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Nino the Neutrino

from “Dal Sole alla Terra”
a CERN & INFN Production




Toward the SM neutrino
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“invented” (anti)neutrinos to
explain the B-decay spectra

{ 1930 W. Pauli
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Toward the SM neutrino

1956 C. Cowan and F. Reines
detected the first
(anti-electron) neutrinos
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Toward the SM neutrino

s A
Neutrinos (v) are fermions (spin =1/2) In the SM,
Right- Left-
h%?itly . ¢ hgggitlv iyhd v, = mv neutrinos ...
particie : . z = = particie pu—
pvL R \ J
iy*d,vp = mv ¢ : ~
v f’ noR L ... are fermions
S " J
Hare. 8 ; Lo : . .. are massless |
aclna icls ' sl NoO experimental proof of having mass ¢ J
‘ s A
B iyt a,vp=0 ... have 3 flavours:
Spin aligned Spi it ] _
T, T iy*d,vg = 0 Ve Uy Ve
\

P = Particle momentum & = Spin pseudovector
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Are we missing something ?

Pontecorvo-Maki-Nakagawa-Sakata mixing matrix

1 0 0 C13 0 s13 e_ié C12 s;2 0
U = 0 Ca3 S923 0 1 0 —S12 C12 0
0 —8923 Ca3 —813 eié 0 C13 0 0 1

B. Pontecorvo:
“Neutrinos have different
mass and flavour eigenbasis”
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Are we missing something ?

,

4=~

| solar~7x107%eV? )

. — . - ] -
LlllTlt'lSPl‘lCI'IL‘

~2x10%eV? .
atmospheric

o] Y -3 .32
M, - e— — ~2x10 eV

A N +7
solar~7x10"eV=

2 Y
To. .
m, mEa——— - o

Ambiguity in the mass

Normal Inverted ordering for neutrinos
Ordering Ordering

p V2 k
Popars = sin®(20) sin’ (1.27 Am’L [eV7] | m])

E (GeV]
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Beyond the Standard Model

1. Can we add a mass term to the
neutrinos in the Standard Model?
2. What about the smallness of their mass?

2 possible approaches:
Dirac and Majorana

P. Dirac E. Majorana { neutrinos
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Beyond the Standard Model

Right- Left-
helicity : helicity
particle particle

Right- Left-
: helicity helicity
P. Dl rac \ antiparticle ' antiparticle

4 possible states:

vV =V + Vg Spin aligned Spin opposite
with momentum to momentum

V=V, + Vg P = Particle momentum & = Spin pseudovector

Pavia, September 18th 2025 - MANENTI Nicola

Neutrinos are massive:
helicity # chirality

03/16



Beyond the Standard Model

Right-
helicity
particle

Rig.hF-
E . M aj Oorana gzi'igcnlgticle

2 possible states:

V= (VR)C + vy = (V)C Spin aligned
with momentum

P = Particle momentum

Left-
helicity
particle

Left-
helicity

antiparticle

Spin opposite
to momentum

S = Spin pseudovector

Pavia, September 18th 2025 - MANENTI Nicola

v and v are different
helicity states of the
same particle
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Beyond the Standard Model

Standard
Model

m, =0

3 _‘-\} ﬁv I
+ LY-—,B)& *he
T B ¥ e |

+Rgf -V I

_ + v duytyy

{AII together now !

L

o+ VRO, Y Vg
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Beyond the Standard Model

Standard Dirac Mass
Model

m, =0

mp ~ mquark/lepton

Z" _‘-\? F;v i
+ L;b)& +he
Tk ‘515)"5?’*‘1(

+Rgf -V I

_ + v duytyy

All together now !

L

o+ VRO, Y Vg
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Beyond the Standard Model

Standard Dirac Mass Majorana Mass
Model

m, =0

mp ~ mquark/lepton mg >> mp

Z“ _‘_\} Ev i
+ L?-—,B;& *he
Tk ‘515)"5?314\(

+Rgf -V I

_ + v duytyy

All together now !

L — % (mg(vg)Cvg + h.c.)

o+ VRO, Y Vg
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Beyond the Standard Model

Lightv: my

2
|
A
S
S

Heavyv: m,

2
S
=

Behold,
the See-Saw
Mechanism
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Even Mass
Number

Odd Mass
Number

Nuclear Mass

N.Z odd

Nuclear Mass

@) () 5o 4 /-
. Suppressed ~10”
Decay (2vff YAy

Atomic Number Atomic Number

2vBp is a SM allowed
and observed process
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Even Mass
Number

Odd Mass
Number

Nuclear Mass

N.Z odd

Nuclear Mass

@) () 5o 4 /-
. Suppressed ~10”
Decay (2vff YAy

Atomic Number Atomic Number

IF neutrinos are
Majorana particles ...

Pavia, September 18th 2025 - MANENTI Nicola 04/16



Even Mass
Number

Odd Mass
Number

N.Z odd

Nuclear Mass

o
7
=S
=2
S
=
3]
z

Double Beta
Decay (2vf(0)

Atomic Number Atomic Number

Neutrinoless
Double Beta

Decay (0vSf)
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Sensitivity

IF detected

% Matter-antimatter asymmetry (AL = 2)

% Neutrino mass scale and hierarchy
% Majorana particles (v = v)

Effective
Observable Majorana Mass

Pavia, September 18th 2025 - MANENTI Nicola

Higher upper limit on

Inverted ordering

Normal ordering

10

Mightest I]lllﬁ‘\‘]

ovpp
T1/2
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Detection Techniques

TOvﬁﬁ o id - € - Large exposure
1/2 it b - AE (mass x livetime)
N
Large . ' Small Good energy
isotopic High detection background resolution
abundance efficiency near the Qgp
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Detection Techniques

M-t SO0000 MONOLITHIC DETECTOR
ovpp . JOUOOLVOUOU
T X l.A.*- €+ | ———
1/2 b - AE @) O o
\ iy ~, % Shelf-shielding
g < Scalability
) @LE
- Scintillators: KamLAND-Zen, SNO
- TPCs: NEXO, NEXT
GRANULAR DETECTORS
CUORE % Good Energy resolution
% Staging
- Bolometers: CUORE, CUPID
. " - -> Semiconductors: GERDA, LEGEND
Isotopic Abundance (%)
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Cryogenic Calorimeters

Heat Bath T,

I The detector’s response
without any signal

Amplitude (a. u.)

Absorber

I
I
I
I
I
I
I
heat capacity C :
I

10
Time (s)
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Cryogenic Calorimeters

Heat Bath T,

I Energy that is deposited in
the crystal for whatever reason

Amplitude (a. u.)

10
Time (s)
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Cryogenic Calorimeters

Heat Bath T,

Amplitude (a. u.)

Absorber |

heat capacity ClI

l
l
l
l
l
l
l
l
AE » AT l
l

10
Time (s)
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Cryogenic Calorimeters

Heat Bath T,

Amplitude (a. u.)

Absorber

I
I
I
I
I
I
I
heat capacity C :
I

10
Time (s)

Slow pulses require a small rate of events
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Challenges

Mol VENICE
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@
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Radioactivity
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VENICE
®

FLORENCE

°
LNGS

€
ROME
®

NAPLES
®

Tyrrhenian

PALERMO

Radioactivity

Challenges

Low Vibrations

ain Support Plate

Cryostat

Sand-filled columns

H3BO3 panels

Polythylene

Screw jacks

Movable platform
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Minus-K
isolators

Concrete
beams

External lead

shielding (~70 tons

Concrete
walls

« - e
- Seismic
/‘“ insulators
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VENICE
®

FLORENCE Adriatic
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ROME
®

NAPLES
®

Tyrrhenian

PALERMO

Radioactivity

Challenges

Low Vibrations

Y- beam
Minus-K

. isolators
ain Support Plate

Cryostat

Concrete

Sand-filled columns .= = beams

H3BO3 panels : External lead
shielding (~70 tons

Polythylene

; Concrete
Screw jacks s

Movable platform

Seismic

—
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5x5x5 cm3 crystals
19 towers

13 floors

®
4 positions > CUORE WIth

- Exposure Accumulation - Total

CUORE 2TY Preliminary (2024)

!

Exposure (kg
[\
W
=
S

- °i

T

2039 kg yr TeO,

Adams D. et al., Nature 604,
53-58 (2022)
1038 kg yr TeO,

Alduino C. et al., Phys. Rev. Lett.
124, 122501, (2020)
372 kg yr TeO,

Alduino C. et al., Phys. Rev.
Lett. 120, 132501, (2018)

86 kg yr TeO,
@ Cryogenic Underground 0 Soie

Dec-2016
Observatory for Rare Events

0
) B ’ E oF
A
._{,4“

S ~

Dec-2017 Dec-2018 Jan-2020 Dec-2020 Dec-2021 Dec-2022 Jan-2024 Dec-2024 Dec-2025
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5x5x5 cm3 crystals
19 towers
13 floors

4 positions . e CUORE With

- Exposure Accumulation - Total

CUORE 2TY Preliminary (2024)

!

F--------‘

I 2039 kg yr TeO,

‘ I N I N .
Adams D. et al., Nature 604,

53-58 (2022)
1038 kg yr TeO,

m °i

T

Alduino C. et al., Phys. Rev. Lett.
124, 122501, (2020)
372 kg yr TeO,

Alduino C. et al., Phys. Rev.
Lett. 120, 132501, (2018)

86 kg yr TeO,
@ Cryogenic Underground NTIT:
Observatory for Rare Events
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Dec-2017 Dec-2018 Jan-2020 Dec-2020 Dec-2021 Dec-2022 Jan-2024 Dec-2024 Dec-2025
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CUORE - Results

% Data-driven background model
- |limits on other rare events

% Stable operation of a tonne-scale
milli-kelvin cryogenic calorimeter

B Base cuts
Base cuts + AC
Base cuts + AC + PSD

Counts keV' kg yr!

dominated
region

1000 2000
B/y backgroundregion Energy (keV) a background region

Pavia, September 18th 2025 - MANENTI Nicola
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CUORE - ReSUIts .
90% C 1. limit on T,

% Data-driven background model
- |limits on other rare events

% Stable operation of a tonne-scale
milli-kelvin cryogenic calorimeter

Counts/(2.5 keV)

2500 2520 2540

T(%°Te)"FF = 3.8 x 1025 yr (90% C.1.)

1/2

B Base cuts
Base cuts + AC
Base cuts + AC + PSD

3

2

@)

2vBp

dominated
region

Counts keV' kg yr!
=

S
(3]

1000 2000
B/y backgroundregion Energy (keV) a background region
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CUORE - ReSUIts .
90% C 1. limit on T,

% Data-driven background model
- |limits on other rare events

2.5 keV)

Counts/(Z

% Stable operation of a tonne-scale

milli-kelvin cryogenic calorimeter

T('I30Te)2‘/’gﬁ > 3.8 X 1025 yr (90% C.L) 2480 2500 Enerzﬁ;z(nk ) 2540

B Base cuts
Base cuts + AC
Base cuts + AC + PSD

3

2

@)

~ T Goal: CUORE
2vph VAR -1\ (cffective)

Counts keV' kg yr!

3

dominated
region

1072

1000 2000
B/y backgroundregion Energy (keV) a background region
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Noise spoils the sensitivity

Power (mV?/Hz)
=

1073

Undenoised ANPS, avgRMS 13.69 mV
Denoised ANPS, avgRMS 8.11 mV
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|
i

10
Frequency (Hz)
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... and limitations

Average Noise Power Spectra

—_
o
s}

—
[

Noise spoils the sensitivity

Power (mV?/Hz)
=

Undenoised ANPS, avgRMS 13.69 mV
Denoised ANPS, avgRMS 8.11 mV

Total
Crystals

10

Close parts
Frequency (Hz)

Inner shields
ILS
ELS +TL

CUORE is background-limited

Outer shields B All components

U ™~/ component

10~ 10* 103 102
BI [counts keV~! kg™t yr—!

Background Index
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... and limitations

Average Noise Power Spectra

—_
o
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Noise spoils the sensitivity
- Denoising techniques

Power (mV?/Hz)
=

Undenoised ANPS, avgRMS 13.69 mV
Denoised ANPS, avgRMS 8.11 mV

Total
Crystals

10

Close parts
Frequency (Hz)

Inner shields
ILS

ELS +1TL CUORE is background-limited

Outer shields B All components

U ™~/ component

10~ 103 102
BI [counts keV~! kg™t yr~!

Background Index
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... and limitations

Average Noise Power Spectra

—
[

Noise spoils the sensitivity
- Denoising techniques

Power (mV?/Hz)
=

1073

Undenoised ANPS, avgRMS 13.69 mV
Denoised ANPS, avgRMS 8.11 mV

Total
Crystals

p—
|
i

10

Close parts
Frequency (Hz)

Inner shields
ILS

ELS +1TL CUORE is background-limited

Outer shields B All components

#T ikl —> Particle Identification

104 103 102

BI [counts keV~! kg™t yr~!

Background Index
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CUPID
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4.5x4.5x4.5 cm? crystals 172

CUPID e J

14 floors B

2 positions &

CUORE's successor ——

% —— > Thermal link
—— > Thermometer

NP

—> Absorber

BAEE SEE TEE TEE TEE fhE TEE fEE S e 4 =9
H L - Rt - - A - - hat Fy * 2%
= L) L) L) 2 [ ] ? 2 @ 2 L2

Double readout

Light

St rategy g — Detector

Heat bath

m&@ CUORE Upgraded with
Particle IDentification
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4.5x4.5x4.5 cm? crystals 172

CUPID e J

14 floors B

2 positions &

CUORE's successor | Heat bath
% ——— > Thermal link
——> Thermometer

%,

W

‘,44' ,,1‘ —> Absorber

BAEE SEE TEE TEE TEE fhE TEE fEE S e 4 =9
H L - Rt - - A - - hat Fy * 2%
= L) L) L) 2 [ ] ? 2 @ 2 L2

Double readout
Light

St rategy g — Detector

@Vﬁﬁ 27 Heat bath
GOAL: T,," >1.0x10% yr

(90% C.L. with 10 yr of livetime) "“@ CUORE Upgraded with

Particle IDentification
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CUPID - Background Budget

%Mo 2vpBB pile-up Requirements on LD
Detector components

LMO contaminants

Cryostat and shields

Muons and neutrons

107° 107
Background index [cts/keV/kg/yr]

Pavia, September 18th 2025 - MANENTI Nicola

% Improve the time resolution

% Pile-up rejection
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CUPID - Background Budget

%Mo 2vpBB pile-up Requirements on LD
Detector components Inferred from CUORE data

LMO contaminants Validated by CUPID-Mo Bkg model

Cryostat and shields " Inferred from CUORE

Muons and neutrons

107° 107
Background index [cts/keV/kg/yr]
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% Improve the time resolution
% Pile-up rejection

< Noise reduction
% Radiopurity

% Delayed coincidence study
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CUPID - Background Budget

%Mo 2vpBB pile-up Requirements on LD
Detector components Inferred from CUORE data

LMO contaminants Validated by CUPID-Mo Bkg model

Cryostat and shields " Inferred from CUORE

Muons and neutrons

107° 107
Background index [cts/keV/kg/yr]
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% Improve the time resolution
% Pile-up rejection

< Noise reduction
% Radiopurity

% Delayed coincidence study

<% Muon tagger veto detectors

< Neutron absorbers

13/16



Light Detectors

<% Particle IDentification

Pavia, September 18th 2025 - MANENTI Nicola

OviEs ROL

(CUPID-0): a-rejection
efficiency > 99.9%

Heat signal
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Light Detectors

% Particle IDentification
% Particle Shape Discrimination

Pavia, September 18th 2025 - MANENTI Nicola

(CUPID-0): a-rejection
efficiency > 99.9%

Heat signal
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Light Detectors

% Particle IDentification
% Particle Shape Discrimination

Pavia, September 18th 2025 - MANENTI Nicola

(CUPID-0): a-rejection
efficiency > 99.9%

Heat signal

Neganov-Trofimov-Luke

(NTL) Amplification

Electron-hole pairs created by light
absorption are drifted by applying a
voltage, thus producing additional heat.
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Light Detectors

< Particle IDentification (CUPID-O): «-rejection
< Particle Shape Discrimination f

efficiency > 99.9%

Heat signal

Neganov-Trofimov-Luke

(NTL) Amplification

Electron-hole pairs created by light
absorption are drifted by applying a

> Charge accumulation is a problem I voltage, thus producing additional heat.
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Optical Injection System

A system capable of injecting light pulses of a given
wavelength to be absorbed by a group of LDs.

Baseline: (Light Source + Optical Fibre) x 57 Towers

Pavia, September 18th 2025 - MANENTI Nicola
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Optical Injection System

A system capable of injecting light pulses of a given

wavelength to be absorbed by a group of LDs.

Baseline: (Light Source + Optical Fibre) x 57 Towers
e <2 T .-

l
A
(
N,
\

:
Thermal
Sensor
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Optical Injection System

Applications

% LD periodic regeneration

Pavia, September 18th 2025 - MANENTI Nicola 15/16




Pavia, September 18th 2025 - MANENTI Nicola

Applications

% LD periodic regeneration
% Pile-up ID efficiency monitoring
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% LD periodic regeneration
% Pile-up ID efficiency monitoring
% LD stabilisation

Thermal |
Sensor
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% LD periodic regeneration

% Pile-up ID efficiency monitoring
% LD stabilisation

% Energy calibration
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Optical Injection System

< Multichannel

| , < Low radioactivity
Thermal |
Sensor

< Low thermal load

Design
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< Multichannel

% Low radioactivity

|
1 Thermal |

Sensor < Low thermal load

Design
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% Stable pulses

% Wavelength

Source
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Thermal r '
Sensor |

Pavia, September 18th 2025 - MANENTI Nicola

% Multichannel
% Low radioactivity

< Low thermal load

% Stable pulses
% Wavelength

Source

% Pulse width
%+ DAQ interface

Electronics

15/16



Optical Injection System

X

Electronics X

Train of pulses approach TESTED
Software for the light source TESTED

Optical Fibre TESTED
SOu rce X Light Source candidates TESTED

Pavia, September 18th 2025 - MANENTI Nicola

@ Pavia
@ Pavia

@ Pavia
@ Pavia

15/16



Optical Injection System

Vertical Slice Test Tower (VSTT) ONGOING @ LNGS
X - Test of a single CUPID tower

Train of pulses approach TESTED @ Pavia

. Software for the light source TESTED @ Pavia
Electronics X Integrate with the DAQ (VSTT) 0NGOING @ LNGS
Test with bolometers (VSTT) (NGOG @ LNGS

Optical Fibre TESTED @ Pavia

SOu rce X Light Source candidates TESTED @ Pavia
Test with bolometers (VSTT) OHGOING @ LNGS
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Optical Injection System

Vertical Slice Test Tower (VSTT) ONGOING @ LNGS
X - Test of a single CUPID tower
Design for multiple towers T0 BE DEFINED

Train of pulses approach TESTED @ Pavia

. Software for the light source TESTED @ Pavia
Electronics X Integrate with the DAQ (VSTT) 0NGOING @ LNGS
Test with bolometers (VSTT) (NGOG @ LNGS

Optical Fibre TESTED @ Pavia

SOu rce X Light Source candidates TESTED @ Pavia
Test with bolometers (VSTT) OHGOING @ LNGS
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ONGOING
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2026 CUORE - 3tonnes-yr limit
Cryogenic system upgrades
CUORE phase 2
- higher sensitivity for

low energy signatures
- test of the upgrades

€L <<

TIMELINE

2030 CUPID Commissioning

100 CUORE sensitivity

vity [meV]

10 LEGEND-200

¢

]
L

GERDA-II

CUPID sensitivity baseline

O

CUPID Stage |

o

LEGEND-1000

s 90\% CL exclusion sensiti

mpgy

104
Sensitive exposure [mol-yr]
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The CUORE and CUPID collaborations,
Collaboration Meeting, LNGS May 2025
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Detection Techniques
and Performances

Isotope mass (m,,) Total efficiency Energy resolution (6)  Sensitive exposure  Sensitive background Background rate

[mol] €t " Eoont  Emwa * Era [keV] [(mol yr)/yr] [events/(mol yr)] [events/yr]
10 107 0 02 04 06 1 10 102 1 10 10 10° 10° 10°10*10%10% 10" 102 10" 1 10 10°

GERDA-II E"’.‘rﬂm |||;.| \IIHII; T |||||H; ! ; mmwﬁmmmrr

LEGEND-200 [~ O [ O
LEGEND-1000 O
EXO-200
nEXO
NEXT-100
NEXT-HD
PandaX-lll
LZ-nat

LZ-enr
DARWIN
KLZ-400
KLZ-800
KL2Z

SNO+
SNO+II

CUORE
CUPID-0
CUPID-Mo
-

CROSS
CUPID
Amore-I|
NEMO-3
SuperNEMO-D
SuperNEMO

Experiment Isotope Status

Lab

High-purity Ge detectors

GERDA-II 76Ge Completed
MID 76Ge Completed
LEGEND-200  7%Ge  Construction
LEGEND-1000  7%Ge Proposed

Xe time-projection chambers

EX0-200 1365 Completed
nEXO 136Xe Proposed
NEXT-100 136Xe  Construction
NEXT-HD 1363 Proposed
PandaX-I11-200 3Xe  Construction
LZ-nat 136Xe  Construction
LZ-enr 136X e Proposed
Darwin 1365 e Proposed

Large liquid scintillators

KLZ-400 136Xe  Completed
KLZ-800 136Xe  Taking data
K127 136% e Proposed
SNO +1 130Te  Construction
SNO + 11 130Te Proposed

Cryogenic calorimeters

CUORE 130Te  Taking data
CUPID-0 828e Completed
CUPID-Mo 100Mo  Completed
CROSS 100Mo  Construction
CUPID 10000 Proposed
AMORE-1I 1Mo Proposed

Tracking calorimeters

NEMO-3 100 Completed
SuperNEMO-D  #8e  Construction
SuperNEMO 82Se Proposed

LNGS
SURF
LNGS

WIPP
SNOLAB
LSC

CJPL
SURF
SURF

Kamioka
Kamioka
Kamioka
SNOLAB
SNOLAB

LNGS
LNGS
LSM
LSC
LNGS
Yemilab

LSM
LSM
LSM




Cryogenic Calorimeters - NTDs

Heat Bath T,

Absorber

heat capacity C
AE > AT

Thermal

Sensor
INREYNY

Neutron Transmutation Doped (Ge-NTD)

* Semiconductor Thermistor glued on the absorber

« Standard readout electronics
 Dynamic range from ~ 10keV up to ~ 10MeV
« At T<<10K, resistivity is temperature dependent

p = poeV o/t

where ( p,, T, ) depends on the doping level
Sensible to mechanical vibrations and microphonism

Pl l
/2 Rpoi~ 1-100MQ
R~ 10GQ

Ipo1~ cost




CUORE Analysis

Continuous timestream

B Base cuts

Base cuts + AC
Base cuts + AC + PSD

=]

<

o

Base cuts
trigger, pile-up,
energy reconstruction

Anti-coincidence (AC)
dominated ' / | Y \ | only single-crystal events
region

Counts keV'kg"! yr!

Pulse shape discrimination (PSD)
only signal-like events

1000 2000 3000 4000
B/y background region Energy (keV) a background region




Dilution Cryostat

From 1.5K To 1K p()t X : < T
condenser pump 1.5K 4! o} N g i Normal-fluid

~ - = . . y 3 4
\ \lmoa % : " < HP/ He
| : ]“ '.

Main flow
impedance

pure
k (l[)()l

Heater 0
> 90% " Still

1 . Super-fluid
Still heat 5 0.8K o : - "{HeﬁHe

exchanger

Secondary . T
impedance GEREUN ¢ T M sep concentrate

phase

Heat st ' = dilute
exchangers OW T E phase

‘He concentrate e | 2-phase-region
phase \
Phase o i ] |
boundary ———| h[lellg e 417 | |

|
e il | Chamber —> QUi 0.07 0.25 0.50  0.68 0.75 1.00
a2 0.01K

phase

3He concentration
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