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Neutrinos

NEUTRINOSs are Standard Model
elemental particles, more specifically
massive neutral-charged leptons.
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Neutrinos

NEUTRINOSs are Standard Model
elemental particles, more specifically
massive neutral-charged leptons.

unitary
mixing

D —

1 CP phase
absolute masses

(to be measured)

3 mixing angles
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QUARKS

LEPTONS

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

~2 2 MeV/c? ~1.28 GeV/c? ~124.97 GeV/c?
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GAUGE BOSONS

SCALAR BOSONS



<2E4EVice <0.17 MeV/c?

<18.2 MeVic? Standard Model of Elementary Particles
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~1.7768 GeV/c?
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Majorana Particles ?

Right- _ Left-
helicity N (¢ ™ helicity
particle ™~ " ~_ YW __~ particle

0(1)

) o 4" TP O(m/E)

Right- Q \ ) \ Left-
helicity i 5 helicity
antiparticle S antiparticle

Spin aligned Spin opposite
with momentum  to momentum

P = Particle momentum & = Spin pseudovector

Dirac: ; are massive
helicity = chirality
4 possible states
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Majorana Particles

Right- _ Left- Right- Left-
helicity N ™ helicity helicity ~ Y ( N, helicity
particle ™~ " YW __~ particle particle ™~ ~ particle

0(1)

) o 4" TP 0(m/E) " "

Rght (@ > (@ et right () @ et
helicity i 5 helicity helicity i 0 N 5 hehcny
S

antiparticle antiparticle antiparticle antiparticle

Spin aligned Spin opposite Spin aligned Spin opposite

with momentum  to momentum with momentum  to momentum
P = Particle momentum & = Spin pseudovector P = Particle momentum  § = Spin pseudovector
Dirac: y are massive Majorana: y = vy, +v{ = ¢
helicity = chirality vy and y are different helicity
4 possible states states of the same particle
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Majorana

Right- _ Left- Right- Left-
helicity ™ helicity helicity Y ( N, helicity
particle i Wl " particle particle “ particle

0(1)

= [

@ O C @ Dt Rght (@ O (@ DlLett
helicity e — & helicity helicity ) ) g hellcny
antiparticle antiparticle antiparticle antiparticle

Spin aligned Spin opposite Spin aligned Spin opposite

with momentum  to momentum with momentum  to momentum
P = Particle momentum & = Spin pseudovector P = Particle momentum  § = Spin pseudovector
Dirac: y are massive Majorana: y = v, +v§ = ¢
helicity = chirality vy and y are different helicity
4 possible states states of the same particle
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Particles

IF TRUE,
ITIS THEN
POSSIBLE TO
EXPLAIN
THEIR SMALL
MASS VALUE
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BUT HOW TO
PROVE IT ?




Double Beta Decay

You can imagine it as two beta decays happening simultaneously

(4,Z) - (A, Z -

(4,Z+1) - (A Z -

... With neutrinos (Standard Model allowed)
2nd order weak transition

T12/1;,33 ~ 1018—21 yr
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Double Beta Decay

You can imagine it as two beta decays happening simultaneously

4,2) > (A,Z+1) + -
(4,Z+1) - (A,Z +2) -—

< <

... With neutrinos (Standard Model allowed)
2nd order weak transition

T12/1;,BB ~ 1018—21 yr
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Double Beta Decay

You can imagine it as two beta decays happening simultaneously

WHY THIS < Nuclear decay
PROCESS? :sgature (A,2) > (A,Z -
(A4,Z+1) - (A,Z -

< Signhature

... With neutrinos (Standard Model allowed)

2nd order weak transition
2V —
T1/2 ~ 1018 21 yr

... without neutrinos (Hypothetical process)
will prove their Majorana Nature

Tlo/zﬁﬁ > 102427 yr
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| see no
events

| have a
lower limit

on T‘l"/’fﬁ

HOW CAN WE
IMPROVE OUR

CHANCES ?
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Bolometers

An extremely sensitive
Heat Bath T, thermometer that measures
relative variations of temperature

DETECTOR - SOURCE

Absorber

heat capacity C | CEIIECl < Dynamic range from
~ 10keV up to ~ 10MeV

& At T << 10K, the response is
temperature-dependent
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Signal Formation

Heat Bath T,

| The detector’s response
without any signal

Amplitude (a. u.)

Absorber

I
1
|
1
|
1
|
heat capacity C :
1

10
Time (s)
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Signal Formation

Heat Bath T,

1 Energy that is deposited in
the crystal for whatever reason

Amplitude (a. u.)

10
Time (s)
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Signal Formation

Heat Bath T,

Amplitude (a. u.)

Absorber |

heat capacity CI
AE > AT |

10
Time (s)
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Signal Formation

Heat Bath T,

Amplitude (a. u.)

Absorber

I
1
|
1
|
1
|
heat capacity C :
1

10
Time (s)

Slow pulses require a small rate of events
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CUORE '

2517.5keV (@)
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CURRENTLY ONGOING:
< Technical measurements are currently ongoing
< 0vpp data processing and analysis
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%) Cryogenic Underground
Observatory for Rare Events
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Sensor’s response

Median FWHM vs Temperature - Baseline Noise and Stabilization Pulser - October 2017 Temperature Scan

A set of measurements to
investigate the achievable
energy resolutions at different
temperatures.

Comparison with data taken at
the start of CUORE (9 years ago)

>
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L
=
23

Temperature (':ij
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Sensor’s response

Load Curve plots - Run 306398 - Chan 476

— Vbol (V) C

Pulse Amplitude (mV) ch 476

L

&

Procedure

1. Set the working temperature
2. Optimise the working points:
( Maximise Signal/Noise +
Minimise the RMS)

3. Calibrate the detectors

RMS (mV) ch 476
SNR ch 476

RMS [mV]

PAmp [mV]

n
L)

I‘Il

II‘I

I 2

|I|\J|I‘

0

Vbias [V]
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Background Limited

Data « component

v/} component (4 component

CUORE
ROI
CUPID
RO
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/ CUORE baCkQTOU.nd spectrum . : lCUORE internal supplemelntal material

1000 2[}(]() 3000 4000 5000 6000
Energy [keV]
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DOUBLE READOUT TECHNIQUE

Heat bath

Thermal link
Thermometer

W'(ZlftNW
2V

—> Absorber
%\};eat capacity C

Light

~ Detector = P
Heat bath HEAT (LMO) ~1600 Li,M0O, 45x45x45 mm3 crystals
280g each (149g 1°0Mo)
B CuoRE Upgraded with LIGHT (LD) ~1700 Ge-wafers 0.5mm-thick

G : N
- Particle IDentification
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CUPID-like event

Heat
Absorber Thermal Absorber : - I
heat capacity C Sensor - heat capacity Cl Igna

Light Detector

Pavia, September 17th 2026 - MANENTI Nicola

Absorber

3

Light Signal
eAE
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CUPID-like event

Heat Bath T, Ov?2 B

2615 keV | RO

Ol

Absorber EVENTS

heat capacity C
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EVENTS
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Light Detector
HEAT (LMO Signal)
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Background Constraints

CUORE

Infrastructure
Background Model

==

CUPID-0

Scintillation Bolometers
+

CUPID-Mo

LMO Crystals
Background Model
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CUPID MC-Simulation

Total

Neutrons

Muons

Pileup

Cryostat and Shields

Crystals

Close Components

107> 1074
Background Index [counts/keV/kg/yr]
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Background Constraints

CUORE

Infrastructure
Background Model

==

CUPID-0

Scintillation Bolometers
+

CUPID-Mo

LMO Crystals
Background Model
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CUPID MC-Simulation

Total
Neutrons
Muons

Pileup

Cryostat and Shields

Crystals

Close Components

107> 1074
Background Index [counts/keV/kg/yr]
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Background Constraints

CUORE

Infrastructure
Background Model

==

CUPID-0

Scintillation Bolometers
+

CUPID-Mo

LMO Crystals
Background Model
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Pile-up Background

From two unresolved
2vpBp events (4 electrons))

lel‘éﬁ F>71x108yr
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Pile-up Background

From two unresolved
2vpBp events (4 electrons))

LD CONSTRAINTS

Rise Time < 500us
Signal-to-Noise Ratio > 140
Baseline Resolution <100eV
Timing Resolution < 'I70us)

lel‘éﬁ F>71x108yr
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Pile-up Background

From two unresolved
2vpBp events (4 electrons))

LD CONSTRAINTS

Rise Time < 500us
Signal-to-Noise Ratio > 140
Baseline Resolution <100eV
Timing Resolution < 'I70us)

lel‘éﬁ F>71x108yr

REJECTION ALGORITHM

Offline pulse-shape filtering,
BUT it requires detectors with known

sighal response and stationary noise
- ,
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Ge thermistor

Ordinary light detector
EEEEE

phonons
Ge/Si wafer

Scintillation light
LD Signal
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Luke-assisted LD

- i i Ge thermist
Electrorr hole pairs created byollght Ordinary light detector e thermistor
absorption are drifted by applying a
voltage, thus producing additional heat. phonons

Ge/Si wafer

Scintillation light

. Vel LD Signal

e
Eivwl= Enl 1+ Efficiency
0 N E NTL Gain

Ge thermistor

NTL light detector

AAAAAAAAAAAAAAAAA A
phonons

Ge/Si wafer
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Luke-assisted LD

- i i Ge thermist
Electron-hole pairs created by light Ordinary light detector e thermistor

absorption are drifted by applying a

voltage, thus producing additional heat. phonons
Ge/Si wafer

Scintillation light

Ge thermistor

e - Vel LD Signal
NTL light detector
AAAAAAAAAAAAAAAAA A

E = E 1+ Efficiency
L N E NTL Gain
phonons

— GAIN LOSS OVER TIME — i
Charge accumulation over time

worsens the effective gain, requiring

kthen the regeneration of the wafers.J
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VSTT (3ul 25 - Aug “26)

CUPID single-tower setup deployed at Gran Sasso National Laboratory:

1
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VSTT (3ul 25 - Aug ‘26) 5.

CUPID single-tower setup deployed at Gran Sasso National Laboratory:

% Focused on the study of Luke-assisted light detectors
and their performance

-
[ k

0 T N
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36/55



VSTT (3ul 25 - Aug “26)

CUPID single-tower setup deployed at Gran Sasso National Laboratory:
i, % Focused on the study of Luke-assisted light detectors
s ‘;9: and their performance
1 First test of a support apparatus (Optical Injection System)

Y/
%*

for the injection of light into the light detectors.
—
]
1
]
]
]
.
0o :
0o e e
] Optical “ \ B i' i,Thermal B
| Fibre &N o Sensor
— e
1 . = =
] |
04
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VSTT (3ul 25 - Aug “26)

CUPID single-tower setup deployed at Gran Sasso National Laboratory:

On-site
shifter and
member of

the data-
taking team

¢
oaP
g
I
5
k
|
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|
|
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e S S

S .

1790 0 04 | E
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OIS - DEFINITION

A system capable of injecting light

pulses of a given wavelength to be
absorbed by a group of LDs.

( )

It should be capable of:
1. Regeneration

2. Simulate pile-up

3. Calibration
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Optical Injectlon System

Improve the
system efficiency
to decrease the
interference with
the cryogenics

EE

iz Tl

E - fix the diffusion angle

- specific light spot at LD level

2

source (not the actual one in VSTT)

Fast check with a laser light
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OIS: Pileup Rejection

-~ o - Energy =~ (1 - a) - Energy
<> «—>

Average LED-Pileup Pulses LD 31

Delay 0.240 ms

Delay 0.480 ms

Delay 0.960 ms

Delay 1.920 ms

Delay 3.840 ms

Delay 7.680 ms

Delay 15.360 ms
a=0.5

Amplitude [mV]

ol 2
N7

Dk

Simulate an event of given Energy, as the | A\L® L - ,A.Pre.l—ir_ﬁirjary
pile-up of two events with smaller energy :
and a variable time delay between them.
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OIS: Pileup Rejection

My proposal is a simple ML-based linear discrimination to probe the rejection
power of more unstable configurations, like optimisation stages.

=
£
"
3
=
=
£
=L

Af [us]
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OIS: Pileup Rejection

My proposal is a simple ML-based linear discrimination to probe the rejection
power of more unstable configurations, like optimisation stages.

Average Pulse - Channel 0031

|

Amplitude [mV]

Iz IIIIIIlllllIIIlIIIIlIIIIIIIIIlIIII|
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OIS: Pileup Rejection

My proposal is a simple ML-based linear discrimination to probe the rejection
power of more unstable configurations, like optimisation stages.

Projection of training data
using LDA

PULSE SHAPE
PARAMENTERS ™%
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OIS: Pileup Rejection

My proposal is a simple ML-based linear discrimination to probe the rejection
power of more unstable configurations, like optimisation stages.

Projection of training data
using LDA

Survival Probability

|
i
I
I
I
I
I
I
I
I

2nd LED delay [us]
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OIS: Pileup Rejection

NTL - Off NTL — 60V (Gain~7.4)

Assuming a survival probability of 0.95 for NoPileUp Assuming a survival probability of 0.95 for NoPileUp

(382 + 21)ps

survival Prabability

>
=
Q
m
e
o
[~
o
m
>
>
j
=
wn

2nd LED delay [us] 2nd LED delay [us]
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OIS: LD Calibration

Light
Energy - Detector

Train Lenght

Counts

SN

u

Amplitude
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OIS: LD Calibration

A
[}
-
.| Fixed g
~ 7| Energy S :
< ime: 2 AR
|
By
Amplitude
A
) 2
Fixed §
i Energy S
< times 3 v
I
I
I
# Amplitude
A
(]
-
Fixed -
Energy 8
[ ime: 3 v
|
|
I
K Amplitude
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OIS: LD Calibration

N

.| Fixed
“| Energy

Fixed
Energy

Fixed
Energy

)

ey

=)

Counts

Counts

Counts

L1\ y
u! |74 R
Amplitude o < baseline noise
_ r of the detector
&
:‘ Amplitude ”

|
|
]
K Amplitude
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OIS: LD Calibration

A
- Fixed g |
Energy -] I .
- ime: S ARY o
u! | 74 _
A Amplitude e - baseline noise
Fixed £ P r of the detector
Energy 8 .¢
- ”
A ’I‘ Amplitude I’l
ol . 2
[ ime: 3 oy Calibrated 1.24 AT
L\ Energy [keV] ™ Alnm]- C
K Amplitude k J
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OIS: LD Calibration

PMT_Area_mVus mask 1 photostatistics fit

Mask 1 wvalues in mV us ® ®
s d Contribution
1 USER1 460
2 USER2 400
3 USER3 400 °
4 USER1 380 N o I Se
5 USER2 380 E—
6 USER3 380
7 USER1 360 bt
el — POoIsSsOon
9 USER3 360
10 USER1 340
11 USER2 340
12 USER3 340
13 USER1 320
14 USER2 320
15 USER3 320
16 USER1 300
17 USER2 300
18 USER3 300

=
[1+]
a
£
e
©
=
f=)
v

Fit: poll - chi2/ndf = 6.43/15
JVo=(8.6+0.8)-10"2mV - us
C=(1.35+0.06)-10"2mV- ps

mean [mV us]

Calibration Factor: (0.156 + 0.007) [keV/(mV - ps)]
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Optical Calibration Pavia

CUPID wiill require the deployment of 57 independent towers, i.e. injection systems.
The baseline is to equip each OIS with its own light source.

Optical Injection System
< Light Source
(LED / Laser Diode)
& Thermometer
& Climatic Chamber
< Light Detector
(PMT / Photodiode)
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Optical Calibration Pavia

CUPID wiill require the deployment of 57 independent towers, i.e. injection systems.
The baseline is to equip each OIS with its own light source.

Induce instabilities that
can spoil the optical
calibration.

Characterise potential
light sources

Development of a
multi-source driver
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Optical Calibration Pavia

CUPID wiill require the deployment of 57 independent towers, i.e. injection systems.
The baseline is to equip each OIS with its own light source.

Induce instabilities that
can spoil the optical
calibration.

Characterise potential
light sources

Development of a
multi-source driver

ALMOST FINAL SETUP READY
BY THE END OF THE YEAR
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My contributions

CUORE
— Data Processing for the gygg ONGOING
— How temperature affects the energy resolution

CUPID
— Development of the Optical Injection System ONGOING
— Optical calibration of the CUPID Light Detectors ONGOING
— ML-based pile-up rejection algorithm TO BE VALIDATED

THANK YOU FOR YOUR ATTENTION! !
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The experimental recipe

ovpp . Large exposure
T1/2 xtia - € Y (mass x livetime)
\
Large . . Small Good energy
isotopic High detection background resolution
abundance efficiency near the Qg
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mpg Discovery sensitivity [meV]

10 band

CUPID Stage |

LEGEND-200

¢

LEGEND-1000

e

CUPID 1 ton

—— Completed
== Taking Data
- Proposed

i

Isotopic exposure [mol-yr]
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Sensors

Working Point
(WP)

Load Line

ilnversion Point
(IP)
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Detection Technique

KG MASS SCALING FRIENDLY TONNE

R=0.3% R=4.0%

Bolometers Scintillators

m_ﬁ' CUPID 10_15'

T T T T T T T T T T
2.90 2,95 300 305 310 315 3.20 2.90 295 3.00 305 310 315 3.20
Electrons Energy [MeV] Electrons Energy [MeV]

1keV BEST ENERGY RESOLUTION 100keV

=
w
—
—
i
]
=
=
=]
o

lD_15 T T T T T
2.90 2,95 300 305 310 315 3.20
Electrons Energy [MeV]
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CUPID Official Timeline

Calendar Years

Production - Stage |

Enriched Crystals
Production - Stage I

Commissioning & Data taking

 Dep
Stage Il

Commissioning & Data taking

Time [yr]
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  𝓞  ( 𝒎 / 𝑬 )
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  𝝂 =  𝝂 𝑳 +  𝝂 𝑳 𝑪 =  𝝂 𝑪
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  𝝂
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  𝓞  ( 𝟏 )
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  𝓞  ( 𝟏 )


   ( 𝑨 ,   𝒁 ) →  ( 𝑨 , 𝒁 + 𝟏 ) +    𝒆 −     +  𝝂 -


   ( 𝑨 ,   𝒁 + 𝟏 ) →  ( 𝑨 , 𝒁 + 𝟐 ) +    𝒆 −     +  𝝂 -
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   ( 𝑨 ,   𝒁 ) →  ( 𝑨 , 𝒁 + 𝟏 ) +    𝒆 −     +  𝝂 -


   ( 𝑨 ,   𝒁 + 𝟏 ) →  ( 𝑨 , 𝒁 + 𝟐 ) +    𝒆 −     +  𝝂 -


   T  1 / 2  2 𝜈 𝛽 𝛽   ~    10  18 − 21


   T  1 / 2  0 𝜈 𝛽 𝛽 >    10  24 − 27


   𝑻  𝟏 / 𝟐  𝟎 𝝂 𝜷 𝜷   ∝   𝑴  ∆ 𝑬


   𝑻  𝟏 / 𝟐  𝟎 𝝂 𝜷 𝜷
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  ∆ 𝑽


  ∆ 𝑽


  𝟎 𝝂 𝜷 𝜷


  0 𝜈 𝛽 𝛽


  0 𝜈 𝛽 𝛽


   Q  𝛽 𝛽


  ~


   𝑻  𝟏 / 𝟐  𝟎 𝝂 𝜷 𝜷   ∝  𝒃  − 𝟏 / 𝟐


  ~


  ~


  𝟐 𝝂 𝜷 𝜷


  𝟐 𝝂 𝜷 𝜷


  𝟐 𝝂 𝜷 𝜷


   𝐄  𝐭 𝐨 𝐭 =    𝐄 𝟎  ( 𝟏 + 𝛈     𝐞   ∙  𝐕  𝐞 𝐥 𝛆     )


   𝐄  𝐭 𝐨 𝐭 =    𝐄 𝟎  ( 𝟏 + 𝛈     𝐞   ∙  𝐕  𝐞 𝐥 𝛆     )


   𝐄  𝐭 𝐨 𝐭 =    𝐄 𝟎  ( 𝟏 + 𝛈     𝐞   ∙  𝐕  𝐞 𝐥 𝛆     )
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  ÷ ( 1 − 𝛼 ) ∙


  ∆ 𝐭 =  ( 𝟖 𝟕 𝟐 ± 𝟑 𝟐 ) 𝛍 𝐬


  ~


   ( 𝟑 𝟖 𝟐 ± 𝟐 𝟏 ) 𝛍 𝐬
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  𝑽


  𝑽 = 𝑪 𝝁 +    𝑽 𝟎


  𝝁


  𝑽


  𝑽 = 𝑪 𝝁 +    𝑽 𝟎


  ≈   𝟏 . 𝟐 𝟒      𝝀  [ 𝐧 𝐦 ] ∙ 𝑪  


    𝐕 𝟎 =  ( 𝟖 . 𝟔 ± 𝟎 . 𝟖 ) ∙   𝟏 𝟎  − 𝟐   𝐦 𝐕 ∙ 𝛍 𝐬


  𝐂 =  ( 𝟏 . 𝟑 𝟓 ± 𝟎 . 𝟎 𝟔 ) ∙   𝟏 𝟎  − 𝟐   𝐦 𝐕 ∙ 𝛍 𝐬


   ( 𝟎 . 𝟏 𝟓 𝟔 ± 𝟎 . 𝟎 𝟎 𝟕 )   [ 𝐤 𝐞 𝐕 /  ( 𝐦 𝐕 ∙ 𝛍 𝐬 ) ]
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