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Double-Beta Decay Signature

Summed-energy spectrum of final state electrons

e Experiment searches for a peak at Op
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If background free:
iIsotopic abundance of source

detection efficiency Sxa-e - M-t
detector mass

background index near Qgp
exposure time ®* Diverse techniques employed by the community,
energy window (resolution) CUORE/CUPID/AMoRE use cryogenic calorimeters
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Cryogenic Calorimeters

® [he absorbed energy causes an increase in absorber temperature

® Use temperature change to measure energy absorbed Thermal bath
Thermal
© Thermometer «— coupling
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® [or dielectric cr | rbers, n ity ~ 13
or dielectric crystal absorbers, heat capacity Aorber

® I[ypically operated at ~10mK

® Relative energy resolution of 0.2~0.3% FWHM routinely achieved
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Scintillating Cryogenic Calorimeters

® |f the absorber also scintillates measuring both the thermal and light signal can allow
particle discrimination
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® L ight detection at mK temperatures is achieved with secondary calorimeter (such as low-
mass Ge watfer)
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Cryogenic Calorimeters

CUPID: 1027 yr

Adapted from Rev Sci Instrum 89, 121502 (2018)

1026 = | | |  CUDRE - | —

10%° ;—
B b - @ Cryogenic calorimeters have a long
= - - history in double beta decay
® 1022 =" =
S 2L @ Pioneered by Fiorini and collaborators
. - since the 1980s, (E. Fiorini and T.O. Niinikoski,
+ = - Nucl. Instrum. Meth. A 224, 83 (1984))

10%° - =

— '6g 5 5 5 i i ? - —
Y S S IV A I I - @ CUORE demonstrates that large, tonne-

1990 1995 2000 2005 2010 2015 2020 2025 scale arrays can be operated stably at

Running period ~10 mK for long exposures
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4 TeOq2 crystals (5 cm x 5 cm x 5 cm) per floor
13 floors per tower

Cu frames

Ge thermistor

Si heater

19 towers In total

Sample Event Waveform
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- Relatively slow detectors
0.6 —

pulse duration ~1 second
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C U O R E :Cryogenic Underground Observatory for Rare Events

>

CUORE

® Hosted at Gran Sasso Underground Lab

® Close-packed array of 988 natTeO». bolometers
(Total active mass: 742 kg)

® Operated at T~15 MK

® Primary physics goal: Ov3@8 decay of 130Te

p Isotopic abundance 34% => 206 kg
p Q-value: 2527.5 keV

® Cooled in a custom-built dilution refrigerator

cryostat

® CUPID keeps the concept: close-packed array,

copper frames,
heaters.

D

= spacers, N

D thermistors, Si



The CUORE Cryogenic facility @

1m

T. O’Donnell, UGRP 2026
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CUORE

Cryogenics 102, 9-21 (2019). arxiv:1904.05745
Cryogenics 93, 56-65 (2018). arxiv:1712.02753

® A milli-Kelvin facility for tonne-scale detectors

® Precooled by 4 cryomech PT415 pulse tubes (+1 spare)

® Custom-built 3He-4He dilution refrigerator

® cooling power: ~5 pW at 10 mK (“unloaded”)

® ~3 pW at 10 mK ( with cryogenic lead shielding)

® Cryogenic vessels and internal shielding:
®12.7tonnes <4 K
® 4.5 tonnes < 50 mK
® 1500 kg @ ~10 mK ( detectors + materials)

® | argest cold mass operated continuously for nearly a decade

® CL
cha

o

D will reuse this faci
racterized with CUOR

lity, radiogenic backgrounds well

- data



The CUORE Cryogenic facility

CUORE

Cryogenics 102, 9-21 (2019). arxiv:1904.05745
Cryogenics 93, 56-65 (2018). arxiv:1712.02753

® Cooldown time ~ 1 month

Cooldown 300K —> 4K Cooldown 4K —> 10mK
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Cryogenic facility: Shielding

CUORE

® [nternal cryogenic lead

= ~30 cm thick top lead (modern)

= ~6 cm thick ancient Roman lead (lateral
and bottom)

W Lads 94

T. O’'Donnell, UGRP 2026 10



Cryogenic facility: External Shielding

Y-beam

Vibration 1solation

CUORE

Main support plate

s

® External radiation shielding

Cryostat ,
' N = 18-cm-thick polyethylene (lateral and
Concrete beams H,BO; panels bottom)
Sand-filled columns Lead .
= 2-cm-thick borated panels (lateral and
Polyethylene bhottom )

Concrete walls —»

Screw jacks Borated polyethylene = 25-cm-thick lead shield (Iateral and
Movable platform : bottom )
Seismic isolation > | 4 = Shield can be lowered for cryostat access

T. O’'Donnell, UGRP 2026 d \ 11



® \ibration mitigation:

= De
VID

tectors suspended from Y-beam

ration isolation platforms on mair

mounted o
support p

Cryogenic facility: Vibration

N Minus-K

ale

= [exible bellows teedthrough and flexible thermalizers
reduce mechanical coupling

T. O’Donnell,

300K
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CUORE
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Cryogenic facility: Vibration Mitigation

gation Pulse Tubes (PTs)

lves removed from the PT

1ds and hung on bungee cords;

yurethane ring at the 300 K plate
rface; tlexible copper braids to the 40 K

1 4 K plates

Phases:
2clally se

rotary valves driven by
ected low-noise microstepping

tors, rela

Ive phases of the pulse tubes

ed to minimize detector noise

mpressors: ~15 m away, on elastomer

unts; He

flex lines pass through a 1.5

ne quartz-sand box

T. O’Donnell, UGRP 2026

Cryogenics 102, 9-21 (2019). arxiv:1904.05745  Buffer volumes
Cryogenics 93, 56-65 (2018). arxiv:1712.02753
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CUORE

+ Pulse lubes
remote motor
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_ .

; PT cold heads
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dilution unit

Motor-head ﬂexlin\eA

Electric insulator

Motor-head with rotary valve

High/low
pressure inlet
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® Noise sources:

= pulse tubes (dominant, in the 0-20 Hz
signal band),

= human activity

= seismic noise, earthquakes, sea swell

® Mitigation:

= Active control: PT phase tuning

= Monitoring: seismometers,
erometers and microphones in the

acce
CUO

q

- hut

= Software denoising with these sensors

T. O’Donnell, UGRP 2026

Power Spectral Density [mVA2/Hz]

CUORE: Active Vibration Mitigation
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CUORE

Average ANPS Before and After Denoising
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EPJC 84, 243 (2024);
Commun. Phys. 9, 121 (2026);
14



CUORE Status

* A decade of data taking: 2017- 2026

CUORE

- Exposure Accumulation - Total

e O083/988 detectors operational (~99.5%)

Science 390,1029-1032 (2025)

Optimisation/Maintenance campaigns

Exposure (kg-yr)
(V)
S
S
S

e Main physics data-taking concluded in June 2026

with 3.37 tonne-year of TeO2 (before analysis cuts) 00 & 83
e Jechnical runs ongoing (low gain runs, temperature = B 3 5!
scan etc) 000~ § 2 .
-4 :
. . s00f— '
e Analysis of full exposure ongoing =
2019 _ 2026 Operatlon efﬁCIenCy: 0= rgec—|2017l | |Jan—|2020I - IDec-|2()21I | Jan-2024 Dec-2025
58.0 %
D 2 N
\ '0.4% E/ E ‘ Nature 604 53-58 (2022) B
1.8 % = — ——
0% < ()Em:: He ' } e e :ho“f SIS R— vgun-tw : ,ni
14.4 % —134% o —IE '=
Physics Calibration _Z;pr 2019  Jul2019  Oct2019  Jan2020  Apr2020  Jul2020  Sep 2020 | L 10 102 100 108
Maintenance NPulses Entries
Setup Optimization ®* Cryogenic temperature stable to <0.2% level

T. O’'Donnell, UGRP 2026 15
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CUORE

Current 130Te Ovff decay results

180r= Best fit ® No evidence for Ov[3(3 decay
------ 90% C.I. limit on I',

[

o)

-
|

T% >3.5% 10 yr (90%C.1.)

ek

N

-
|

® [nterpretation in context of light
Majorana neutrino exchange

Counts/(2.5 keV)
S
? S

o0
S
|

oN
S
|

| | | | |
2480 2500 2520 2540 2560

Energy (keV) Detector Performance Parameters —
® [otal exposure: 2039.0 kg-yr TeO2 / 567.0 kg-yr 130Te ROI Background Index
. . 0.03 —2
® Bayesian Analysis (1.42*77;) X 1072 ccky

® Likelihood model: flat continuum (Bl), posited peak tor OvE[3

o Characteristic FWHM resolution at Qgg
(rate), peak tfor 60Co (rate + position)

(7.310 £0.024) keV

® Unbinned fit on physical range (rates non-negative), uniform
prioron I, Science 390, 1029-1032 (2025)

T. O’'Donnell, UGRP 2026 16



CUORE Background model

6

CUORE

® Reconstruct CUORE continuum background Phys. Rev. D 110, 052003 (2024)
® GEANT4 simulation with high-fidelity detector geometry
| 300K
® 02 sources considered
40K | Outer shields
® Post processing to account for detector response (energy 4K Cw OFE (+55) rya
response, timing, pileup etc) to produce expected detector il Tnner shields o
spectra HEX Cu OFL Cn NOSY
: : : : : - MC
® Exploit coincidences & detector self-shielding to constrain ngR NTD
. . o1narn e
location and particle type of sources ;
S . . - - TSP TL O NOSV
® Bayesian fit to single-site, multi-site, summed multi-site Pb modern
SpeCtra . Spacers
multi site ~ Close parts PIFE
s Cu NOSV Wire tray
? & l N . Cu NOSV
) 8 S lm Crystals
Xl < TeO,
<k K
._ *1 "ﬂé 1 . 3. . (c 3y
%‘tﬁ} Surface fi/a, Shields”: cryogenic thermal Close parts”:Cu frames,
) 52 multi-compton radiation shields + ionizing PTFE spacers, wire trays

Bulk f/a, single compton
T. O’Donnell, UGRP 2026

radiation shields

17



® Allows so
backgrou
particular

cryogenic in

holders

Urc
ale

A

es/locatio
to be cha

Nose coml

NS Of

racterized,

ng from
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Total
C'rystals
Close parts

Inner shields

ILS
ELS+TL
Outer shields

L4

B All components
B /8 component

0%

SER
BI [counts keV~! kg™t yr1]

T. O’Donnell, UGRP 2026
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CUORE Background model

CUORE
Phys. Rev. D 110, 052003 (2024)
10
Data Close parts [
o 10Y Shields C'rystals
'; % T
T 10 SN
7‘> 10~ L I ___‘ —
: =¥ L
= 1077 J = =
~ 10—3-; J
10~ 1000 2000 3000 4000 5000 6000
Energy [keV]
® Background from “Close parts” (copper tower frames,
PTFE holders etc) is dominated by degraded alphas

18


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

® An outcome of the background model is a
measurement of the 130Te 2vf) decay half-

ife and investigation of spectral shape

T7h = (9.32F003 stat +007 gyst) x 10°%yr

—0.04 —0.07

® Most precise measurement of the 130Te 2vff decay
half-life

® Data prefer the single state dominance (SSD)
spectral shape

® Results from 1038kg-yr TeO2 exposure (1 tonne-yr
data set)

T. O’Donnell, UGRP 2026

Counts / keV

Data—Model

Current 130Te 2v// decay results

CUORE
Phys. Rev. Lett. 135, 082501 (2025)
Reconstruction 2v spectrum
i ____1+ Background $ Data

s® 2 eg0 g ‘o Un® o8 °o
e '{#!.’.?".;"’fm‘o’:. Pk o f.' e- o

J’Qn* .‘ ‘I

500

1000 |

1500 2000 2500

Energy [keV]
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CUORE '3 Te CUPID '9Mo

T i - s f;";t'"at'"g —_— ~ » TeOs array will be replaced witr
Weak _,,,Mg,&«_ ) P — scintillating Li2'"99MoQO4 array equipped
Coupin Light -~ Imemees|  Cryogenic light detectors
Cosar < (Thermometen ey Y { » CUPID will reuse the CUORE cryogenic
I infrastructure
incident * Backgrounds from this infrastructure are

\ o J \ j characterized

A
«Qus = 2527 keV < 2615 ‘%{3(;3;(52%34 keV: Most B/y backgrounds g

'i/leevagjfekomy heat :lﬂa?r?iiuerelg?;har;?iiteg/ lcijg?gctzriminate o 2 L\ S} '
eNo particle ID Sarticles - 00 ‘

>
Heat Signal
T. O’'Donnell, UGRP 2026 20



CUPID: CUORE Upgrade with Particle ID 142

From CUORE background model

1()1 : Data o component |

1 N\ g ‘ Y / [ component (. component \ J

“hy L] Uh - ‘ |

100 iy CUORE" F :

] ki_“”[L_ﬂ " ROI ’

r“‘\ﬂ.' ‘ CUPID | ‘ J
- H\yj} JLI

Counts / keV / kg / yr
= =

—_
=
w

10~

1000 2000 3000 4000 5000 6000
Energy [keV]

@ Higher Q value (3034 keV) reduces f/y background in CUPID ROI (10x w.r.t CUOR
® >99.9 % efficiency of a tagging with > 90% [/y acceptance

ROI)

® Add muon tagger, increase neutron shield thickness by 10cm and coverage to ~4rx

® Optimize design, production, assembly, to minimize background from close parts and active
detector elements

T. O’'Donnell, UGRP 2026 21



CUPID Baseline Design

® Array of 1596 Li2199MoQ4 (LMO) scintillating crystals
= Single crystal dimensions: 45x45x45 mms3 , mass: 2809
= Enriched to 95% in 100Mo (from 9.7% natural)
= 450kg of LMO —> 240 kg of 100 Mo

® | ight readout with Ge wafer secondary calorimeter

= Upper and lower light detectors for each LMO
(1710 in total)

= Signal amplitication with Neganov-Trofimov-Luke (NTL) effect

® Open design to allow for coincidence tagging

® Based on experience with CUORE, and demonstrators CUPID-0

(825e) PRL 129, 111801 (2022) and CUPID-Mo(19°Mo) ERPJC 82, 1033
(2022)

T. O’Donnell, UGRP 2026

2 LMO +2 LD per floor

NTL light
detector
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Si heaters

NTD thermistors

14 floors per tower + top LDs
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CUPID Staged Deployment

® Plan for a staged deployment in CUO

:{

- cryostat

® CUPID Stage 1: 1/3 of full scale, 80 kg 100Mo
e CUPID (full detector): 240 kg 100Mo

T. O’Donnell, UGRP 2026

CUPID Stage

57 towers

23



Eur. Phys.J. C 82,810 (2022)

e TJest array with CUPID-like geometry, natural

LMOQO crystals operated at LNGS > 1af
. 2 ] Standard configuration
e [ested with smeared alpha source to >
" _ . " ‘.% Th source Gravity assisted configuration
produce high-statistics degraded alpha > f
events ﬁ 0.8
e > 99.9% alpha rejection 2 06
0.4 .
: Smeared o source Fo
 [4mm | [ Gravity Assisted LD 0.215 v
Standard conﬁguration/ | G&Vr:?/gﬁf:t'f;ﬁd 0 5 " A s e
- ' ! | | ! ! |
— L T s 0 2000 4000 6000

Energy [keV]

T. O’Donnell, UGRP 2026
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T. O’Donnell, UGRP 2026
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MO ¢

= mproved L
= Ccryogenic test is ongoing.
= Preliminary results indicate a factor ~3.5 improvement in the

Bly—a discrimination power

er shape
® First proto
= (28 LMO crystals,30 L
= (Good temperature stability
= Average FWHM reso
= Median light
(o]

ype

vield of

_MO: 0.36

ype tower

rystals, 30 LDs;

® “(Gravity assisted” tower design, reduces inert materials
d the crystals compared to CUORE

for easier clean-machining and cleaning
tower cryogenic test
Ds; no NTL amplification)

ution of LMO at 2615 keV (6.6 = 2.2) keV

<eV/MeV

D mounting; with NTL amplification
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p L

Test production of 15 enriched LMO crystals for

CUPID is cL

b

P

/ e

powder has

-

rrently underway.

4.4 kg of enriched molybdenum (> 95%) MoO3

been produced by IPCE (China)

—nriched LMO crystals have been grown by SICCAS
(China) same producer as the CUORE crystals.

_ ® Preliminary measurements (without NTL amplification)
. Data from SICCAS Li2MoQO4, no NTL ,
. show encouraging results:
075 B/y events ~ |
a events = Energy resolution close to CUPID target (5-8 keV)
= |ight Yield (LY) at the level required by CUPID
® Once in production mode, crystal batches will be
. tested in bolometer Crystal Validation Runs to monitor
CFf S radio purity and detector performance

2000 3000 4000 5000 6000 7000 8000 9000
LMO energy [keV]

T. O’Donnell, UGRP 2026
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CUPID Infrastructure Upgrades

+ Pulse lTubes

<
i

300 KT:{' '

40 K

dilution unit

Cryogenics 154 (2026) 104276
Cryogenics 45 (2005) 9, 626-636

Cryogenics 102, 9-21 (2019). arxiv:1904.05745
Cryogenics 93, 56-65 (2018). arxiv:1712.02753

T. O’Donnell, UGRP 2026

PT cold heads

® Upgrade the pulse tubes from Cryomech 415-RM to
Cryomech 425-RM

= Higher cooling power at 4K
= Allow to run with 3 PTs +1 spare instead of 4 +1 spare
= Easier optimization of remote motor phases

® Add heat switches to reduce heat load from idle PT

® Replace copyper braids coupling PT 40K and 4K heads
to cryostat with 6N purity Al braids

= Higher thermal conductivity in that temperature range

= More flexible than Cu braids, reduces mechanical
coupling

= Upgrades are planned for 2027 and data taking with
the CUORE array in 2028 to characterize performance

27



CUPID Infrastructure Upgrades

® Add 10 cm of lateral and bottom polyethylene
neutron shielding

® Add bottom and lateral scintillation panels for
muon tagging

® Add 20 cm thick water Cherenkov neutron
shielding around the top

T. O’Donnell, UGRP 2026
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e CUPID background goal is 1 X 10™* counts/keV/kg/yr

® Projections based on simulations with full detector geometry, data-tested cryostat background

model, data-driven assumptions about detector purity, P!

CUORE background model

CUPID-0 background model

Holder

Modern Pb }I _ I Crystals &
Roman Pb ‘ Reﬂector S
Roman Pb HE_
J Characterize 3/y background from ‘ | Alpha-rejection capable array
i Cryogenic system and detector | | Confirms the B/y background from

‘ holders in the 3034 keV ROI

T. O’Donnell, UGRP 2026

Eur.
Eur.
Eur.

| detector holders in the 3034 keV ROI

hys. J. C 82, 1033 (2022),Phys. Rev. D 110, 052003 (2024)

nys. J. C 79, 583 (2019), Phys. Rev. Lett. 129, 111801 (2022)

-

nys. J. C 83, 675 (2023),Eur. Phys. J. C 80, 44 (2020)

D performance

CUPID-Mo Li2MoO4performance

|

\\
s -
W

i of large of highly enriched |
- Lio T00MoQOg4 »

Data confirms:
* a tagging performance
 Radiopurity of crystals

. * Energy resolution |

29



Assumes muon tagger + additional n shielding Total
\ Neutrons
Pileup of two .21/,5,8 decays in ROI, assumes Muone ‘ ol b4 \\S
timing resolution of NTL light detectors O
(JINST 21 P01035, arXiv:2606.17948) T |
Pileup

Assumes radioactivity measured with CUORE

T Cryostat and Shields ‘ 0.09-10~4
Assumes LMO radiopurity, PID, from CUPID-Mo —  Crystals | 0.12-1074

Assumes parts radiopurity measured in CUORE/ Close Components

CUPID-0/CUPID-Mo PID performance measuredin |
CUPID-0/CUPID-Mo

1076 107> 10~*
Background Index [counts/keV/kg/yr]

10 uncertainty band ——— I‘\ best estimate
T. O’'Donnell, UGRP 2026 30


https://arxiv.org/abs/2606.17948

CUPID Expected Sensitivity

* Assumptions and sensitivity goal

1031 @ 7%Ge | | Pzzr:etiirsfrom NUFIT 6.0 Lt
| . 1222": | Ior 3 ban NG 35 Eara
100Mo mass 240 kg = 3 r e
Qs 30344 keV 3T .
LMO detector mass 450 kg 5 I I I ¢
Energy resolution FWHM in the ROI 5 keV > 10 .
Background index 1-10~* counts/(keV-kg-yr) E
Signal efficiency (Containment x Selection) 77.7% x 86.3% 3
Livetime 10 yr 1
T 10/”2 discovery sensitivity (30) 1-10%7 yr
" O%O 4470/%\ (&62(\40\ I\S\&Ox l%/)%—k/ l,f?\_)e 146:,}‘\:2_1 ) ““i?rjligh;est‘(llﬁe‘\‘/‘;:bl a .“‘ioz
« 30 discovery sensitivity on Mg : 12 - 35 meV
T. O’Donnell, UGRP 2026
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CUPID Timeline

2027 |2028 |2029 |2o3o |2o31 |2o32 |2o33 |2o34 |2o35 |2o36 |2o37 |2o38 |2o39 |204o |2041 |2042 |2043 |2044 |2045

Calendar Years

Production - Stage |

Enriched Crystals
Production - Stage Il

Stage |

Detector Assembly & Deployment

Commissioning & Data taking

Stage i

Detector Assembly & Deployment

Commissioning & Data taking

CUPID-Stage 1

CUPID-Full Detector

BI [10~*counts/(keV -kg-yr)] 1.3 1

LisMoO,4 mass 150 kg 450 kg

Live Time 3 yr 10 yr

Resolution 5 keV 5 keV

Containment efficiency 77.7% 77.7%

Signal selection efficiency 86.3% 86.3%

30 discovery sensitivity (Tlo/’/Q) 0.2 -10%7 yr 1-10%7 yr

3o discovery sensitivity (mgs)  (27-79) meV (12-35) meV

T. O’Donnell, UGRP 2026
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Summary %

CUORE CUPID

® CUO

:%

- demonstrates the era of tonne-scale cryogenic detectors for double beta decay

has started

® CUO

:%

- has completed its main physics data taking program and analysis of the 3 tonne-

yr dataset is ongoing

® CUPI

D will exploit the unique cryogenic infrastructure developed for CUOR

® Preparations for CUPID are underway

= CUPID Stage 1: aims for 3o discovery sensitivity on Mg : 27 - 79 meV by 2034

= CUPID: aims for 3o discovery sensitivity on Mpg: 12 - 35 meV by 2045

® [he planned generation of experiments offer complementary approaches and will probe
well into the inverted hierarchy parameter space. This is “uncharted territory” a discovery
may be waiting for us |

T. O’Donnell, UGRP 2026
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