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CUORE

The Cryogenic Underground Observatory for Rare Events

Science Program: Neutrinoless
double-beta decay, double-beta decay,
decay studies, beyond the standard
model searches
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Located at LNGS Gran Sasso
National Laboratory (~3600 m.w.e.)
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038 TeO2 crystal cryogenic
calorimeters

Began collecting data in 2017,
stably taking data since 2019
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CUORE

Modern lead on top of detectors and side
Roman lead shielding

Custom dilution refrigerator, nested
vessels, and pulse tubes, with vibration
mitigation

Operated at ~10 mK

19 towers with 13 floors of 4 crystals each

Natural TeO, crystals
§x5 x§ cm3, 750 g each

Plates:
300 K

40 K

4K

600 mK
50 mK

10 mK

Top Lead
Shaeld

Side Roman
Lead Shield

Detector
'l owers
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Bottom Lead

Shield

CUORE Cryostat
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Cryogenic calorimeters: operating principle

CUORE

Particle interaction
increase crystal
temperature

Thermal coupling to 10
mK heat bath

Neutron Transmutation
Doped (NTD) Ge
thermistors

W22 Wrigh
Lot : Yale

222222222: Heat bath ~ 10 mK
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https://pubs.aip.org/aip/jap/article-abstract/77/7/2857/291730/Isotopically-engineered-semiconductors?redirectedFrom=fulltext
https://pubs.aip.org/aip/jap/article-abstract/77/7/2857/291730/Isotopically-engineered-semiconductors?redirectedFrom=fulltext

CUORE data taking: 2 tonne-yr 2TY)

CUORE

TeO, exposure
2 €XP 2,030 kg-yr
= — 1800 ~
~86 kg-yr S b = B
g y %0 2500 — - Exposure Accumulation - June 2024 _: 700 %0
Alduino, C et al. (CUORE Collaboration), Phys. = — — =
Rev. Lett. 120, 132501 (2018) § — 600 §
= 5000 __ - 2TY (arXiv:2404.04453) E [T
- - -
~300 kg-yr - —]500
, 1500 |— i
Adams, D.Q. et al. (CUORE Collaboration), B —
Phys. Rev. Lett. 124, 122501 (2020) — -
1000 [— 300
~1,000 kg-yr - —200
500 — ]
Adams, D.Q. et al. (CUORE B 100
Collaboration), Nature 604, 53-58 (2022) B -
Dec(:)—2016 Dec-2017 Dec-2018 Jan-2020 Dec-2020 Dec-2021 Dec-2022 Jan-2024 0
~2,000 kg-yr
Adams, D.Q. et al. (CUORE Collaboration), Data taking is divided into ~1.§ months long datasets

arXiv:2404.04453 (2024)
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CUORE2TY energy spectrum

CUORE

Adams, D.Q. et al. (CUORE Collaboration),
arXiv:2404.04453 (2024)

2 TY Improvements

De-noising using auxiliary devices
Vetter, K. J. et al. arXiv.2371.01137 (2024)

Search for neutrinoless double 10°
) B Base cuts beta decay at ~2,500 keV —
10 Base cuts + AC ~ 10 A ‘
T;. Base cuts + AC + PSD 210, NE C / A "
~ 10 Y ; E il Il
50 = Co - 190 i — 107°F
v, = N Pt I -
n - T 0 | J E -
% = '\J NI 2l4pg | “*Th 226T e | 1071 Undenoised ANPS, avgRMS 13.69 mV
ﬁ = N" - | 2381 | Ra .22~2Rn224R = Denoised ANPS, avgRMS 8.11 mV
= B | | & V 10 i,
S 107 1y w)’ l - 1 -
@ = W. | ﬂ || J Frequency (Hz)
1072 = A L l N s I
1000 2000 3000 4000 5000 6000
ke\l/ Enprgy (keV) Updates to multiple analysis methods and
SCaie

2030.0 kg-yr TeO, (567.0 kg-yr3°Te)

Yale
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CUORE analysis chain CUGRE

1. Triggering 4. Ehergy Calllbratlon
Data is continuously 2 [ Cﬁgiaratfnga%rlrgztfgs
saved and can be re- g o | CUORE Preliminary g P
triggered offline of | |
10 i ) i : MI Event M2 Event
ittt 5. Building coincidence
Reconstructed Energy (keV) e
events e K
:F Aangphile Differentiate events that — —
2. Amplitude Evaluation =~ OcCcur in Onetolr multiple
. N crystals
Calculate the amplitude of 04 b
pulses using an optimum 2E ,f |
filter, which maximizes " o~ 6. Pulse Shape Analysis
signal to noise ratio R S A , , 3 LSS I
’ ’ ) ‘ " i Save pulses with physical ——t
i shapes
é 2910 E jzzg CUORE Preliminary
3. Gain Stabilization E , S
. o 7. Peak Salting w0 — Bl
Correct for calorimeter 13 o | 00 — Unblinded
gain dependence on drifts B Data blinding technique, that 2005
in temperature S0 S0 S0 00 s moves data from a nearby peak i |

2620 2640
Energy (keV)

2500 2520 2540 2560 2580 2600
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CUORE analysis chain

1. Triggering e - Energy Callbration
Data is continuously il C&éli?wratfnga\l/%mgztgs
saved and can be re- 2 J P

triggered oftline

M2 Event

In the 2TY dataset, we built upon these

repsssmeentid LcChniques for keV-scale searches such as
ulses using an optimum oap - .

e which maxi?ﬁit;es direct dark matter detection
signal to noise ratio '0-20:

gz:z%: $ % "°E CUORE Prelimi

§2905; g 700;_ Exposure: 1038 kg.yr
- I . 2000 S 00
3. Gain Stabilization o : S sl

. ok 7. Peak Salting i — bl
Correct for calorimeter : _— 00k
gain dependence on drifts 3 5 Data blinding technique, that 0
in temperature S0 SA00 T s00 0000 moves data from a nearby peak R N .

Energy (keV)
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Tools for keV-scale searches

CUORE

CUORE Data Simulations

300K —
40K | Outer shields
4K‘ - Cu OFE (+SS)
Still ‘ Inner shields
HEX‘ | Cu OFE
Monte Carlo Background Model .
‘ Pb Roman

Adams, D.Q. et al. (CUORE el

Collaboration), arXiv:2405.17937 (2024) jEEdE | -

-~ Cu NOSV
T
;« ~3500- lm | ) Crystals
g L A /' TeO,
= 4000
4 500)-
o 2 s 6 310

Mock Data Steam l

Beretta, M., Biassoni, M., Gironi, L. etal. =~ |
Eur. Phys. J. Plus 136, 89 (2021) Bt amtn

Efficiency vs Energy Ds3816

||| EEE Building upon: Low energy analysis techniques for
CUORE. Eur. Phys. J. C 77, 857 (2017).
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Status of low energy analyses CUGRE

Fractionally charged particles (potential search)

Solar axions (potential seiarch) Solar axion
| ..................

5 keV 10 keV 15 keV 20keV

On 1TY data

On 2TY data Search for fractionally
In progress charged particles with

' CUORE. arXiv:2406.12380

" Yale RICAP 2024 | Latest Results from the CUORE Experiment S.Pagan 11

On 2TY data

In progress




Results of 2TY keV-scale processing

UORE

1500 -

# of channel-ds pairs

W2 Wright
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Threshold Distribution

0

Bl all 2TY ds

i Optimized [3,10] keV [10,20] keV
| region of interest channels channels
| Exposure of TeO> 11.4 kg-yr 691.0 kg-yr
FWHM Baseline 1.2 keV 2.5 keV
(noise resolution)
FWHM Energy
\ resolution at 30 16 keV 57 keV
5 10 15 20 25 30 keV from Te x-
Energy [keV] rays
Thresholds of bolometer-dataset pairs in the 2TY dataset,
method from [1]. Vertical lines at 3 keV and 10 keV.
(1] S Di Domizio et al 2011 JINST 6 P0O2007
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https://iopscience.iop.org/article/10.1088/1748-0221/6/02/P02007

CUORE 2TY low energy spectrum

CUORE

g
>
[3,10] keV <
dataset ¢
;
[10,20] keV %

dataset
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Candidiate:
123Te, 121Te

Basic Cuts (BC) - 17.7 kg yr

- BC + Pulse Shape (PS): <¢,.>=0.64

BC + PS + Detector Selection - 11.4 kg yr

Candidate:
210Pp

10 20 30 40 50 60
Energy (keV)

Basic Cuts (BC) - 1120.6 kg yr

- BC + Pulse Shape (PS): <¢ > = 0.76

BC + PS + Detector Selection - 691.0 kg yr

Candidate:
210Pph events In
TeO2 crystals

Candidate:
Nuclear recoils Candidate:

210Pp in Cu 12omTe

200

20 40 60 80 100 120 140 160 180
Energy (keV)
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L.ow mass dark matter CUGRE

Weakly Interacting Massive Particles (WIMPs) Annual Modulation Search

1 0—2 1 | | I | I T ] ] | | | | I 1 1 :'%n - mIOdU|a':tion _
E\ " — GUORE, 5y (75% duty) [10-28] keV g 0.06 amplitude in TeO2 ~ 5GeV
TeO, target: AN —GUorE 8 7ok o 1 e :
] . B - - CRESST-Il (2016) = 0.04|= 20 Geb
combines high 10 E - XMASS (201 _ z
— - 0.02
and low mass - -
. _4 B ] 1 '—:\_‘h*
nuclei = 107°E = _
Q = - 0.02f~
S 105 E .
Sensitivity - - S
estimated frOm 8 :_ DQO% PAMA pos.,itive signa_: E_
10 = \ - interpretation from = =
’ = JCAP04(2009)010 = 5
CUORE’s expected - . - (EXE010 S <
exposures USing 1 0—7 | ] BN T | ] L gl > | | ' I 3
results from 1 10 , 10 10 3
CUORE— mW [GGV/C ] 10-70_'""""'1'6”"'"2"0‘"””éﬁ'"'""f(')” ""5*()'"""”36”')5”"“'8'0
O Eq [keV]
Eur. Phys. J. C (2017) 77: 857 F. Alessandria et al JCAP0O1(2013)038
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https://arxiv.org/pdf/1209.2519.pdf
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Solar axion-like particle searches  C 5q¢
Detectionin CUORE

Search region of interest and

production mechanism Absorption
Zae Axio-electric effect
gaN - e”
Fe atomic de-excitation 57Fe /
M1 nuclear s Sae
transition Zre Z'e
Say ERREE I Time dependent conversion
Blackbody photons

Inverse Coherent Bragg-Primakoff conversion

Primakoff conversion

{ -
5 keV 10 keV 15 keV Ze
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Solar axion-like particle searches  C 5q¢

Search region of interest and Detection in CUORE

production mechanism Absorption
Axio-electric effect
gaN - e
57Fe /
M1 nuclear s Sae
transition zfe Zre

s keV 10 keV 15 keV
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M1 solar axion search sensitivity CUGRE

CCVR result: 44 kg d , o
|| EPELWEISSHI: 3 kg yr CUORE’s sensitivity to the M1
| —— PandaX-ll: 74 kg yr .
10-14] — XENONNT: 1160 kg yr solar axion search based on 2TY
| ---- CUORE at 10 keV: 691 kg yr - 2.3 d.r.u. - 2.7 keV FWHM . .
| RS CUORE Phase I+l at 10 keV: 1 ton yr + 691 kg yr - 2 d.r.u. - 2.5 keV FWHM prOceSSlng and ﬁndlngs
| CUORE at 3 keV: 11.4 kg yr- 1.6 d.r.u. - 0.8 keV FWHM ;
CUORE I+Il at 3 keV: 100 + 11.4 kg yr - 2 d.r.u. - 0.9 keV FWHM ; .
— 1077 CUORE Optimistic scenario: 1 ton yr - 1 d.r.u. - 1.85 keV FWHM Included scenarios of upgrades
o | to CUORE for future dedicated
o
= low energy runs
? CCVR: JCAPo5(2013)007
10_17§
: EDELWEISS-III: Phys. Rev. D 98, 082004
PandaX-II: Phys. Rev. Lett. 119, 181806
0 2 4 6 8 10 12 14 16

M, [keV] XENONNT: Phys. Rev. Lett. 129, 161805
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M1 solar axion search sensitivity

10—10
Solar U

XENONIT
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10V

101
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Mg [eV]

Ciaran O’Hare, https://cajohare.github.io/AxionLimits/
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10—14
CCVR result: 44 kg d
—— CUORE 3keV sensitivity: 11.4 kg yr
—— CUORE 10keV sensitivity: 691 kg yr
S —15
=10
®
@)
)
©
S 10-16
1071 — - - ' ' | |
0 2 4 6 8 10 12 14
1010 m, [keV]
10—11_
To
©
k=) CCVR result (KSVZ Model)
10_12_ CCVR result (DSRZ Model)
——————— CUORE 3keV sensitivity(KSVZ Model)
—— CUORE 3keV sensitivity (DFSZ Model)
——————— CUORE 10keV sensitivity (KSVZ Model)
13 —— CUORE 10keV sensitivity (DFSZ Model)
10 - - ' '
100 101 102 103 10% 10°
m, [eV]
CCVR: JCAP05(2013)007
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https://cajohare.github.io/AxionLimits/

CUORE keV-scale background model _ 5:¢

Geant4 simulation combined with CUORE
10°; detector response
f Data Close parts 14
. 10Y Shields Crystals
|; 0\\""\ N . ‘
Ty " SN Over 60 simulated sources: Including
1107 4 | — TE 2vBp decay in the crystals and
R - :
£ 19-2 : contaminants
= = -
S 10~ _.J Jj
' Produces multiplicity, time resolution,
10~ 1000 2000 3000 4000 5000 6000 energy dependent trigger efficiencies
Energy [keV]
Data-driven background model for the CUORE Experiment WOt‘k IS 1N Progress o expand to the
arxiv:2405.17937 kev_ SC al e
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What comes after CUORE?

CUORE

Continue successful data
taking campaign to reach
3 tonne-yr of TeO,
exposure

W22 Wrigh

CUORE

CUORE Low Energy Runs

Proposed low-energy
focused improvements
Added noise mitigation
and detector upgrades

RICAP 2024 | Latest Results from the CUORE Experiment

Upgraded Technology/Systems
Li,’ooMoQ, scintillating cryogenic
calorimeters
Particle identification
Muon veto
Noise mitigation

S.Pagan 20
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* CUORE has been stably taking data since 2019, and has collected over 2 tonne-yr of TeO, exposure.

CUORE has produced several results and world-leading limits in the search for neutrinoless double
beta decay. We are now pursuing work to extend analyses to lower energies.

* The 2 tonne-yr reprocessing included new variables and methods developed for keV-scale searches.

We've completed this processing and are studying our energy spectrum below 100 keV down to
thresholds as low as 3 keV.

Dark matter searches are in progress for solar axions and WIMPS using this dataset!

* Dedicated low-energy focused runs are planned for after the completion of CUORE'’s data taking
with enhanced vibration mitigation and other possible improvements.
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