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The CUORE collaboration
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CUORE @ LNGS

~3600 m.w.e. deep
® us: ~3x10-8/(s cm?)
e vs: ~0.73/(s cm?)

neutrons: 4x10-¢ n/(s cm?2)

Teramo

L'’Aquila

Laboratori Nazionali
INFN del Gran Sasso

Istituto Nazionale di Fisica Nucleare
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The CUORE experiment in a nutshell

Cryogenic Unaerground Observatory for Rare Events ] e s
1025 ;_ ..................... S R ___________________________ L ________ i ‘ :
+ Primary goal: search for Ovff decay of 130Te N ﬁc eeeeeeeeeeee "
. - . § E —3;41‘13; crystal airay >
- Largest cryogenic-calorimeter detector ever built I T
— 738
9 towers Of |3 ﬂoors Of4 Crys.tals — 988 dEteCtOI"S i}} 1021 ?’3% ______________________________________________________________ ......................................................................................................
200
- | t detector mass: 327 kg Cu + 742 kg TeO» T e :
oo ey oy ey by by
—206 kg of 130Te 07990 1095 2000 4005 2010 2015 2020 2025
, Running period

+ Building on a 30-yr-long history of measurements

» Multi-year-long cryogenic stability at T= 1 =15 mK
+ FWHM resolution at Qpg of 7.3 keV

+ bkg in ROI 1.4-1072 counts keV~! kg=! yr~|

N\ 4 -
.l' Adv. in High En. Phys. 2015, 87987

e — e —— —_

,,,,,,,
) /4 /
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https://www.hindawi.com/journals/ahep/2015/879871/
https://link.springer.com/article/10.1140/epjc/s10052-017-5098-9

Working principle

Heat Sink —— ' -¢— Copper Holder
Weak Thermal
. —P > ¢—— Teflon (PTFE rt
Coupling eflon ( ) supports
NTD Ge Sensor
Absorber > 1 (Thermometer)
Crystal :
» Crystal
T
Incident (Te0,)
Radiation

Heater resistor

® [he energy released In a particle interaction 1s measured via thermal excitations
(pbhonons)

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

* \We use a Si heater to inject stable voltage pulses and do thermal gain

stabilization
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Working principle S

CUORE
%’ 3200 - AE  100uK C: absorber capacit}/ |
= | sssssssssssssss; H AT = ~ AT: temperature variation
—°§ 3000 — C MeV AE: energy deposition
= - G: thermal conductance
g 2800 — S E ~1s t: signal decay time
. ¢
S 2600
© - B
O 240—AT = —
o T f C
= 2000 C
— - e .
2000 {— * Operating at a temperature of 10-15 mK:
18003_ * | MeV energy release causes AT~ 100 uK
- | | j | | | j | (AR~3M()/MeV)
1600 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 I
0 0.5 1 = 2 2.5 3 3.3 4 | < excellent energy resolution (few %o FWHM

Time [s]

@ Opp)

* NO radiation discrimination

* slowness (surtable for rare event searches)
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The challenges - part |: cryogenic infrastructure >

CUORE

. »  Custom-made dry (cryogen-free) dilution cryostat

T *  Stringent constraints on radiopurity - only few materials

o —3)) -
300 K = oy I. acceptable (Cu OFE/NOSV for plates and vessels) -
o mechanical reliability and response to seismic events
' Pulse Tubes
cold heads * O pulse-tube cryocoolers (one/two spares)

Dilution unit 40 K * 6 nested vessels at decreasing temperature
4 K to reach base temperature (T... ~/ mK

600 mK (Still P (Lmin )
50 mK « Mass <4 K: |5 tons - mass @~50 mK: 3 tons

10 mK (Heat EXchanger) . Since 2019 they system is operating with >90% uptime
M. . - . !
f] 'XI'D”g o Top modern lead in stable temperature conditions: >5 yr @ <20 mK
chamber) i shield @~50 mK
i S
1n =
Tower support - = 1
plate @~ 10 mK EE ‘ : OE’"‘*“l O TS NSRS NSRS ,.,...._.h...__...__;....._._g.,........_._..

Ancient lead shield
(side & bottom

@~4K)

NeuTal 2095 g Cryogenics 102 (2019) 9-2 , QP | Nature 604, 53-58 (2022) olo Gorla - LNGS
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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 Il: minimizing background

LNGS natural shielding

~3600 m water-equivalent
rock overburden:

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

(Du =3.10"%cm %!

&
q

Astropart Phys. 34 (2010) [8-24

® =4-10"%m %!

NeuTel 2025

External shields

Fo Wi
{’:}1 Steel rope

Minus K

Sand-filled

coulmn

External
shield

\ Screwjacks
pe Rubber
‘ damper

Concrete beam

ilil Cryogenics 102 (2019) 9- 2]

» From ys: 25-cm thick Pb layer

Concrete
wall

» From neutrons: 20-cm layer in
polyethylene + H3BO3 panels

8

CUORE

Internal lead shields

Top: 30-cm
modern
lead

Side & bottom: 6-cm
ancient roman lead

from a shipwreck
210Po < 4 mBqa/kg

12 -

10 Modern lead

Energy [keV]

e e — e — e e — E—

M| Nucl Instrum. Meth. B 142, 163 (1998)
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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 |l: modelling (leftover) backgroundﬁ
[/

’ &) |. Priors extracted 10"
- 5, —>5 from radioassays

7/
and past
experiments

single-crystal  double-crystal

Data 1 Close parts I 7
.| Shields [ 1 Crystals

-\

(

j

N\

1

|
-

Counts keV~! kg™t yr!

—
=

+ M2 events : : o

Py RO
6000 gz =:" . —==+ « region bounds
1 *%Po band (FEio)

—
3
N

1000 2000 3000 4000 5
Energy [keV] )

Bayesian fit of | £ 4, Accurate Geant-4 based background

SR ” model with 80 sources thanks to high
double-crystal - B N o detector granularity, relating sources
events S and specific spectral contributions

single-crystal &

¢ o r I
BBy - AL 27 N g 2 * ¢ :
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1000 2000 3000 4000 5000 6000 Precise measurement of
Energy 1 [keV] 130Te 21/,5,5 decay
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.052003
https://journals.aps.org/prl/abstract/10.1103/jdhf-hn4l

The challenges - part lll: suppressing noise sources £

CUORE

External structure to decouple the

detector from the cryostat | .
4 Linear drives and

.............. ...... — .NO LD@ (9462:|: O.llSjmK ST
g SN LD @ (9.407 = 0.092) mK
LD + Stab. @ (10.983+ 0.074) mK -

ok
<L
t....|...|..|.|m|]T

5 [ —

2

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

Power (mKZ/Hz)
S

AHH-- -1 -4 HA

[am—y

Several ancillary devices installed
in the CUORE hut to do data

107 107 107

e denoising and enhance the quality
active noise cancellation to minimize  of data —

vibrations induced by the pulse tubes
WP Cryogenics 93, 56-65 (2018)

* seiIsmometers, antennae, :
microphones and accelerometers
ﬁﬁ Eur. Phys. . C 84,243 (2024)
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https://www.sciencedirect.com/science/article/pii/S0011227517304460?via=ihub
https://doi.org/10.1140/epjc/s10052-024-12595-y

The challenges - part lll: modelling (leftover) noise 6

CUORE

 Recent discovery: CUORE Is
sensitive to microseismic

*  Noise decorrelation algorithms rely on the

correlation between noise power spectra of

detector channels and all diagnostic devices activity iInduced by the sea

installed in the experimental hut: waves (0.2 - 0.3 Hz)
10° 7 = '
: o -+ Evident correlation storms <
- CUORE preliminary B ,
ol ‘ ‘ | o ow frequency nolse
= __ | o ¥ S —
> f A QP arxiv:2505.09652
E 10 A
E L 5™ - 25" July 2022: Noise over Time - upper five floors
S i .
" 10 | - Under g F . . G
L UndenOISGd ANPS, anRMS 1369 mV | | | E 12‘__ ............................................ 0.6 Hz _:3 g
T Denoised ANPS, avgRMS 8.11 mV Investigation % I 5\ 0 S VHO (At Tyrhenian) |, o
LU i : © .
10_1 |1 llo SO | U'tl O n S ‘to g ................................... ................................... CUORE_E2
Frequency (Hz) im prove < .................................. ................................... ....... prellmlnaryé 1.5
NVY e A T Er
| . cryostat N
40% _to_tal I’“aW— RI\/IS reduc_tlon W/ deno's' ng deCOupllng oo N ........................... ......................... E05
g T R SR [ T S S SN A ST ST S A N S S SR S _0
QP arxiv:2404.04453 i 10 "B rime Gy
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https://arxiv.org/pdf/2404.04453
https://arxiv.org/abs/2505.09652

&)

The challenges - part |V: stable operation of 1000 detectors &;5=%

Data taking started in 201/ 28 datasets (May 201/ - April 2023)

E‘S 0 :_ - Exposure Accumulation - Total CUORE prellmlnary
g — | CUORE 2TY Preliminary (2024)
2 2500 — 1.0
2 B
~ | Nature 604, 53-58 (2022)
S 2000 —
n o 0.8
~ pr—— . 2
PO optimization campaigns S
- < 0.6
B )
1000 F— 8
B B
- < 0.4
500 — é
- z
T\t ‘ ‘I 0.2
O | l l l
Dec-2016 Dec-2017 Jan-2019  Jan-2020 Dec-2020 Dec-2021 Jan-2023  Jan-2024 Dec-2024 Dec-2025
» Data split In datasets 0.0

— CUORE preliminary

» Trigger rate 50 mHz (~6 mHz) in calibration (physics) runs TeO; exposure: 2039.0 kg-yr
+ Voltage across NTD Ge thermistors sampled at | kHz, 30Te exposure: 567.0 kg-yr
a software trigger is applied offline uniformly distributed on the detector

NeuTel 2025 12 Paolo Gorla - LNGS


https://www.nature.com/articles/s41586-022-04497-4

The 2 tonne-yr data spectrum

- Several analysis cuts on top of each other:
*  Base cuts (trigger, energy reconstruction, pile-up)

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

°  Pulse shape discrimination (PSD): only signal-like events
Total analysis cut efficiency 93.4(18) %

- CUORE preliminary  mliBase cuts

" Base cuts + AC
Base cuts + AC + PSD

(W
-
[\

(WY
-

190Pt . /

Counts keV' kg™ yr!
=

1072

&)

CUORE

1801—

160—

ek

N

-
|

Counts/(2.5 keV)
S
T

Best fit
...... 90% C.I. limit on T,

CUORE preliminary

Qﬁﬁ

|
2480

210
Po

| | | |
2500 2520 2540 256Q - ~

Energy (keV) _ -

-

-
-

Average background
index in the RO

b= (14270) - 1072

(counts/keV/kg/yr)

M M M
1000 2000 4000

v/ background region Energy (keV)

NeuTel 2025 13
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a background region

Pending publication
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Modeling detector response 6

CUORE
3
o af + Detector response extracted on events from the
A ¥ | | .
= e TR I 208 |ine at 2615 keV in calibration data
10* =
= . . separately for each bolometer and dataset
[ [Te x-ray escape Main 3-Gaussian peak | | | | |
YE = + Fit of the most prominent y lines in physics data
> - 7 (a) . . . .
ST SR VY. CUORE preliminary to scale the energy resolution and calibration bias
2 — (b " .
é 10 ._,—(f) .............. LS N A P T Hp Ry salhdl at Qﬁﬁ - Tbase — 11 mK
E ', "‘ “‘ "{‘ \‘ —
E ol it T B T = 15 mK
§ ™N©@ N I
N Y S Y A AN EIEE TSR R R :
107 55407 2560 2580 2620 2640 7680 00 2720 E SRR R I I
Reconstructed E keV < SRR EE RN I SO S O
Compton shoulder coonstructed Energy (kel) S gggz 'i' ii’§ SRR ERRERRR E
Flat background e xX-ray coincidence = 10 !% %lié Y iz :
s &AL nnnn
FWHM (°%*T1) = (7.540 + 0.024) keV - g! H Lliﬂ =!‘
Single escape + 583 keV| T |[FEi % 13t hiiiiiiad
FWHM ( Oy, = (7.310 £ 0.024) keV E L1l i Pi EE I
) CUORE preliminary

AE (Qyp) = (040733)) keV S R R R

NeuTel 2025 14 Dataset number  LNGS



NeuTe

Fitting our data to extract ' 4 @

300 - L
— Exclusion sensitivity
g 250 - = 90% Cl limit
£
2 200" CUORE preliminary
P
% 150_ A
2 P<r>r0,,>=74%
S 100(—
£
Z
50—
0 | | | | | |
20 40 60 80 100 120

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

Median exclusion sensitivity from toy MC
experiments T2 =4.4-10% yr (90%C.1.)

Ovpp

Unbinned Bayesian fit with Iy, 55 > 0

No evidence of Ovff and new limit on 30Te

Ovpp

2025

nalf-life T2, > 3.5 - 10% yr (90%C . 1)

CUORE

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

Assuming the exchange of a light Majorana neutrino
the limit on the effective Majorana mass Is

Mgy < 70 — 250 meV

_ CUORE (2 _ T
100~ (2 tonne-yr) - I

imary

O 0100 Pending Pub\icat'lon

Mlightest (me\/)

15 Paolo Gorla - LNGS



Not only 130Te Ovf5/: other [/ searches

130Te SM-allowed 2vf[ decay

CUORE

130Te ff decay to the Ist0" excited state

——— Reconstruction 1 2v spectrum
____ Background ¢ Data T2,1/2 (130Te) = [9.32 +0.05.9 g4(stat) 13OI \\ T(l)l/Jz > 59 y 1024 yl‘ (90 % C . I)
& +0'07'0-07(Sy5t)] X 1020 yr \ 2527.5 keV
| 130 + 1/2 24
> 10%]) R Te Ui s 157> 1.3 1077 yr (90 % C . 1.)
Q N e
—~ | - ! I =R 1122.1 keV
E 102? wlji‘ ii ' an 1‘_ 536.1 keV
- T - oo Qi Eur. Phys.).C 81,567 (2021
S 1on o vane || ] PRL 135,082501 130Xe [P Eur.Phys.]. C 81,567 (2021)
| (2025)
128Te Ovfff decay to the ground state 120Te Qv TEC decay to the ground state
% 800 —
&\ 750 E— Best fit (global mode) 60 5 102
2 00E- | . 24 22 >
g (;22%_ """ Lo, at 90% C. L. limit T1/2 > 36 y 10 yI’ (90 % C . I) T1/2 > 29 . 10 yI’ (90 % C - I) ] zjg
© 6005— Qss LE; 530
550 - 208 5 £ =
sE S - g o 10°%
NN P Qjf PRL 129,222501 5 ER
100 - - ! 3 3
QE};’;{}E— l{ (2022) ‘éjzgi 310°
g’“‘ 50 S 470§ _
%% a0 . I Ph)’S Rev. C, |05 ) 499561160 1190 1200 1210 1220 1230 1240 1250
oe 3 -100 Reconstructed Energy E [keV]
O 820 830 840 850 860 870 880 890 065504 (2022)
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/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 130Te Ovff: other physics cases

Counts/0.2 keV

100F

Thermal model of CUORE calorimeters

1
= 509 keV Pulse
[ == Fit
- 1176 keV Pulse
== Fit
- = 1331 keV Pulse
- = Fit

2614 keV Pulse

L —~ Fit

5431 keV Pulse
Fit

N
-
o

T T

—_
o)
o

T

50

—+— Data - 29.4 kg yr

Linear Background
Te x-rays at 27 keV
Te x-rays at 31 keV

N

NeuTel 2025

el
i .
. ,— ------------ +
b ‘CUORE preliminary
T Ve

Energy [keV]

Dedicated s
environment
and antropic

vibrational sources

Specific low-energy
variables & event-level

Cuts 1

ﬁﬁ JINST 17 (2022) 1 1,P11023

Low energy studies

[0 Op

sensl

Njf arxiv:2505.23955

udy of

imise

vty for solar axions,
WIMP searches

for rare events

CUORE

Search for fractionally charged particles

Vulti-spectral search

pased on multi-crystal

track-like topologies

Phys. Rev. Lett. 133,241801

Track-like events

(NcrystalsZS &

ep> 9 MeV) to
tudy y-induced

. 10-84 e
e L LR b e
wn
Tcn 10—10 |
N \ ~
=
2 e
o 10 12 ]
Pd\ A
= --- MAJORANA A LSD
F N e ite — is Result: 90% Excl.
a 107144\ Z Macro s0% Excl 220 ii
@) + Kamiokande-II W 90% Excl. +10 I
S I S +_._./'/.
10° 10!
Inverse Fractional Charge, f
Muon event reconstruction (ongoing)
1 Sim :; Preliminary
40 - -+ Data 15 o
CUORE preliminary
£ 30 5
= I I = —_
= ' —t— |
S 20- Jr + =
|
I
; ===
g @ 2'5_ ° ° L °
L= _ ° _ o e o °
f;; o _gg | ) o [ J P
. I | | | |
1 2 3 4 )

Reconstructed azimuth [rad]

background
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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/2505.23955

CUORE: what's next? Our path towards CUPID &

CUORE
CUORE (now) CUORE-phase |l CUPID
, CUORE Upgrade
- Continue data taking until - Upgrade Of the C")’Cling"ir i with Particle IDentification CUPID
meeting our goal: system to improve Pulse Tubes  Scintillating cryogenic

performance and coupling to

3 tonne - yr TeO; exposure calorimeters to overcome

(~| tonne - yr of 1307e) the cryostat CUORE-sensitivity- ||m|t|ng
. - 1 cooling power a background (P
with 3+ setting - 10Te = 10Mo 7 LAty

- Estimate: end up
data taking by mid 2026

INnstead of 4+ | 2528 — 3034 keV

J8F - | vibrations - 104 cts/keV/kglyr
- Large statistics to perform ' X< \7\ target background
nigh sensitivity searches in - ' - Same cryogenic
several channels (fiff decay - Lower thresholds — high nirastructure
dari matter; exotic sensitivity low energy studies o |
phenomena, ...) (axions, WIMPS, ...) {See S.Fu talk in this session}

NeuTel 2025 18 Paolo Gorla - LNGS



>

Conclusions and perspectives CUORE

» CUORE proved the scalability ot the cryogenic calorimeters technique to tonne-scale
detectors thereby paving the way to rare decay searches with cryogenic calorimeters

v We exceeded 2 tonne - yr TeO; analyzed exposure and data collection is progressing towards

our goal of a final 3 tonne - yr TeO, exposure (corresponding to ~1 tonne - yr 130Te)

v We found no evidence ot Ovff decay with 2039.0 kg - yr TeO, exposure ana

set a new limit on the halt lite for such decay of T(l)fﬁﬁ >3.5-10% yr (90%C.L)

v Many interesting analyses ongoing also beyond ff decay: background-related studies (e.g. muon

reconstruction), multispectral (search for decays in multiple-crystal events) and low energy studies

v Important feedback for CUPID, both for the cryogenics and background budget
v After interventions on the cryogenics and before the CUPID detector installation, a CUORE

phase |l dedicated to low energy studies (dark matter searches, e.g. WIMPs, axions, ...) is
plannead

NeuTel 2025 19 Paolo Gorla - LNGS



