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Neutrinoless double beta (0vf35) decay

e 2" order weak process, beyond Standard Model:

o B :(A,2)— (A, Z+2)+2e
ot Bt :(A,2) = (A, Z —2) + 2et
e Broad experimental program to search for 0vf decay _ .
with various isotopes with energetically forbidden 8 decay RIS (IH)m2

(48C3, 76Ge, 82Se, 96ZI', 1OOMO, 116cd, 128T€, 13°Te, 136X€, 150Nd).

e Notyetobserved > Halflives: T, >10%-10%yr.
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e  0vfB decay observation would establish: 100
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> violation of the lepton number (AL = 2); ]
. . . — Inverted hierarchy
> neutrinos as Majorana particles (v = v); : rorial Hierarchy (NH)
> constraints on neutrinos mass scale and hierarchy: b n?
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CUORE experiment

e CUORE (Cryogenic Underground Observatory for Rare Events):
> search for 0vBp decay of *°Te;
988 TeO, crystals (5x5x5 cm®) with natural *’Te isotopic abundance (34%);
total active mass: 742 kg of TeO, > 206 kg of 1*’Te;
crystals equipped with Ge-NTDs thermal sensors;
operated at ~15 mK;

Y V VYV

hosted underground in Gran Sasso National Laboratory (LNGS, Italy)
for cosmic rays muons suppression (by factor ~10° w.r.t. above-ground).
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Low-temperature calorimeters for 0v33 decay

e  Working principle of low-temperature calorimeters:
> the energy E released in the crystal induces a temperature variation: AT o< E/C,(T) ~ 0.1 mK/MeV
> the temperature variation is converted into an electric signal by the thermal sensor.
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Experimental sensitivity to 0vf3 decay

e Experimental sensitivity S° to 0vf38 decay
for a background-limited experiment:

experimental
efficiency

S Ov X
isotopic
abundance

@posure = active mass - measure time
CUORE achievements:

> ton-scale mk-scale experiment;

> stable data taking since April 2019;

> Analyzed exposure:

2039 kg yr TeO, (567.0 kg - yr '*°Te) (arxiv:2404.04453);
Q Raw accumulated exposure: > 2.5t yr TeO.,.

Background index in the ROI

@ergy resolution in the ROI

CUORE exposure accumulation
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shields and analysis cuts against > Q. ("%Te) = 2527.5 keV ool
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https://arxiv.org/abs/2404.04453

CUORE energy spectrum

counts/(keV kg yr)

CUORE energy spectrum at 2039 kg -yr TeO, analyzed exposure (arxiv:2404.04453):
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https://arxiv.org/abs/2404.04453

Search for 0vff3 decay of **°Te

Model of the ROI = (2465, 2575) keV:

> flat background (~90% due to degraded-« particles);

> %Co y-peak @ 2505.7 keV;

> 0vBBdecay peak @ QBB(B"Te) =2527.5 keV.

No evidence of 0V decay of *'Te at 2039 kg yr TeO, (567.0 kg - yr '*’Te) exposure;

[ T,," (***Te) > 3.8 - 10% yr (90% C.L) ]

Upper limit on effective Majorana mass,
assuming 0vf3f3 decay mediated by light neutrino exchange:
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https://arxiv.org/abs/2404.04453

Background model & 2vf decay of 1*°Te

e  CUORE background model (arxiv:2405.17937): 0 —
Data [ Close parts Cp
. ) I 1 Shields [ Crystals
> improved exploiting 1038.4 kg yr TeO, exposure; b
‘FC
> accounts for: !
130, . e
m  2vff decay of “Te; 20
m =80 background sources; S
. -
m  detector geometry and granularity. o ‘ ' » :
1000 2000 3000 4000 5000 6000
Energy [keV]
[ J

> exploiting 1038.4 kg yr TeO, exposure;

> analysis under finalisation;

>  foreseen uncertainties within ~1%.
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Accurate background model allows for precise measurement of *°Te 2vBf decay
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https://arxiv.org/abs/2405.17937

Denoising technique

e Vibrational noise must be suppressed to enhance the detectors energy resolution.

A CUORE Pulse Before and After Denoising

. . .. . E 73580; A Original Waveform
e  Vibrations mitigation through: 7, P | o
f_,P —3620F Denoised Waveform
> suspension and insulation systems; e ' N
v M N
> active noise cancellation technique for vibrations from the cryogenic system; o N '
>  denoising technique. Dl Uil LA MR L
():H“i”"2‘H‘3‘H‘4‘H‘5‘"‘6‘“‘7””8””;””10
time [s]
e Denoising technique (EP]C:10.1140/s10052-024-12595-y , arxiv:2404.04453): . Denoising technique
E 10 — Llr;dé;\;iged ANPé .
> algorithm for noise decorrelation between CUORE and auxiliary devices E 100f T e e
(microphones, accelerometers, seismometers, antennas); e “1\
> =40% reduction of total RMS_ . ~of CUORE; 107}
102
> implemented in the 0v3f decay analysis at 2 t-yr TeO, exposure. 104 -
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https://link.springer.com/article/10.1140/epjc/s10052-024-12595-y
https://arxiv.org/abs/2404.04453

Detection of marine activity with low-T calorimeters

e  Multiple noise reduction techniques make CUORE sensitive to otherwise subdominant sources of noise

N

first ever detection of marine microseismic activity with low-temperature calorimeters (EP]C:10.1140/s10052-024-13065-1).

e  Marine microseisms: faint seisms caused by the motion of sea swells.

e  Strong correlations between:

> Mediterranean Sea waves amplitude (VHMO),
from Copernicus (E.U. Earth Observation space programme);

> seismic activity at LNGS, from seismometers;

>  CUORE sub-Hz noise.

e Seasonal modulation of sea activity > seasonal modulation of CUORE energy resolution:

> =1yr modulation period;
> summer: minimum sea activity - better energy resolution;

>  winter: maximum sea activity - Wworse energy resolution.
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https://link.springer.com/article/10.1140/epjc/s10052-024-13065-1

Summary & future plans

e CUORE demonstrated the feasibility of a ton-scale experiment based on low-temperature calorimeters at mK-scale.

Steady data acquisition:
> 2t yrof TeO, exposure analized - no evidence of 0v35 decay of **°Te;
> >2.5t yr TeO, exposure accumulated;
> plan to accumulate 3 t-yr of TeO, exposure (around end of 2025);
>

many analysis ongoing.

(=

CUORE phase II:
> upgrade of the cryogenic system to decrease the vibrational noise;

>  data acquisition with lower energy threshold to search for low-energy signatures (axion, WIMP, ...).

<

CUPID.
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Next-generation: CUPID

e CUPID (CUORE Upgrade with Particle IDentification): /

2615 kw\x
> next-gen. experiment to overcome CUORE limitations; g

> search for 0vBp decay of '*Mo:
m Q BB(IOOMO) =3034keV > reduced y background w.r.t. CUORE;

Light signal

> Li,'®Mo0O, scintillating crystals for heat-light double read-out:
m  «vsf/ydiscrimination - «rejection (main bkg. in CUORE ROI).

e  Baseline design:
> 1596 Li,'"MoO, crystals enriched in '*Mo (~95%);
total active mass: 450 kg of Li,'”MoO, - 240 kg of '°°Mo;

IPalmmlela from NuFIT 5.0 I
I IH: Best fit NH: Best fit
IIL 3¢ band NIL 30 band

>
> crystals equipped with Ge-NTDs thermal sensors; .
>

1710 Ge light detectors with Neganov-Trofimov-Luke amplification;
N2
background index at ROI: B< 10 counts/(keV - kg yr);

10% E \
E  CUORE sensitivity (*Te)

CUPID sensitivity (Mo) <
10" | |

\
mgs (meV)

\l

0vf3p3 decay sensitivity:
= T,,”("*Mo) >1.0-107 yr (10 yr) :
m  effective Majorana mass: Mpp~ 12 - 20 meV;, -

| Ll L -
101 100 10 10?
m  explore the entire inverted hierarchy region of neutrino masses. Migest (meV)

we 4 -
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0vp[s decay data analysis

Continuous data stream

Denoising

Optimum trigger
of thermal pulses

= A CUORE Pulse Before and After Denoising
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0vp[s decay data analysis

ROI blinding:
. Pulse shape
Anti-coincidence (AC) cut discrimination (PSD) move a random events
1scrimination from 2%T1 peak to ROI

Blinding of CUORE ROI

,:? 8- i — Actual ; 3 — Actual % 509E="] — blinded spectrum
S \‘\‘ pulse Ny “ pulse N ‘5°§ unblinded spectrum | o
3 6k || — Reconstructed . “\ __ Reconstructed soof-
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. )
Evaluate efficiency Model the detector unblinding
1 208 3
of analysis cuts response at “°Tl peak. .
Y p P unblinded fit of ROI
2 :— b bl bt ol | CUORE Region of Interest (ROI)

Total analysis efficiency (data) 93.4(18)% 2 B AR e 3 B
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Anti-coincidence efficiency 99.80(5)% el o xcray escape a3 oo e 3 A :
PSD efficiency 97.9(18)% RS e | :

Containment efficiency (MC) 88.35(9)% i o 100} Qﬂﬁ
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https://arxiv.org/abs/2404.04453

CUPID background budget

e  CUPID background budget:

1Mo 2vBB pile-up

From CUORE-0 & CUORE

Detector components
From CUPID-Mo

LMO contaminants

Cryostat and shields

Muons and neutrons

Total

| i I S R A i I T R A A |

10° 10° 107
Background index [cts/keV/kg/yr]

e  Major background contribution from random pile-up of 2v3B decay of 1Mo
N\
exploit the scintillation light channel to resolve pile-up in the heat channel
N\
Ge light detectors with Neganov-Trofimov-Luke amplification for enhanced signal-to-noise ratio.
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