Search for Majorana neutrinos

with millikelvin technology in CUORE:
current status and road ahead
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Overview of this talk

* Introduction: neutrinoless double beta decay (Ovff) in the context of neutrino physics
* History and experimental program

 Search for Ouvff decay with cryogenic calorimeters in CUORE
» Challenges and solutions to reach high sensitivity

» Results on 139Te Ovff decay with the largest statistics collected with CUORE

* Progress on a wide program of rare event searches

* Perspectives and next steps: CUPID and next-generation experiments



Double beta decay: a long history
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Double beta decay: a long history

@
1940 194 1950 1987 199,

TEORIA SIMMETRICA DELL ELETTRONE
E DEL POSITRONE

E. Ferm fqrmuLates E. Majorana formulates an
a convincing theory M. Goeppert-Mayer olﬁemqtive to P Diroc’g theory
of f and p decay in which particles coincide

enulating th . shows the possibility | | | |
stimulating the searc that an even-even with their own antiparticles
for neutrinos, new

Nota di ETTORE MAJORANA

Sunto. - St dimostra la possibilita di pervenire a una piena simmetrizza-
zione formale della teoria quantistica dell’elettrome e del positrone fa-

. . n UC|eUS trO nsforms H’Tto cendz' t;s'odo.liDt::A :uovo .prl(:ceiszo u((i:' tqua.nt;z;azione. Il sig.nZﬁca.t‘o ldelle

equazioni di ne risulta alquanto modificato e non vi é pin luogo

hYpOth@Slzed pO rthleS t bl n | a parlare di stati di emergia negativa; mé a presumere per ogmi altro
O S O e UC eUS tipo di particelle, particolarmente neutre, Uesistenza di « antiparticelle »

corrispondenti ai « vuoti » di energia megativa.

simultaneously emitting

e elesiiens G. Racah highlights that Fermi

theory needs a change if o

¢ — — y  simmetry between particles W. H. Furry combines Majorana
\A’ Z) - (A’ £+ 2) + 2e Myﬁﬁ) and anti-particles exists & Goeppert-Maver theories to

hypothesize Ovff decay, with

“The process will appear as the simultaneous
emission & absorption of

occurrence @C two transitions, each @C which _ . | |
Loos notﬂ,[ﬁﬁtﬁe (o @Cconser\/au’on A, Z) > (A, ZxE£2)+ 2e™ (Oyﬁﬂ) virtual Majorana neutrinos
motivating its search with

of energy separately” geochemical experiments




Double beta decay: a long history

1934 1935

Search for fff decay
N the two possible

channels (2v, Ov) begins

1937

First A/ limit: 1245n
with Geiger counters

First 2uv3ff observation:
130Te T,y = 1.4 - 10*! yr

Citation frequency [%]
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1940 1950 1960 1970 1980 1990 2000 2010
Decade

1955 — 1987: a Middle Age
V-A nature of weak interactions implies
Ovpp is way more rare than anticipated

‘950 Middle Age

First 2vff direct
detection in 82Se
with a TPC

First detection of

2U[3f to excited states

IN 100Mo

1998: neutrino flavor
oscillation discovery

motivates Ovff search



https://doi.org/10.1103/RevModPhys.95.025002
https://doi.org/10.1103/RevModPhys.95.025002

Double beta decay: the nuclear process

Rare second-order nuclear decay between isobars: (4,Z) = (A, Z+2)+2e~+ 27, (2uppB) (0upp)

Even-A

\
‘\ Odd-odd

M(A,Z)

e
/V

4
U
—£

e

/’e-

2Upp Ovpp

e

Allowed In the Standard Model + Beyond the Standard Model: lepton
only for even-even nuclei (AL = 0) number symmetry violation (AL = 2)
Observed In several nucle, + Simplest model: Majorana v
6Ge,825e,/00Mo, 136 Xe, ... - No evidence observed so far

Half-life 7% ~ 10'® — 10** yr . Half-life 7% > 10%* — 10% yr

1/2



Ovff: interplay with neutrino physics and cosmology

. . . =8
Neutrinos are the lightest known elementary fermions: g o
no charge of any kind, only detected via weak interactions o0 6E Phys. Rev. Lett. 89,
. . . <5 011301 (2003)
The existence of V flavour oscillations makes it necessary to extend > G
the Minimal Standard Model to accomodate massive neutrinos TR
We don't know : 1 B -
B — (7))’ (m,)” E—— | O N
, (An),, How mass eigenstates are ordered 0 1 2 3 4 5 6
(ml)'* | ¢c (106 cm-Z S-l)
Absolute values of neutrino masses*- —
m v - - -
), Why neutrino mass 1s < other SM particles OvpBB plays a role
B v, s :
| (Amd),, What Is the nature of Vv mass
- vf \
+ Stringent limrts on the sum of neutrino masses from cosmology
e — (7)) S
(amd),, Z m, < 0.064 eV [DESI+CMB] §j# Phys. Rev. D 112,083515 (2025)
Tt (ml)2 (mg)z*
normal hierarchy inverted hierarchy ~ © Constraint on the electron neutrino mass from single 3 decay

mg < 0.45 eV 90 % C.L. [KATRIN] §j# Science 388, 6743 (2025)

Lepton Number Violation could play a role in the matter-antimatter asymmetry in the Universe


https://doi.org/10.1103/tr6y-kpc6
https://www.science.org/doi/10.1126/science.adq9592
http://dx.doi.org/10.1103/PhysRevLett.89.011301
http://dx.doi.org/10.1103/PhysRevLett.89.011301

Ovff: experimental signatures

(A,7Z+1)
N (A, Z+2)
.............................. | B
.................. R E}/Z
Decay to the E
ground state &
g.s.
pDeak at
Opp = My — My — 21,
£ 2088
14
S
Ovis
O%T
Ke] + K62

Summed kinetic energy of the two electrons

Kinematic of the emitted electrons (A,Z+1)

P2

-300

Two electrons

Decay to the

(A,Z),,.--""".. excited state(s)

A, Z+2)

topological signature

........... E}/1
........... E,,
Detection of the ™. E,
A
daughter nucleus

il% Nature 569, 203-7 |
(2019) Detection of the

emitted gamma-rays

Particles Signal peak
detected position (keV)
BT+ X & ysi 1203.8
BT+ X +2ys51 1714.8
(BT + X ys11) (692.8, 511)

(BT +X + ¥s11, V511) (1203.8, 511)
BT+ X, vsi1, ysu1)  (692.8,511, 511)



https://www.nature.com/articles/s41586-019-1169-4
https://www.nature.com/articles/s41586-019-1169-4

Ovpp: signal rate and the effective Majorana mass

Assuming the exchange of a light Majorana neutrino

the OV,B,B decay rate IS Dictoral representation ; BERLIY N R AR AL |/| IltEI:
of the parameter space E , : E
) in the lobster plot 5 - ,/) -
, | <mgg> [F.Vissani. JHEPO6 022 (1999)] & Yy -
Foupp Go,(Q, Z) |M01/ - 2\ mixing B; fixed, O free  F 8 ]
/ e = =
Phase space factor EE E
well known (S7%) ,, E%E_ =
Nuclear matrix — pe ive Majorana mass// A -
element | - ~
significant < Mpg > = | Z U ‘gielai m; = =
theory i=1273 =0t A B ol II|||I| L} II||||| L 4l

uncertainty  coherent sum of mass eigenstates Mightest (€V)

Unique probe o
sensitive to squa

f the Majorana phases t

red mass differences on

Adapted from nu-fit 6.1 (2025)

nat cannot be measured by oscillation experiments

Y


https://doi.org/10.1088/1126-6708/1999/06/022
http://www.nu-fit.org/

Ovfp: experimental sensitivity & critical parameters

Sensitivity to OvBp scales as’

pf emitter isotopic fraction

s

detection efficiency

4SOOE4XCa
4000}
SIOETY e ECraEMe
L :_ “Se 3 "Mo
o4, 3 OOO: "°Cd o E (2°8TI): 2.615 MeV
O e —— — 136 — _V _______ I3()Te
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T; - Sn 4 o
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» Phase space G, (0, Z) x Q

» Fraction of events 2uv6 « 1/0°
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%)
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0.96

6 2v
t2,

Ov .
0,

1.00

Ovpp signal

e 0ACKGround

1.04

L B I B L B L R
3.5% FWHM 10% FWHM

0.96 1.00

E/Qgsp
N
Q| Pos, GSs114,004 (2015) .

1.04 0.96 1.00 1.04


https://arxiv.org/abs/1502.00581

Ovfp: critical parameters - choices for CUORE

Sensitivity to Ovff scales as detection efficiency ctive mass
[ emitter isotopic fraction * source = detector e tonne-scale detector:
e natural 139Te ~34% o total efficiency (all cuts) ~93% 742 (206) kg 1TeO, (1307e)
o TeO; crystals with (a0 Te * close-packed array - 983 crystals

;

Isotopic abundance [atomic %]

45006_48(33
4000
3500 :—%%r_ S0Ng {2“Bi): 3.275 MeV
> e
L 3000k € o Mo
o4, = ’Cde E (2°2TI): 2.615 MeV
O e — — | 30, — — — — — — — —
= 2500 124 o X
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i | Science 390, 1029-32 (2025)



https://www.science.org/doi/10.1126/science.adp6474

Ovpp: panorama of detector technologies and experiments

Source = detector concepts

A

UE
F~— _- —

Monolithic scintillation / Granular semiconductor / Tracking
ionization detectors cryogenic detectors calorimeters
AXEL, DARWIN, EXO, JUNO, AMORE, BINGO, CANDLES, CDEX, NEMO3, SuperNEMO), ..
KamLAND-Zen, LiquidO, LZ, nEXO, COBRA, CUORE, CUPID, CROSS, L |
NEXT, NvDEx, R2D2, THEIA, Panda-X, GERDA, LEGEND, MAJORANA, 0% Multiple isotopes at the same time
SNO+. XENON. XLZD. ZICOS. .. SELENA. .. Track reconstruction for single e
Cons: Poor efficiency € ~ 30 %
Pros: Self-shielding, scalability, Pros: Staging (semiconductors), Losses | Energy reconstruction
Topology to lower bkg Scalability (cryogenic d.),

e~'15—-100%Q@

Cons: Poor energy resolution Cons: Scalability (semiconductors), Non-zero bkg (cryogenic d.)

MeV Energy resolution, e ~ 70 — 95 % @ MeV

12



Ovff: searches with the highest sensitivity results

Nylon
balloon

Liquid
scintillator

KamLAND-Zen-800
W
I Phys. Rev. Lett. 135,262501 (2025) |

| 000-t liquid scintillator; 750 kg of 919 enr. 136 Xe
Qgp = 2458 keV, resolution ~4% @ 2.5 MeV

Final result & world-best constraint on Ovff:

Tz > 3.8 - 107 yr (90%C.L.)

mgs < 28 — 122 meV (90 % C.L.)

—igh purity enriched Ge detectors in an active
iquid argon shield, 200 kg of 90% enr. 76Ge

Qgp = 2039 keV, resolution ~0.129% @ 2.0 MeV

First result (140 kg deployed):
T2 > 1.9-10% yr 90%C.L.)

Ovpp
mgs < 75 — 200 meV (90 % C.L.)
Liquid argon SiPM
High purity \ -/
Ge detector
) Tfseees
0 88086
111
88888 | ws
i fiber
f LEGEND-200
v
I Phys. Rev. Lett. 136,022701 (2026) I

13


https://journals.aps.org/prl/abstract/10.1103/jkf6-48j8
https://doi.org/10.1103/25tk-nctn

The CUORE experiment in a nutshell

Cryogenic Underground Observatory for Rare Events

Primary goal: search for Ovff decay of 130Te

N
|||| Eur. Phys. J. C77 (2017), 532|

Largest cryogenic-calorimeter detector ever built
|9 towers of | 3 floors of 4 crystals stably $20 mK

Underground at the LNGS (Abruzzo, Italy) =

OPERA

CRESST

Building on a 30-yr-long history of measurements

t0%, (90%C.L.) [yT]
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https://www.hindawi.com/journals/ahep/2015/879871/
https://link.springer.com/article/10.1140/epjc/s10052-017-5098-9

The CUORE collaboration

You can find all the relevant information on our new website https://cuore.lngs.infn.it
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https://cuore.lngs.infn.it

Neutrinoless double beta decay with cryogenic calorimeters

The energy released in a particle interaction 1s measured via thermal excitations (phonons)

The temperature increase I1s converted into an electrical signal by a cryogenic sensor (e.g. a thermistor)

Cu frames

Ty

Weak thermal G
coupling TeO»
crystal >
Absorber
c Phonon
Sensor

eO; crystal
C o T°(Debye law)

C=n)/K

!r"illllllli‘Il'ili.. -

wires PTFE
supports

Gi heater

Ge-NTD thermistor

R x eV1/T

AR~3MQ/MeV

-5000

-5500

—-6000

A » J
. -

8 10
Time (s)

-6500

= | I3 T 1 | 1T 11 | T 11 | 1T T 1 | 1T 11

L '
4
y 4
@'
v Mam 4
— e,
| | | | | | | |
4 6

Operating at a temperature of ~10 mK:

| MeV energy release causes AT~ 100 yK

./  We use a Si heater to inject stable voltage

pulses and do thermal gain stabilization

16



The challenges - part |: cryogenic infrastructure

et

300 K —f-’

Dilution unit
600 mK (Still)

10 mK
(Mixing
chamber)

?;‘!

Tower support
plate @~ 10 mK

Ancient lead shield
(side & bottom

@~4K)

Wil Cryogenics 102,9-21 (2019)

Pulse Tubes
cold heads

40 K
4 K

50 mK

(Heat EXchanger)

Top modern lead
shield @~50 mK

CUORE crystals

A T/T (%)

[\

-]
||||||||‘!¥H’r|||||||

[E—

-1
-2

Custom-made dry (cryogen-free) dilution cryostat
Stringent constraints on radiopurity - only few materials
acceptable (Cu OFE/NOSV for plates and vessels) -
mechanical reliability and response to seismic events

5> pulse-tube cryocoolers (one spare)

6 nested vessels at decreasing temperature
m1nN7 mK)

Mass <4 K: |5 tons - mass @~50 mK: 3 tons
Since 2019 the system has been operating with >90%

to reach base temperature (T

uptime in stable temperature conditions: >5 yr @ <20 mK

vorelieadebi L FVPRRPTIN i 1.
sl B > - et g T

Jan I2020

Apr2019  Jul2019  Oct2019 TApr2020  Jul2020  Sep 2020

Nif | Nature 604, 53-58 (2022)
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https://doi.org/10.1016/j.cryogenics.2019.06.011
https://www.nature.com/articles/s41586-022-04497-4

The challenges - part ll: minimizing background

LNGS natural shielding

~3600 m water-equivalent
rock overburden:

cosmic rays flux reduced of six
orders of magnrtude compared
to the surface

CI)ﬂ =3.10%cm™2%s~!

r_ 4§
\

Astropart Phys. 34 (2010) [8-24

® =4-10"%m %!

External shields

_23dy,  Y-beam
{'ff’] Steel rope

- S L S Minus K

Sand-filled

coulmn

External
shield

g -
Screwjacks

Rubber
| damper

P

i

Concrete
wall

‘f

g

™~ (Concrete beam

e —— - e

N [c_tryogenics 102 (2019) 9-2 ﬂ

S ————— e e e ___ —

» From ys: 25-cm thick Pb layer

4

-rom neutrons: 20-cm layer In

bolyethylene + H3BOs3 panels

| ancient roman lead
. from a shipwreck
| 210Po < 4 mBa/kg

Internal lead shields

S %

Top: 30-cm
modern
lead

12

Modern lead

0 200 400 600 800
Energy [keV]

e C

| W[ Nucl Instrum. Meth. B 142, 163 (1998) ]

e e e S ——————— S ———— A ——— S ———
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https://doi.org/10.1016/j.cryogenics.2019.06.011
https://www.sciencedirect.com/science/article/pii/S0168583X98002791?via=ihub

The challenges - part |ll: modeling (leftover) background

» Accurate Geant-4 based background model with 80 background sources simulated
se to generate the expected spectra, Bayesian MCMC fit to constrain source locations

respon

e
o

) & -% Priors extracted
| . from radioassays
and past experiments

4 . -— Tl / ‘,“
[ N/ 7 . / /
4 /‘h ".‘- ¥ /] 1]
Sy 0 o )
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7 A
 ——

» Vi RN
- <. / " ,I
LV a— 1D

Copper Frames

|
Crystal Absorber

Wire Trays

PTFE Holders

Copper Columns

[

single-crystal

measured detector

Bayesian fit of single-
crystal & double-crystal
events explorting high

detector granularity

double-crystal

NI Phys.Rev.D 110,052003 (2024)
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1 2%Po band (Eie)

o = 4 st . s
’ N L LY ]
» eV ? ." : L . * L +
e b * A »" 2 4 o3 » AT Y h ¢ 1 LA
AN Y ‘: "l:’“ 0"../ i S < Stk ¢ ;N”
1‘ N N ’ LA T K R ov' ,o"' - ., * L i VN S )
€, 0 Ml RN ' . 3 W4 4 \\ g B “‘L L . o
, g Y \ . R, 3 ; 3 £ N
ARENE /SR R% AR P' VRIS S '\ ‘n L Y
) AN ot P - . e
I VATR D - + CRN AY. 2% ; ) B et " .‘:. of ‘~
o Bl 5 by

M SN X \ f
} AN s it g ; " ¥ Ne. . & g7
Ny . ade (e IR 7ot AT R
-~"’R§ 8 ¢ :»"'!‘?St“wrn Wl Y, Tee YRR
‘ K3 » G NF) -‘,.-;* PO W . , B ) )
s 1, W AN Ty '(,‘.‘_' 1T TN -y RN ‘

1000 2000 3000 4000 5000 6000
Energy 1 [keV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.052003

The challenges - part |l: modeling (leftover) background

10 | |
Tote! T z Closslparts ,
E— ]_01 5 ShZEZdS C’ryStalS —
Crystals [ “‘\\ ,
\ 10 j[\ |

Close parts
%- =N L

i

Inner shields

ILS

|

Counts keV~! kg™t yr=!
S S
Lo
Wi
=
; i

ELS +TL ~— M : -
Outer shields 1. R B All components 10_3; e .
H I -/ 5| compoment 104 1000 2000 3000 4000 0000 6000
i IRERmEaST:= e Energy [keV]
BI [counts keV~! kg™ yr~1]
JTotal TeO, exposure for BM analysis: 1038.4 kg yr
Accurate background model relating Sensitivity levels down to 10 nBq kg-'for bulk
sources and specific spectral contributions: and 0.1 nBg cm-! for surface contaminations
important benchmark for CUORE physics Main contributions to the Ovff ROI: degraded a
analyses and in view of CUPID particles (~90%), multi-Compton of ys and cosmic us

N Phys.Rev.D 110,052003 (2024)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.052003

The outcome: most precise measurement of 139Te 2u// to date

Data—Model

% 103 - ““'Pl

— \"t — ! l
~—_ 5 : "l'_'.. y : - .

%% 107 =

- | Data

O - .

O 10! Reconstruction

5 2v spectrum
5 l L1 20 Ratio

500

130Te 2uff decay: c
single-site spect

1000

1500 2000 2500

Energy [keV]

ominant component of the
rum from ~ | to 2 MeV

— Precise study o
improved formali
lepton energies an

- 2Uf spectral shape with
sm to laylor expand over
d constraint ngf (st time)

N Phys. Rev. Lett. 135,082501 (2025)

Twofold improvement on 139Te 2uf[ half-life precision:

U __
T1/2 o

9.32

+0.05
—0.04

+0.07

20
—0.07 - 1077 yr

(stat.)

(syst.)

Stat. (Syst.) uncertainty ~0.5% (<1%)

Nuclear state model: Single State Dominance (SSD)

N Phys. Rev. Lett. 135,082501 (2025)

g;ymc(‘);lo * GCN pnQRPA-Argonne
90(,/? C;I v QX  ---- pnQRPA-Bonn

0.002 0.004 0.006 0.008 0.010
M?qr_3

Quenching of g
confirmed

Comparison with nuclear models
shows results far from expectations
Hp: iIncomplete description or BSM

MiBeta {-—— . 110

NEMO-3{ 23
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https://journals.aps.org/prl/abstract/10.1103/jdhf-hn4l
https://journals.aps.org/prl/abstract/10.1103/jdhf-hn4l

The challenges - part lll: suppressing noise sources

External structure to decouple the
detector from the cryostat

Linear

darives

[a—
<
I....;..|..|.um]?

2

Power (mK*/Hz)
=)

-el--1-LHR -4 1 HATE

[U—

[
<

10~

Active nolse cance
vibrations induced

...........................................................................
------------

Freﬂuenc; (Hz)

NoLD @ (9462 0.118) mK
LD @ (9.407+ 0.092) mK
LD + Stab. @ (10983 0.074) mK |

lation to minimMize

oy the pulse tubes

Cryogenics 93, 56-65 (2018)

NS

Several ancillary devices Installed

N
de
of

the CUORE hut to do data

noising and enhance the quality
our data

e seismometers, antennae,
microphones and
accelerometers

Wi Eur Phys.). C 84,243 (2024)

22


https://www.sciencedirect.com/science/article/pii/S0011227517304460?via=ihub
https://doi.org/10.1140/epjc/s10052-024-12595-y

The challenges - part lll: modeling (leftover) noise

*  Noise decorrelation algorithms rely on the

correlation between noise power spectra of

detector channels and all diagnostic devices

installed In the experimental hut:

10 - A

| 1

A\

Power (mV?*/Hz)
S
|

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

10_5_ 1 Lo o 1 Lo o 1 L]

107! 1 10 10°
Frequency (Hz)

407% total raw-RMS reduction w/ denoising
Wif Science 390, 1029-32 (2025)

* Recent discovery:
CUORE s sensitive to
microseismic activity

induced by the sea
waves (0.2 - 0.3 Hz)

- Evident correlation

storms <|ow frequency

noise
Wi Commun. Phys. 9, 121 (2026)
® M U |-:| _d e\/| Ce an alys | S Sea waves amplitude and seismic activity (28" Oct - 7" Nov. 2023)
exploiting the I .
Copernicus Earth gommomnoesin] A\ M)
Observation program 13
« Nleed solutions to 2_ A" . N [ \\ ______________
deCO u pl i ng u
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https://www.nature.com/articles/s42005-025-02484-5
https://www.science.org/doi/10.1126/science.adp6474

The outcome: access to the low energy region for physics

* Low energy studies: specific event-level cuts to

optimise sensitivity at keV-scale:

e spectral studies related to 121 Te, 123Te, 125mTe

decays and surface lead contaminations:
ROI of [3,10] keV, ~1.2 keV FWHM, | | kg -
yr/ 2 tonne - yr —1.2% of crystals

|6 cts/keV/kg/day bkg, efficiency &, ~ 26 %

10°
) Single-Site Events (M1) - 3 keV threshold
_§‘ | -shell Basic Cuts (BC) - 17.7 kg yr
o 10 B BC + Pulse Shape (PS): <e,s> = 0.64
; = BC + PS + Detector Selection - 11.0 kg yr
> E
g i \/ /2 0Po
(/2] -
S [ 210Po X-rays \\K-shell
S 10
© = 123Te EC? Never observed before
= 1 ] L PR TR N ] ] PR T L L | PR TR T | | L .
10 20 30 40 50 60

Energy (keV)

\/

|I Phys.Rev.D 113,012012 (2026)

* Increased sensitivity for many phenomena predicted

near CUORE threshold:

e Cosmic and solar axions, VWIMPs annual
modulation; ROl of [10,20] keV, ~2.5 keV

FWHM, 691 kg - yr/ 2 tonne - yr = 35% of
crystals, 2 cts/keV/kg/day bkg, &, ~ 50 %

Single-Site Events (M1) - 10 keV threshold
Basic Cuts (BC) - 1121 kg yr

210Po % B BC + Pulse Shape (PS): <ep> = 0.76
l BC + PS + Detector Selection - 691 kg yr

10

210Po nuclear recoils

% / 25mTe

PR [N SN SR T (N TN SR S NN TN SR SO NN TN SR SR N SO N
20 40 60 80 100 120 140 160 180 200
Energy [keV]

107"

counts/(keV kg days)

| llllllll IR

\/

|I Phys.Rev.D 113,012012 (2026)
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https://journals.aps.org/prd/pdf/10.1103/fv25-bfgx
https://journals.aps.org/prd/pdf/10.1103/fv25-bfgx

The challenges - part |V: stable operation of 1000 detectors

» Data taking started in 2017/ Analysed data (May 201/ - April 2023)
éﬁ E - Exposure Accumulation - Total CUORE prellmlnary
2 3000 :_ Science 390,1029-1032 (2025)
= 1.0
= 2L Nature 604, 53-58 (2022)
2000 — . 0.8
- optimizati ' =
o :_opt|m|zat|on campaligns 3
_ < 0.6
| D)
1000 [— ,02
- 5 0.4
500 — g
: z
O‘r.rr/.|../.J...|......|...|. 0.2
Dec-2016 Dec-2017 Dec-2018 Jan-2020 Dec-2020 Dec-2021 Dec-2022 Jan-2024 Dec-2024"Dec-2025
~ 3 ton-yr of raw exposure so far!
Lo 0.0 ‘
+ Data split in datasets | | . w
callbr~atlon Qi Science 390, 1029-32 (2025)
» Trigger rate ~50 mHz (~6 mHz) in calibration (physics) runs 107 exposure: 2039.0 kg-yr
- Voltage across NTD Ge thermistors sampled at | kHz, 3UTe exposure: 567.0 kg-yr

a software trigger is applied offline uniformly distributed on the detector .


https://www.nature.com/articles/s41586-022-04497-4
https://www.science.org/doi/10.1126/science.adp6474

Counts keV' kg™ yr!

ek

Unveiling the truth: the 2 tonne-yr data spectrum

- —
— <,

(G-
=
—_ ek

<
[\

Several analysis cuts on top of each other:
1801—

Best fit

- Base cuts (trigger, energy reconstruction, pile-up) 00% C.1. limit on T,

160—

ek

N

-
|

- Anti-coincidence (AC): only single-crystal events

*  Pulse shape discrimination (PSD): only signal-like events

Counts/(2.5 keV)
o
T

e

-

-
|

Total analysis cut efficiency 93.4(18) %

o0
S
|

60—

Base cuts | ' | | | =
| = N ut AC <2\Q\ 7 2430 2500 2520 2540 2560 —
ase cuts + s Energy (keV) -7
7 -~
Base cuts + AC + PSD ’&\S\% g 210 e
40 AP Po -
60 K o - -~
Co - _ -

Average background

index In the RO

b= (142700) - 1072

(counts/ keV/kg/ yr)

000 3000 3000 4000 5000 6000 o
v/ background region Eneray (keV) a background region QP Science 390, 1029-32 (2025)

26


https://www.science.org/doi/10.1126/science.adp6474

Unveiling the truth: modeling detector response

FWHM (*%°T1) = (7.540 £ 0.024) keV
FWHM <Qﬂﬂ) — (7.310 + 0.024) ke V

AE (Q ) = (O.4O+O'21) keV 5 10 i5 20 %5
pp —0.44 e 0.10

'F + Detector response extracted on events from the
S ol
= l |
i . . . .
& ;_ i 2087 line at 2615 keV in calibration data
10* - separately for each bolometer and dataset
10’ L le x-ray escape kMa'/ﬁ}GaUSS'a” peak + Fit of the most prominent y lines in physics data
% . P to scale the energy resolution and calibration bias
= S
Z - T ) t at O
g - (f) ' \ ' o a n ﬁﬁ —
s 1 'E’ """"""""" SUTRTTTTTAT ; """ P’ o ) + + 1 + 11 mK
= CEENAN L@ = 15 mK
= S Vo (e) ‘ -
10-! oL ," A AN S “.\ | T 11 % ::: E % 1 E '}r J;'
2540 2560 2580 2600 2620 2640 2680 00 2720 {51 P : I : % P T
Compton shoulder Reconstructed Energy (keV) i 2 L % ; i ' i i ; é + i
. £ ¥ I 2
Flat background Te x-ray coincidence i H

HI“IIII““I““'"IH""“““IHH (TR

Single escape + 533 keV

I H |“II"I|||||IIIII|I|IIHHIIIII|HIIH|| i

F I-II-I-IIllllll_l.l.lllllllllﬂ|||lﬂ|||||ﬂ||||||m =1 =l — = o

=
“'IIHIHIII”“.““"H““'"”“'W“‘"H “iH === = o

Id=1 ! | 1 |
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FWHM resolution (keV)
=
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https://www.science.org/doi/10.1126/science.adp6474

Unveiling the truth: fitting our data to extract I 45

300

Frequentist result T(l)l/}ﬂﬁ >34-10% yr (90%C.L.)

250 - = 90% Cl limit Assuming the exchange of a light Majorana neutrino

— Exclusion sensitivity

2001 the limit on the effective Majorana mass Is

150 P(r>1y,)=74% | |
00l z L1

100MO _
50+ CUORE (2 tonne-yr) | I

Number of toy experiments

| | | | | |
0 20 40 60 80 100 120

90% C.I. limit on T}}, (10** yr)

Median exclusion sensitivity from toy MC

experiments T(l)l/}ﬁﬁ =4.4-10%” yr (90%C.1L)

Unbinned Bayesian fit with I’y 55 > 0

i IScienc_e_ 390, 1029-32 (2025)

No evidence of Ovff and new limit on 30Te

0.1 ||IIII|

nalfilfe Ty, > 3.5 - 10% yr (90%C. 1) I
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https://www.science.org/doi/10.1126/science.adp6474

Not only 130Te Ovfp: other /[ searches

— |
Analysis with 2 ton - yr]

Residuals
[Counts / keV]

Counts / keV

130Te SM-allowed 2vf[ decay

130Te 5 decay to the Ist0™ excited state

——— Reconstruction L1 2v spectrum
____+ Background Data 2
130 &
. sl . T2>59.10% yr (90%C.1L)

> 107 T 130 : -

2 " 52 C 25y 1793.5 keV

~ . . ™ Ty > 1.3-10% yr (90%C. 1)

= | 2+

- i el 536.1 keV

é 1 RN e o A ii

101 e o e ” 130 Eur. Phys.]. C 81,567 (2021
Njf PRL 135,082501 (2025) 53 Xe | ys. (2021)
|28
Te Ovff decay to the ground state 120Te O TEC decay to the ground state
750 5: Best fit (global mode) = 560 51072
L = A [y, at 90% C.L limi Y 550
650 g— t N7 Ph)’S Rev. C, |05 o 540
3 o VT >3.6-10% yr 90%C.1)|  W¥ 0g5504 2022) B
500 - : 9 A A 10_2%
150 B - M.’/L\;,\il P @ 2(1)8 ol Iy 2
aoF ik \ 2 PRL 129, 2 :
320 : .II 22250' T1/2 > 29 . 10 yr (90 % C . I) 510
: (2022) o7 E ot A I I RN AP BRI B T
94501160 1170 1180 1190 1200 121%1%1%0\]1]230 1240 1250
cconstructe nergy 0 (v

Reconstructed Energy [keV]|
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https://link.springer.com/article/10.1140/epjc/s10052-021-09317-z
https://doi.org/10.1103/PhysRevLett.129.222501
https://doi.org/10.1103/PhysRevLett.129.222501
https://journals.aps.org/prl/abstract/10.1103/jdhf-hn4l
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.065504
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.065504

Not only '39Te Ovff: other physics cases

Thermal model of CUORE calorimeters

— S09kev Puse [ .
2 Dedicated study of
30 r— 1%31kwm$ 2 .
e B ) environmenta
S20 1 RN and antropic
;15 :'—‘\‘— I/I s . .
o |\ z/-—x\\t vibrational sources
f \ 28 | 30 [32 34 _
0.5 k\ .II
00 [

JINST 17 (2022) 11,P11023

Muon event reconstruction

— s P Track-like events
40 Data. i; reliminary
2304 | et E* J_F—l__ (NcrystalsZS &
Sa{[ L~ I} _ JJ Fdep> 9 MeV) to
10- L . .
O iy . . study p-induced
JER YIRS SR A R e background
37 _95- e ® O
0 1 y 3 4 5 6
Reconstructed azimuth [rad] .II
arxiv:2509.05528

Paper accepted for publication on EPJC

Search for fractionally charged particles

p—
S
oo

Vulti-spectral search

for rare events

—
o
R
o

pased on multi-crystal

\ -=- MAJORANA A LSD
S CDMSlite = This Result: 90% Excl.

track-like topologies
N7
s

Phys. Rev. Lett. 133,241801

p—
o
|
p—
e
-

-\ —-- MACRO 90% Excl. +20
-+ + Kamiokande-II Il 90% Excl. xlo

FCP Flux, ® (cm~2 s~ ! Sr™1)
—_
<

10° 10!
Inverse Fractional Charge, f

Several additional analyses in progress

* Multi-spectral studies exploting the high CUORE
detector granularity to study detector response

* Low energy studies profiting of the

improved analysis tools and energy thresholds
* Background model related studies

* Rare event searches with larger statistics
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.241801
https://iopscience.iop.org/article/10.1088/1748-0221/17/11/P11023
https://arxiv.org/abs/2509.05528

CUORE: what'’s next! Our path towards CUPID

CUORE (now) CUORE-phase |

- Upgrade of the cryogenic
system to improve Pulse
Tubes performance and
coupling to the cryostat

- Continue data taking until
meeting our goal:

CUORE Upgraae

3 tonne - yr TeO; exposure with Particle IDentification

(~| tonne - yr of 1307e) } - Saintillating cryogenic
calorimeters to overcome
CUORE-sensitivity-limriting
. a background A
| 130Te — 100Mo =y -
| 2528 — 3034 keV | RS
|- 104 cts/keVikglyr -
| target background

- 1 cooling power
with 3+ 1| setting
instead of 4+ |

vibrations

- Estimate: end up
data taking by mid 2026

- Large statistics to perform
nigh sensitivity searches in

several channels (ff decay,
dark matter, exotic
phenomena, ...)

- Lower thresholds — high

sensitivity low energy studies
(axions, WIMPS, ...)

| - Same cryogenic
- Infrastructure

31



The CUPID experiment

CUPID: CUORE Upgrade with Particle IDentification | :
- Exploit 1Mo as a ff decay candidate - ,l‘::’ -\

— replace CUORE TeO; array with a matrix of Lizenr100MoQy crystals =
re-use th same (well-known & modeled) cryogenic infrastructure
with a few upgrades to reduce vibrations/increase cooling power

+ Higher Q-value (3034 against 2528 keV)
— larger phase space and NME compared to 3VTe

— most of f/y bkg reduced LMOenr, Th (125 h)

2

o

ge? 1 L

D e

NEEEA\ VUnEwy / aE

HEEEER. . ——— dEEL

y 4

+ LMoz scintillating crystals for PID
— high reduction of a background
the largest limiting factor for CUORE
— Bl = 10™* counts/keV/kg/yr

Light yield (keV / MeV)

NEA YA W,
A\ 7

e e

TIPSR ] S
. 5 keV PWHM resolution at 3 MeV o oo 200 o0 o0 o0 oo w0 [ [EPIC 85,737 (2025)] N



https://link.springer.com/article/10.1140/epjc/s10052-025-14352-1

The CUPID experiment

CUPID: CUORE Upgrade with Particle IDentification

New detector array:

e

NiB[eric 85737 (0025)]

— Mo enriched to 295% in 1Mo (240 kg 190Mo mass)
— [ 596 Lin'%0MoQOa4 scintillating crystals (280 g each)
— ~| /00 light detectors for the scintillation readout

Upgrades to the cryostat & shielding:

—

—

M

— AC

Need ~ | 600 double readout array

D

rove external neutron shiela

e

tional cosmic muons veto

Ov __

Discovery (exclusion) sensitivity 77, = 1.0 (1.8) 10%7yr

— access to the inverted hierarchy region
3o discovery sensitivity mys = [12,21] meV

exclusion sensitivity mg; = [9,15] meV

Scint

at LI\

lating ¢

rystals after the CUPID-0 (825e)

GS anc

CUPID-Mo (/%Mo) at LSM

demonstrators showed the technology maturity
to be iImplemented on a large scale detector

- CUPID-0

ili Phys. Rev. Lett. 123,

032501

A& mM(19Mo)~2.26 kg
ili Phys. Rev. Lett. 126,

/nemSe, m(825e)~5 kg

(2019)

CUPID-Mo

LizeanOOl\/]OO
00Mo (97%)

181802 (2021)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.032501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.032501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.181802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.181802
https://link.springer.com/article/10.1140/epjc/s10052-025-14352-1

Future perspectives of the search for neutrinoless double beta decay

Sensitive background [events/(mol yr)]
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https://doi.org/10.1103/RevModPhys.95.025002

Future perspectives of the search for neutrinoless double beta decay

10°

Discovery sensitivity
of Ovff experiments
for decay mediated
by the light neutrino

exchange 4//////”

\

10?

Mg 99.7% CL discovery sensitivity [meV]

10
[NUuFIT 6.0, nu-fit.org]

1 —— Normal ordering

| m NSM
| mQRPA
| WEDF
m IBM

§48 meV
;(IO band max)

518.4 + 1.3 meV

e

(10 band min)

E8—10meV
i = AIT‘sol

"VAmitmxec

1 —— Inverted ordering

;

2 v, KamLAND-Zen (2024) 7
o %
€ 10247 €9 LEGEND

1073 ‘:\

C.Weisinger talk

TAUP
xid

1073

1072
m; (eV)

1071

10°

I I | I l I | I I I I | I I I I I I | I I I I
S § 8§R 82 Ef 558 88Yys5 323323 F s &3 32
g o S o 5 2
- 4 Nifl Rev. Mod. Phys. 95, 025002 3
Next generation tonne-scale projects will probe
the inverted ordering scenario
mgs = [9,21] meV (30) LEGEND-1000
@ TAUP 2025
similar numbers for Kam-LAND-2-Zen, nEXO...
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https://doi.org/10.1103/RevModPhys.95.025002

Conclusions and perspectives

v CUORE proved the scalability of the cryogenic calorimeters technigue to tonne-scale detectors
thereby paving the way to rare decay searches with cryogenic calorimeters

v We exceeded 2 tonne - yr [eO; analyzed exposure and data co
goal of a final 3 tonne - yr TeO; exposure (corresponding to ~

lection Is progressing towards our
tonne - yr 1307e)

v We found no evidence of Ovff decay with 2039.0 kg - yr TeO; exposure and
set a new limit on the half life for such decay of TY2,, > 3.5 - 10% yr (90 % C .1.)

Ovpp

v Many interesting analyses ongoing also beyond ff decay: background-related studies (e.g. mL
reconstruction), multispectral (search for decays in multiple-crystal events) and low energy studies

O
5

v Important feedback for CUPID, both for the cryogenics and background budget

v After interventions on the cryogenics and before the CUPID de

rector installation, a CUORE phase

| dedicated to low energy studies (dark matter searches, e.g. W

MPs, axions, ...) Is planned

Stay tuned
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The outcome: most precise measurement of 139Te 2u// to date

35 Twofold improvement on 39Te 2uff half-life precision:
> 10°: [ 1
@ : Ny U +0.05 +0.07 . 20
2 S Ty, =19.32 Toox (stat.) Ty (syst.)| - 107 yr
2__ e il L | |
g 107 D - Stat. (Syst.) uncertainty ~0.5% (<1%)
— ata e , .
S 1o Reconstruction Nuclear state model: Single State Dominance (SSD) with
f 2v spectrum leading contribution from | + state preferred
g; 5 — 2. Ratio B[P Phys.Rev. Lett. 135,082501 (2025)
zl — o * oo o Comparison with nuclear models
0% C1 7oQ2 pnQRPA-Bonn |
3 ‘ shows results far from expectations
- | | | | | = Hp: iIncomplete description or BSM
50 1000 1500 2000 2500 - :
Energy [ke\/] 1o MiBeta - } ; . + {1 1.0
130Te 2uff decay: dominant component of the 0 NEMO-3 1 23
single-site spectrum from ~ | to 2 MeV . ; 3 B
' 3 - , — — - - CUORE-0- et tg3 B
— Precise study of 2uvff spectral shape with L é € Q@;
improved formalism to Taylor expand over Quenching of 8o cuoreaoml ; W A YO 3
lepton energies and constraint g&' (|5 time) confirmed: match with kil
. theoretical models but o ™ V5t st I -
B[P Phys.Rev. Lett. 135,082501 (2025) high uncertainties : : : : " o

T (*0Te) [10% y]


https://journals.aps.org/prl/abstract/10.1103/jdhf-hn4l
https://journals.aps.org/prl/abstract/10.1103/jdhf-hn4l

The outcome: access to the low energy region for physics

* Low energy studies: speci

Ic low-energy variables

and event-level cuts to optimise sensitivity
at keV-scale targeting several searches:

* spectral studies related to 2!Te, 123Te, 1>mTe
decays and surface lead contaminations

(219TPo): ROl of [3,10] keV, ~ 1.2 keV FWHM,
|| kg - yr/ 2 tonne - yr = 1.2% of crystals

|6 cts/keV/kg/day bkg, efficiency &, ~ 26 %

107

) Single-Site Events (M1) - 3 keV threshold
é‘ | -shell Basic Cuts (BC) - 17.7 kg yr
o 10 B BC + Pulse Shape (PS): <e,s> = 0.64
; E BC + PS + Detector Selection - 11.0 kg yr
> E
S \/‘ /2|opo y
) =
S [ 210Po X-rays \K-shell
Q 107
© = 123Te EC? Never observed before

s ST TN TN [N TN SR TR SN NN TN TN SN T S T S T S N S S S T SN T S . I

10 20 30 40 50 60
Energy (keV)

Y=

|I Phys.Rev.D 113,012012 (2026)

* Increased sensitivity for Beyond-SM searches - many

phenomena predicted near CUORE threshold:

e Cosmic

counts/(keV kg days)

Vatter Halo

tranistion in -
modulation; ROl of [10,20] keV, ~2.5 keV

FWHM, 69 |

3-200 keV from the Galactic Dark

and solar [ [4 keV line from ~/Fe

he Sun] axions, WIMPs annual

kg - yr/ 2 tonne - yr = 35% of

crystals, 2 cts/keV/kg/day bkg, &, ~ 50 %

10

107"

| llllllll IR

210Po y B BC + Pulse Shape (PS): <ep> = 0.76
l BC + PS + Detector Selection - 691 kg yr

Single-Site Events (M1) - 10 keV threshold
Basic Cuts (BC) - 1121 kg yr

210Po nuclear recoils

% / 25mTe

20 40

PR [N SN ST TR (NN TN SN T (NN TN SN SO Y TR SR SO N SN S
60 80 100 120 140 160 180 200

Energy [keV]
Phys. Rev.D 113,012012 (2026) 10


https://journals.aps.org/prd/pdf/10.1103/fv25-bfgx
https://journals.aps.org/prd/pdf/10.1103/fv25-bfgx

The challenges - part lll: suppressing noise sources

Linear drives and active noise cancellation to minimize vibrations induced by the pulse tubes

10°

10°

[
-

y 1 Hfﬂl

lll””l I Tllllll/

Power (mV “/Hz)

107!

6x1

T nrrr|

| 1[IHHI

ANPS ch 390 - 15 mK after phase optimization

N 1 | L1

0" 1 2 3 4 5 6 7 8 910

Frequency (Hz)
N
QP Cryogenics 93,56-65 (2018)
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https://www.sciencedirect.com/science/article/pii/S0011227517304460?via=ihub

The outcome: CUORE is sensitive to microseismic activity of the Mediterranean sea

Average FWHM vs Sea activity

baseline

s T
—
% 5.5? . .
= F 1 dlls . There Is a correlation
| - ................... ________ L e M __________ between sea activity
L1 KT ; — and low frequency
45— —®— 28" October - 7 November?023 .
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The outcome: CUORE is sensitive to microseismic activity of the Mediterranean sea
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2 tonne-yr data: analysis & Ovff fit parameters

Table I: Relevant parameters for the 2 tonne yr OV[3[3 analysis Table [l: OvBB ﬁ.t p.araméters Of.tl.1e. 2 tonne yr data
Operational Functioning detectors 984/988 L|m|12: setting senmt:n:ryl s
90% C.l. limit on TV .
detectors Active detectors (average) 914/988 0% .1 imit on T oveg Al
Bayesian fit
# Datasets 28 S c 13 1027 o
-1t . ' ] tat.+syst.
Amount of data TeO, exposure 2039.0 kg yr = . | . el =k /T (StatTsyst)
— 90% C.I. limit on [ ovp 2.0 026 yr|
130Te exposure 56/.0 kg yr —
— 90% C.I. limit on T12oy8a 3.5 102 yr
2615 keV (298T]) FWHM (calibration) 7.540(24) keV
Energy . P(T 12> T 1120,0) 749
Y Qpp (2528 keV) FWHM (physics) 7.310(24) keV
calibration 3ias @ O (2528 KeV) (bhys 0407021 | oy Frequentist fit
as e SICS 40 Z g ke
| pp (2228 keV) (physics) 0.44 90% C L. limit on Iovap 20 1026y
Reconstruction (base cuts) efficiency 95.624(16)% —
— . 90% C.L. limit on TV2o,8p8 3.4 102 yr
D Anti-coincidence (AC) efficiency 99.80(5)7% , ,
ata — | Effective Majorana mass
Z?flii?::z; Pulse Shapi Dilscrml\lnétﬁ; <,PSD> efficiency z;j( ?:f i 20 - 950 meV/
. otal ana y.SlS il H18)% Residual background in the ROI
Containment efficiency (Monte Carlo) 88.35(9)% 31 (counts/keV/kg/yn) 4 J_r8:83 02
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Data processing chain to extract a spectrum of events
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Data processing chain to extract a spectrum of events

Thermal gain stabilization (TGS)
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Data selection to detect Ovff
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