt

I fa] = /0 mw(l —

cumulative distribution function (CDF) of
the standard normal distribution
The minimization is done using Gradient descent technique
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Pile-up discrimination analysis
Performance assessment

The algorithm is tested on a simulated dataset using pulses and noises from detectors

of the CROSS experiment implementing NTL amplified light detectors

https://arxiv.org/abs/2507.15732

risetime ‘ . BI Optimum Filter BI pile-up.Filter Improvement
detector ID (ms) SNR Optimum Filter | 90% efficiency (1e-5 90% efficiency (%)
ckky) (e-5 ckky)

2 0.72 128 10.1 73 28

3 0.54 94 10.0 73 27

4 0.55 179 6.8 4.8 30

5 0.78 239 6.7 4.7 30

9 0.64 178 7.7 55 28

10 0.51 100 7.6 53 30
11 0.51 109 8.2 59 28
12 0.47 79 7.7 5.7 26
average 8.1 5.8 28
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Optimizing the pile-up cut acceptance for Ovgp
sensitivity

Tg’,"z Discovery sensitivity vs Bl vs Efficiency
- i
' %
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Improvement strategies

Optimize detector
working point

Set detector working point
for best SNR and time
response combinaison

B
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Improve further NTL
amplification

Work ongoing to improve NTL
bias voltage and coverage
U

Better SNR
U

Better pile-up rejection

=

Denoising

Machine learning techniques for
multichannel denoising are under
developpement

14



Pileup 100

il usSes Nmilss g
Py ilEilsTr 1s comiruseo]



CUPID BG projection

Cryostat and Background model
CUPID BG simulation

@ Phys. Rev. D 110, 052003 (2024)
CUORE

arXiv:2509.05528

Tower design, and n shields
Eur. Phys. J. C 85, 737 (2025)
Eur. Phys. J. C 85, 935 (2025) |

JINST 20 P08020 (2025)
CUORE

CUORE !

Li,MoO, crystals & rejection, I cuore

pile-up
Eur. Phys. J. C 82, 1033 (2022) '
Eur. Phys. J. C_83. 675 (2023)
Phys. Rev. Lett, 131, 16250 (2023)
arXiv:2507.15732v1 (2025)
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https://doi.org/10.1103/PhysRevD.110.052003
https://doi.org/10.48550/arXiv.2509.05528
https://doi.org/10.1140/epjc/s10052-022-10942-5
https://doi.org/10.1140/epjc/s10052-023-11830-2
https://doi.org/10.1103/PhysRevLett.131.162501
https://arxiv.org/abs/2507.15732v1
https://doi.org/10.1140/epjc/s10052-025-14352-1
https://doi.org/10.1140/epjc/s10052-025-14613-z
https://doi.org/10.1088/1748-0221/20/08/P08020

Q-values of the different S isotopes

End point of 238U End point of 232Th End point of 238U
y radioactivity y radioactivity P radioactivity
2448 keV 2615 keV 3270 keV
Compton edge of
2615keV vy line / /
2382 keV \
]
E’;*’g‘}:g'x% I v free region ; yand ??’Rn free region
NEXT cupip|
PANDA-X-III AMoRE! %7y
150N\ d
f / 48Cg

Energy [keV]
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CUPID Sensitivity

CUPID goal:

e highly competitive
sensitivity after stage |

e full coverage of the inverse
order of the neutrino
masses with the stage Il
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Gradient descent

(minimum to reach)|

Not real data, just for visualization purpose
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Denoising with Machine learning technics

Idea : “Predict” the noise in a certain Window using the noise around as well as the Noise in
surrounding channels and then subtract the predicted noise from the pulse.

/

-

Sample

\_Y_J

WindowSize
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Blind Prediction Window

\

Auto-encoder Neural

Network .
Predicted

Noise

20



Denoising with Machine learning technics
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Timeline from CUORE upgrade to CUPID
Staged detector deployment

Cryostat Upgrade
Y

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

Early data taking Full detector data taking

(~80 kg ®Mo) (~240 kg %Mo)

I I I I I I I I
) Li;MoO. Production
) Construction stage | Data stage |
: ata full
Construction stage I dat "
experiment
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Test TOWEI'S VSTT® Build upon GBPT design, now with :
e NTL amplification light
GBPT and VSTT e
= GBPT® [arXiv:2503.04481] * Reﬁ.nEd LD holders
Lyl e Gluing of the thermal sensor
; ;:—'! & First test tower for CUPID done with gluing robot
W |
iﬁiIE i Revolutionary gravity based design Assembly ongoing at LNGS
“Mi requirements performance by summer 2025
g- '@ Todo:mitigate LD noise and
,_L’ ~:, demonstrate 2v[3[3 pile-up rejection
S8 capability
z S s
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2vff3 pile-up < any event pileup

CUPID-Mo
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