LATEST RESULIS FROM THE

CUORE EXPERIMENT

Claudia Tomei for the C UORE Collaboratwn g K

> INH\I Sezzone di Roma

S 7 :
. @ -
Y \
b

,./‘//A(_" p ‘
; R / WIN 2023, Jul 2 -8, 2023 Zhuhai (Chma) N
MVZOZB \ » 7 N\ |
> ZHQE!A‘I,CHINA \\‘“ "}\1" / \ / 2/ \’ | \




OUTLINE

» Double Beta Decay
» The CUORE experiment

y T mmmm—c— J g
- J ‘ { J‘—%

» Detector performance and
data analysis

» Ovpp results

» Other rare decay searches

Il I
!
- | l
=
!_.
-
o= el
. -
! e
-
-
-
- )

) '
'S c A “\‘ 1Y “ v Y ‘( A ]l )
2 ) \ . e
y

Y
N
N

» Conclusions

C. TOMEI - LATEST RESULTS FROM THE CUORE EXPERIMENT - WIN 2023 - ZHUHAI - 04/07/23

ZHUHAI CHINA



DOUBLE BETA DECAY

even mass number
AL =2
A(B-L) = -2

_ 22 71 % = 70 (A,Z) & (A,Z+2) + 2e-

(A,Z) — (A,Z+2) + 2e-+ 2v Atomic number
Forbidden by the SM, violates L and B-L

2nd order weak process allowed

by the SM m,#0 and W=WC (unique among fermions)
Observed in several nuclei with Half-life = 102526 yp

half-life 1018 yr - 1021 yr _ _ _ _
Link to matter/anti-matter asymmetry in the Universe (?)
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THE HALF-LIFE
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A . 1
2vpp Experimental signature: peak at the Q-value | " >
:
> \
k2 Ov5p Decay mechanism s
J\ (particle physics) is ]
Energy Qps \ Hnknown :

\ o
(101 = G0 oy B e—

» If mediated by light Majorana neutrinos,
constraints on neutrino mass ordering and scale
Phase space factor: known with
good accuracy from atomic physics. Nuclear matrix element 5
Contains the information on the (nuclear physics) m — ‘ E m.: - U:
kinematics in the final state. Is affected by a large 66 v e
uncertainty )
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EXPERIMENTAL SENSITIVITY

» Probed half-lives so far are of the order of 1025- 1026 y, many orders of magnitude
longer than the age of the Universe;

» Experiments have to monitor thousands of moles of atoms for years and be able to
detect the decay in a single one of them.

Detector mass

lsotopic abundance
Measuring time

Half-life corresponding to the minimum \

number of detectable signal events Tou OC
above background at a given C.L. / \

Fnergy resolution Background
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EXPERIMENTAL SENSITIVITY
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» [sotopic abundance — enrichment

» Exposure (M-T) — tons of isotope

» Energy resolution:
> high (%o of Qﬁ[g)
> low (% of Qgp)

IMPORTANT TO MITIGATE
IRREDUCIBLE BKG FROM 2vf3

DECAY AND IDENTIFY AND
DISENTANGLE THE VARIOUS
CONTRIBUTION TO THE
BACKGROUND
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Background

» external background: neutrons,
gammas and cosmic ray fluxes
from the environment

» iInternal background: trace
amounts of radioactivity in the
detectors and the materials
constituting the experimental
apparatus

» 2-neutrino double beta decay of
the same isotope

» events leaking from the 2v

continuum spectrum

» pile-up



THE CUORE EXPERIMENT

» Cryogenic Underground Observatory for Rare Events

» 988 natTeO; crystals at ~10 mK

> 742 kg TeO,, 206 kg 130Te (34% natural isotopic abundance)

> Qpg = 2527.5 keV above (most) natural y backgrounds

: Gran Sasso
. National
”\.‘,_,Laboratory

>

CUORE ey O

GERDA

Rome

Adriatic
coast
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A Artusa, D.R. (CUORE Collaboration), Adv. High Energy Phys., 879871, 2015
https://dei.org/10.1155/2015/879871
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https://doi.org/10.1155/2015/879871

CRYOGENIC BOLOMETERS

7 3001 C(T) x T3
% 55001 A Temperature sensor
S F R(T) = RyeV To/T Heat bath /
2000 | &
1500 - _AE 100uK
000 AT T A =T Mey Absorber Crystal
5005— _C { e
: Y =g~
oF —
- - | | |
\Energy
Thermal coupling release

A Alduino, C. et al. (CUORE Collaboration), J. Inst. 11(07), P07009, 2016
https://doi.org/10.1088/1748-0221/11/07/p07009
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» NTD Ge thermistors biased

with constant current

» Si heaters

» weak thermal link to heat

bath

» particle interactions heat

crystals up

» voltage pulses induced in

NTDs

A Vignati, M., J. Appl. Phys. 108, 084903, 2010
https://doi.org/10.1063/1.3428808



https://doi.org/10.1088/1748-0221/11/07/p07009
https://doi.org/10.1063/1.3498808

THE CUORE CRYOSTAT

» Custom made dilution refrigerator
~ 10 mK base temperature

» 5 pulse tube cryocoolers (no helium bath)

» Nested copper vessels at decreasing
temperatures

» Low temperature lead shielding (top)

» Low temperature roman lead shielding
(side, bottom) Im
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CUORE DATA TAKING

= 2400 F= = = . .
SN J650 = » Data taking started in 2017
é” 2200 — - Exposure Accumulation - May 2022 2600 éﬂ g
= 2000 - Jss50 £ Ce : :
2 1800 - - arXiv:2104.06906 - Nature 604, 53-58 (2022) 500 & > Optimization campaigns imp roved
M — - a8 . K
1600 - e 2450 @ understanding and stability of the
1400 E 5400 = :
oE =550 experiment
— — 300
1000 — — . . .
o =250 » Since march 2019 steady data taking with
— 3725 k =200 .
600 = e It = . >90% uptime
400 |- 5100 . .
200 - = 50 » steadily collecting data at an average rate of
0 Dec-2017  Dec-2018  Jan-2020  Dec-2020  Dec-2021 ~ Dec-2022  © ~ 50 - 60 kg X YI' / month

> Alduino, C. et al. (CUORE Collaboration), Phys. Rev. Lett. 120, 132501, 2018
https/doi.org/10,1103/PhysRevLett 120.132501 1 ton X yr data

analysed and
» Adams, D.Q. etal. (CUORE Collaboration), Phys. Rev. Lett. 124, 122501, 2020 -
https://doi.org/10.1103/PhysRevLett.124.122501 p U b llS h e d

» > 2 ton X yr raw exposure collected

> 2 ton X yr exposure being reprocessed now
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https://doi.org/10.1103/PhysRevLett.124.122501
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevLett.120.132501&v=2f64f12d

CUORE DATA TAKING

» CUORE “data set”: 1 month of background » Voltage output continuously sampled (1 kHz)
(physics) data taking, few days of calibration and stored on disk

before and after

» Periods with unstable data taking conditions
CUORE Run Time Breakdown excluded (e.g. earthquakes)

[ | Background || Calibration
Down Time | | NPulses
Setup Test
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Operational performance:
+ operating T =11 — 15mK
+ 99.5% of channels active (984/988)

Year-long cryogenic stability!

11



CUORE DATA ANALYSIS

Trigger ERS » Derivative trigger: online analysis for quick
: ub Single Ch-Dataset event data quality feedback
S B
< L
0.6— . . . . .
Optimum Filter : » Oftline re-triggering (Optimum Trigger)
0.4_—
02 » disentangle small signals from noise
| B J . i e .
[] ] O_
Gain Correction ) fluctuations
Time (s)
» Jower threshold
Energy Calibration -~ ~ 102
S —— Average Pulse T 10
g O.Sf— f Filtered Average Pulse % 10_11 <
o e g 10
Coincidences < U z 107,
N 10
04 107
02:— 10:3
Pulse Shape 2 / 10
Discrimination (PSD) 0 N 9, Average Noise PS
02 \/ 10~ Filtered Average Noise PS
0 e . e e T ST
Time (s) Frequency (Hz)

Blinding

Matched filter maximizes signal-to-noise ratio
12



CUORE DATA ANALYSIS
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» (Calibration performed with external 232Th-%0Co source

Calibration resolution at 2615 keV

& 3000
= S L 7 78 keV Detector Response modelled on the
‘% 2500 2615 keV line from 232Th chain.
A o00b Accounts for non idealities.
T') - Exposure: 1038 kg.yr
= -
S 1500
v: — 1.4
: : O - = *ﬂ {
Energy Calibration 1000 S Ewe o i
500 |- F
B - = a) a) 3 gaussians peaks
O_ .ﬂ..u L e b - b) Multi-C t
O 5 10 15 20 25 30 35 40 45 50 = ok Hompen
2 = c) Flat background
FWHM (keV) i = d) X-ray escape
g 10° R e) X-ray coincidence
Calibration FWHM resolution S F )
] T st mniminincinibinas :
(7.78 = 0.03) keV at 2615 keV ; TR,
Background resolution rescaled to the N T T T T T T

Reconstructed Energy (keV)

Qualue (7.8 = 0.5) keV at 2527 keV
13



CUORE DATA ANALYSIS
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Coincidences

Pulse Shape
Discrimination (PSD)
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multi-site

(background-like)

Principal Component
Analysis (PCA)

where the leading component

is the average pulse

PCA Reconstruction Erro

800

600

400

200

~88% of Ovpp events involve just

one crystal

assign multiplicity (number of
involved crystals) and total energy

apply anti-coincidence veto for

Ov3p analysis
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1072

C. TOMEI -

— I Base cuts %100.
B I Base cuts + AC ;f 80:
— Base cuts + AC + PSD ST
— —— Best fit é 6():
— —— 90% CI limit on T, = [
40 Background only fit ~ 408

60, K .

Co |

. 2500 2520 2540 2560
| Pt Energy (keV)

230
Th+
2261{a

J‘

] | ] ] |
5000 6000
Energy (keV)

] | ] ] | ] l | ] ] | ]
1000 2000 3000 4000

LATEST RESULTS FROM THE CUORE EXPERIMENT - WIN 2023 - ZHURAI - 04/07/23

15



1 TONNE-YR DATA RELEASE: FIGURES

Parameters Values

Number of datasets 15

Number of channels ~934 average per dataset

TeO, exposure 1038.4 kg yr

130Te exposure 288 kg yr

FWHM at 2615 keV in calibration (7.78 = 0.03) keV

FWHM at Qg in physics data (7.8 £ 0.5) keV

Total analysis efficiency (92.4 = 0.2)%

Reconstruction efficiency (96.418 = 0.002)% Lo, . et COORE elloron
Anticoincidence efficiency (99.3 = 0.1)% oo 101U 1584-020- 06474
PSD efficiency (96.4 = 0.2)%

Containment efficiency (88.35 = 0.09) %
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https://doi.org/10.1038/s41586-022-04497-4

FIT RESULT
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S HOE N ‘= 0.07C
< - Best fit (global mode) = E
d e = 90% CI
— - 90% CI limit on T, —ae B
% e P —— Fit without OvB[3 component =, 0.05
80— Ll
& : .
m [ 0.04
e CUORE T CUORE
60 = Exposure: 1038 kg yr 0.03 Exposure: 1038 kg yr
SOE 0.02
40
- Jr J( T 0.01
30
EI L 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | L 1 1 1 I 1 1 1 1 | | I I 1 1 O i : : l | : : : I
2490 2500 2510 2520 2530 2540 2550 2560 2510 0 0.2 0.4 0.6 0.8 |
Energy (keV s,
oD Ty, [102yr1]

b = 1.49(4) x 10~* counts/(keV kg yr) T >22x 102 yr(90%C.1.)

. Adams, D.Q. et al. (CUORE Collahoration),
E Nature 604, 53-58 (2022)
https://doi.org/10.1038/s41586-022-04497-4
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https://doi.org/10.1038/s41586-022-04497-4

SENSITIVITY

» Median exclusion sensitivity
. CUORE 2.8 1025 yr
Il—l_r | Exposure: 1038 kg yr ' Y

» 104 toy experiments in
background-only hypothesis

AN
G
-

Median Expected Limit: 2.8 x 10 yr

=~
G
-

Number of Experiments
N
S
S

» background and ¢9Co event rate

I_I_I
observed

300 i
: from fit to the data
200 | : :
: LAdams. D.Q. et al. (CUORE Collaboration), »> ﬁt Wlth Slgnal + baCkgr Ound
| Nature 604, 53-58 (2022)
100 F l i https:/doi.org/10.1038/s41586-022-04497-4 model
T Yl T e dxie® > 72% chance of obtaining stronger
0 20 40 60 80 100 . e
90% C.I limit on T, , [yr] limit than the one observed
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https://doi.org/10.1038/s41586-022-04497-4

imgs| (meV)

FIT RESULT

103 - . .
» oscillation parameters from NUFIT2020
- LBSOI“’“MO \ Esteban, |. etal. J. High En. Phys. 2020 (178)
‘ https://doi.org/10.1007/JHEP09(2020)178
102 CUORE limit (Te) ) Im(‘
| CUORE sensitivity (5 I exposure : > all llmltS are 90(y0 C.I. and Shaded areas
: | | 136X o . ) .
Inverted Hierarchy | in the normal (inverted) hierarchy
10'- : correspond to 30 uncertainty
> sensitivity from
107 F— s Alduino, . et al. (CUORE Collaboration), Eur. Phys. J. € (2017) 77: 532
| e o ((5(‘)22(;2)) https://doi.org/10.1140/epjc/s10052-017-5098-9
1 19Mo: CUPID-Mo (2021)
| 13°Xe: KamLAND-Zen (2022)
e T e e 100 150
Miightest (MeV) Atomic number mﬁﬁ < 90 — 305 IIlEV
Representation of mfrom _ Adams, D.0. et al. (CUORE Collaboration),
F. Vissani JHEP06(1999)022 Nature 604, 53-58 (2022)

https://doi.org/10.1038/s41586-022-04497-4
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https://doi.org/10.1007/JHEP09(2020)178
https://doi.org/10.1140/epjc/s10052-017-5098-9
https://doi.org/10.1038/s41586-022-04497-4

BACKGROUND IN THE REGION OF INTEREST (ROI)

> L B Base Cuts

% [ Epmcuerac  CUONE

. | 426 el Exposure: 1038 kg yr )

e Base Cuts + AC + PSD @ region

- I = . fit flat background in [2650,3100] keV

= T Tl

S T QBB 1.40(2) 102 counts/(keV kg yr)

O - 1

© L o oCa l Q5 region

107! & fit background + 60Co peak in [2490,2575] keV
1 1.49(4) 10-2 counts/(keV kg yr)

source

~90% of the background in the ROI is given by
degraded alpha interactions

1072

2400 2450 2500 23550 2600 2650 2700 2750 2800
Energy (keV)
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BACKGROUND MODEL

» GEANT4 simulation + detector

E B e —— CUORE data (300.7 kgy)
§ 10° sy S Gn — JAGS meomtucton response to produce expected
S z s s
10° """'"ZZ:Z::I:ZZ:II:IZZ:Z:ZI::ZZ:IIIZI:ZIZZIZIIIZIIEZZZZIIIZ;;;;;;;;; SpeCtra
SN 1. | I N 1 N » 62 simulated sources
N (bulk, surface, muons)
:
S > use coincidences to constrain
S z :
5 source location
, , , » MCMC binned Bayesian fit

500 1000 1500 2000 2500
Energy (keV)

» uniform priors (except muons)
. Adams, D.0. et al. (CUORE Collaboration)
Phys. Rev. Lett. 126, 171801 (2021)
https://doi.org/10.1103/PhysRevLett.126.171801
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https://doi.org/10.1103/PhysRevLett.126.171801

STANDARD MODEL DOUBLE BETA DECAY (GROUND STATE)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

> CUORE data (300.7 kgy)
g — CUORE data, M ’ (3007 kg’Y) ——— JAGS reconstruction
n :
€ %%Te 2vpBB Fit reconstruction
3 3
O B M. Fit reconstruction §
208T1 f
214B;j , = _
: - :1261 odelratio | i ......................
:— % 14 Egz ....................................................................... ............... I .......................
E a 12;_... ......... “w_’.l.ilml‘u. .......... g -. .............. _- ...... — ............ . _
N =N A 1 1L T S SO S el
- = o SIS T R S B
10 — T T e e o 'E 'gy ;kg\c;%)o
B Systematic uncertainties
| I | | | | I | | | | |
500 1000 1500 2000 2500 > 2vpBp model (SSD-HSD)

Energy (keV)
A Adams, D.Q. et al. (CUORE Collaboration)

hts.J/arsivorg/abs/2012.11749 » energy threshold (300-800 keV)

T2V — 7.71+O‘08(Stat.)f8:%(syst.) x 1020 yr » geometrical splitting

1/2 —0.06

» 90Sr removal / source list
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https://arxiv.org/abs/2012.11749

130Te BB decay to first O+
excited state

(2A0—-2B1) — Oupp (2A0 - 2B1) — 2upp

OTHER RARE DECAY SEARCHES

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

128Te OV 120Te B+/EC k T

0.4F
(a) _ (b) 240 0.25— / "‘\
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=
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BB/ y(1257) /y(536)

TO#(15Te) > 3.6 x 102 yr (90% C . 1) TP EC(120Te) > 2.9 x 102 yr (90 % C . 1) LA LA

%

1/2

720 730 740 750 760 535 540 545 550 555 560 565 570
Projected Energy [keV] Projected Energy [keV]

1/2
 Adams, D.0. et al.(CUORE Collaboration) T(1)72 >5.9%x10**yr(90% C .1.)

Phys.Rev.C 105 (2022) 065504
https.//doi.org/10.1103/PhysRevC.105.065504

Adams, D.Q. et al. (CUORE Collaboration)
https.//doi.org/10.48550/arXiv.2205.03132

T2 > 1.3 x 10 yr (90% C .1.)

. Adams, D.Q. et al. (CUORE Collaboration)
Eur. Phys. J. C 81, 567 (2021)

https:/doi.org/10.1140/epic/s10052-021-09317 -2
wrvoces U TOMEI - LATEST RESULTS FROM THE CUORE EXPERIMENT - WIN 2023 - ZHUHAI - 04/07/23 .
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https://doi.org/10.1140/epjc/s10052-021-09317-z
https://doi.org/10.1103/PhysRevC.105.065504
https://doi.org/10.48550/arXiv.2205.03132

FUTURE OF CUORE

» Ultimate goal of collecting > 3 tonne yr of exposure
» CUORE will run until the beginning of the CUPID commissioning
» Working on other rare events searches such as

o 2vBP of 130Te

@ OvPP and 2vBP decay on 139Te excited states and 128Te

e B+P+ / B+EC / ECEC searches on 120Te

e low energy analyses (dark matter, axions, supernova neutrinos, ... )
» Working to investigate and mitigate noise sources to improve resolution
e diagnostic devices (accelerometers, microphones, seismometers)

® noise de-correlation

G. FANTINI - INTERNATIONAL CONFERENCE ON NEW FRONTIERS IN PHYSICS, KOLYMBARI, CRETE - 31/08/22 2%




CONCLUSION
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» CUORE has exceeded 2 ton y of exposure and is in stable data taking
» No evidence of Ovpp decay with 1038 kg yr of data
» Bayesian 90% C.I. limit T, >2.2%x10%yr(90%C.L) T

https://arxiv.org/abs/2104.06906
» Effective Majorana Mass limit mg; < 90 — 305 meV

» Most precise evaluation of 130Te half life to date | T

A Adams, D.Q. et al. (CUORE Collaboration)

» Many other results on rare decays tpsaivrgabs 20121174
. Adams, D.Q. et al. (CUORE Collaboration) Adams, D.Q. et al. (CUORE Collaboration)
A Adams, D.Q. et al. (CUORE Collaboration) A A
hitgs://dol.org/10.483:0/arkiv.2202.03132 :EZZIR/Z‘:E;EZgﬁ%%ﬁﬂevﬁ05.065504 E Et"tﬁsp;%i.irﬁﬁﬁf 1620(12?1?!}510052-021—09317-2
SEE TALK FROM
» Proves feasibility of large-scale bolometric detectors: CUPID LONG MA IN THIS

SESSION

C. TOMEI - LATEST RESULTS FROM THE CUORE EXPERIMENT - WIN 2023 - ZHUHAI - 04/07/23 o



https://arxiv.org/abs/2012.11749
https://arxiv.org/abs/2104.06906
https://doi.org/10.1140/epjc/s10052-021-09317-z
https://doi.org/10.1103/PhysRevC.105.065504
https://doi.org/10.48550/arXiv.2205.03132
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FIT METHOD

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

L(E|6,H, p) - (0| Hg, )

P(é‘ E: HS—|—B) — —_— > - -
jQ L(E|0,H, p) n(0|Hg, p) dO

. e AN S - C - b S
F(E|6,Hyg, p) = H H — H (Ipdfoyﬁﬁ(Ei\é’)+7pdf60C0(Ei\6’)+Epdfbkg(Ei\9)>

dataset channel event i

Input from data Minimal model Systematics (<0.8% effect on limit)
~ : » analysis efficiency (Gaussian prior)
» detector response function for > signal rate '),
each channel-dataset pair ‘0 » containment efficiency (Gaussian
» (o peak rate, modulated in prior)

» resolution and bias scaling from

calibration to physics data each dataset by its lifetime

> isotopic abundance (Gaussian prior)

» efficiency numbers » linear background » bias and resolution scaling
(Multivariate prior)

G. FANTINI - INTERNATIONAL CONFERENCE ON NEW FRONTIERS IN PHYSICS, KOLYMBARI, CRETE - 31/08/22 28




NEUTRINOLESS DOUBLE BETA DECAY ANALYSIS - NLL DISTRIBUTION
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NEUTRINOLESS DOUBLE BETA DECAY ANALYSIS - FREQUENTIST LIMIT

» Frequentist limit with Rolke method

» Profile likelihood obtained from the > - i {H
Markov Chain generated for Bayesian " I
fit 11130§— | HH*

2 - |
» -2logl as y~ with 1 degree of o o | i ﬁH I
freedom g | s
o | 11120;— # i f |
» 90% C.L. limit obtained from rate 4 ’;H' { AT T 1
1.35 NLL units above the best fit A S ‘l T l?olﬁlclllln;mlt, T
0 10 20 30 40 50 60 70
Best fit FOV [10°7 yr']

T > 2.6 x 102 yr (90 % C.L.)
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COMPARISON WITH PREVIOUS RESULTS

Re-analyzed Data

-
S
39

= [ S —
= - - i Previous Data Release é 007 , , , | L
g F I Phys. Rev. Lett. 124, 122501 £ F . : R RS D enSInNty
Q — c — | |
O 14| 1 H | > 0.06— J ! : e This Result's Actual Limit
- ' —— This Data Release e - J - ;
12— P e o 2005 i i —— PRL 2020 Sensitivi
- T : CUORE Preliminary § 005 1 ! : y
10 E_ % _ - ié i f_ i : ————— PRI.2020 Actual Limit
8- - { - - :
A Y _ ;
i
i
i
i
i
i
|

o J ! - [ | S : .

4ji _ i Il Uiﬂf - J IIL [ iTH 0.02[-

2;— :|: _i-iLi_J_ _-Di: i_ _-I-i: 0.0lf—

2450 3500 2510 520 2550 2540 2550 55'60'&;6;9%5@') OOE | E S SNTP. U

90% C.I. lIimit on T , [yr]

» different pulse shape discrimination, analysis efficiency
> 90% of reconstructed events common to both analyses
» 3% probability of obtaining old limit Ty, > 3.2 1025 yr (or stronger) with new event reconstruction

» re-analysis yields Ti, > 2.0 1025 yr limit, in the top 30% of expected results
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2480 KEV STRUCTURE

S 110F S F
L - v _ .
< 100E Best fit (global mode) = s Best fit (global mode)
S SC . :
= 90F 2 [ "y
= -l e 90% CI Imiton I', = I 90% CI lmiton I',
>  SOF 2 50
- . O - 1mi
> oF CUORE Preliminary - SUORE Pr666113m§1ary
= Exposure: 1038.4 kg yr 10— XpOsUre. O X YT
60F - T ]
50f J[ J{ 30 | 1 &l |
ofLAN 1 I i SN 1l
ah T i
30L + + -
: ] ] | | ] ] | | ] ] | | | ] | | | ] | | | : ] ] | ] ] ] I ] ] ] | ] | | | ] ] ] | ] ]
2480 2500 2520 2540 2560 2480 2500 2520 2540 2560
Energy (keV) Energy (keV)

» Previously found 2o hints of unexpected peak at ~2480 keV

» Statistical significance decreased with new data (< 1 o with just new data)
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CUORE BACKGROUND BUDGET

CUORE Godl

TeO,: natural radioactivity o

NOSYV Cu: natural radioactivity «= From Cu towers

NOSYV Cu: cosmogenic activation S

TeO,: cosmogenic activation

OFE Cu: natural radioactivity

I

e
Roman Pb: natural radioactivity I

T

Modern Pb: natural radioactivity

Superinsulation: natural radioactivity e
Stainless steel: natural radioactivity e
Environmental muons o
Environmental neutrons ; o " 90% CL Limit
, B —e— Value
Environmental gammas e :
107° 107 10~ 0.001 0.01 0.1
counts/(keV kg yr)

European Physical Journal C 77, 543 (2017)
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M2 SPECTRUM FIT (JAGS)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

e T T CUORE data (300.7 kgy)
e B erenennne s —— JAGS reconstruction
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000
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M2-SUM SPECTRUM FIT (JAGS)
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EFFECT OF 90SR REMOVAL
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CUORE DATA ANALYSIS

i » Online analysis for quick data

CUORE Preliminary

P Sinele ChDatase quality feedback (DT)

Trigger

0
- 0 | 4 | | 10

Optimum Filter

» Oftline re-triggering (OT)

— T — > disentangle small signals from

Ga | n CO I'I'eCtlon Time (s) . .
noise fluctuations

120 .
CUORE Preliminary — DT trigger thresholds

----- OT trigger thresholds

100 » median trigger threshold

] 40 keV < 10 keV
. analysis threshold

Energy Calibration
80

60

» 40 keV analysis threshold
guarantees 97% of channels

Coincidences

Channels

40
Pulse Shape : :
Discrimination (PSD) . have > 90% trigger efficiency
) e I O » minimize y background from
Blinding 1 10 low energy Compton

Reconstructed Energy (keV)

scattering events
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CUORE DATA ANALYSIS

Trigger

Optimum Filter

~ E - 10°
s —— Average Pulse T 10
: : Py . Filtered Average Pulse O | - <
Gain Correction T 03¢ ﬁ : E 10!
= - )
§* 06— CUORE Preliminary C£ 10_3 CUORE Preliminary
< B Single Ch-Dataset :<ZC }8_ 4 Single Ch-Dataset
. . 0.4 :— 1073
Energy Calibration - 10-6
02— 10-;
B l 1():
Coincidences : /\ 11)913 Average Noise PS
~02— 10~ Filtered Average Noise PS
O: — ) = Y Y SRS
Pulse Sha pe Time (s) 10 : 10 Frel:guency (Hz)
Discrimination (PSD) Matched filter maximizes signal-to-noise ratio

Blinding
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CUORE DATA ANALYSIS

CUORE Preliminary » Use fixed energy heater events to
Single Ch-Dataset
correct amplitude dependence on

25, operating temperature
e > Interpolate calibration peak at 2615
ey keV for non-functional or
o CUORE Preliminary underperforming heaters
E 5030 ;— Single Ch-Dataset
_: zg?gg 2615 keV Calibration Events
2223 _%@ 16605— III CUORE Preliminary
4980 F- 3 16405_ i Single Ch-Dataset
Pulse Shape jzzg— gmzo;_ |
Discrimination (PSD) R0 R S S e @) 16001
Heater pulses for 3
Blinding thermal gain stabilization ol
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CUORE DATA ANALYSIS

: . = 10 208T| 228A .
» First 3 datasets used 3 e*e oA CUORE Preliminary
: z L 60Co
internal 232Th source £ F4_ 60Co
Optimum Filter PO v . 208T]
» Internal calibration - ‘Wﬂ“
: : i | I
with simpler 10
Energy Calibration external one in later - 232 intoral caiibration (deteset 2]
dataS ets 107 = 232Th-60Co external calibration (dataset 14)
— ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ]
Pulse Shape » Data is now calibrated with external 232Th-60Co source

Discrimination (PSD) . . . . . .
» 2nd order polynomial calibration function with O intercept fits

Blinding 511, 1173, 1333, 2615 keV calibration lines

40



CUORE DATA ANALYSIS

» ~88% of OvPp events involve just one
crystal
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» when multiple bolometers fire in a small
(5 ms) time window, the event is likely to be
due to radioactive contaminations or muons
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» assign multiplicity (number of involved
crystals) and total energy

» apply anti-coincidence veto for Ov[3 analysis

Coincidences

S

single-site (signal-like)

7

multi-site (background-like)
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CUORE DATA ANALYSIS

IIIIIIIIIIIIIIIIIIIIIIIIIII
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| 1 |

Trigger Principal Component Analysis (PCA)
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CUORE DATA ANALYSIS

J— 3 Figure of Merit
Trigger 5 + + Emm s Lk g E s gy, :
: b ' +H ' —T— i G 12 b AT : :
oo LI R T S 2o T S
" - Cut Value
Optimum Filter zos— . e A
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e | Bl
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Al e ey e e e PCA Normalized Reconstruction Error
Energy Calibration - ,
1_— \ ? 200 e . ++ *
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o . + Tune cut on a S/ \/E figure of merit
SRS _— » Gamma peaks for efficiency
g PCA
Pulse Shape 1 » Alpha region as background proxy
04—
Discrimination (PSD i :
(PSD) - . » PCA method shows increased
0.2— CUORE Preliminary . .
- i Single Dataset efficiency at all energies
Blinding N T R P R B I o o
d = Reconsiructed Encegy (keV) L » Similar background rejection
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CUORE DATA ANALYSIS

. . = -
Trigger » Random fraction of  2%°F |
‘ . S F Blinded data ﬂl 208T]
events in 208T] line =700E Unblinded data
: : . O r
Optimum Filter shifted to Qﬁﬁ and 600 ROI
. - CUORE Preliminary
V1Ce VEersa
Gain Correction *°F Exposure 1038.4 kg yr I

» Original energies stay 400

Energy Calibration encrypted until 300
unblinding

a

[

2560 2580 2600 2620 2640
Energy (keV)

200

Coincidences >

Unblinding happens 100
Pulse Shape only after full .
Discrimination (PSD) analysis procedure is

finalized
Blinding 60Co Sum Peak

2520 2540
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CUORE DATA ANALYSIS - DETECTOR RESPONSE

> Fit 2615 keV calibration peak for each channel R T e At o
a) 3-Gaussian signal peak o' , . CUORE Preliminary
- Dataset 9

b) Compton background
c) Flat background

d) 30 kev X_ray escape peak (baCkgrOund) 2540 2560"' 2;80 ‘2600 262‘0 2'640 “ 2\660 2680 2700 2720
Reconstructed Energy (keV)
€) 30 keV X-ray sum peak (background) S b IS CUORE Preliminary
> Detector response function is just component (a) g it
» Exclude channels with FWHM > 19 keV for this N
analysis :
10"1020301‘«\“?‘1l%)-l||Jl|‘1l|-|:|!‘6|‘_‘_|‘IL!|ON Imllll“ll

80
FWHM kev] 49



CUORE DATA ANALYSIS - DETECTOR RESPONSE

+
gu*n**# 4*++*H*+m* g b ##**”*# gl » Scale detector response fit from
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2 260F CUORE Prehmlnary ) . .
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s ;
5 200 .
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DOUBLE BETA DECAY TO EXCITED STATES

_ ® (3B event vertex
13OI < o e
53 <+ v energy deposition

m 2527.5 keV
s, 1€ 0f +

ﬁT— 1793.5 keV \ /
2 isy 1122.1 keV ‘//’+ ’<:\/++
21 ¥ IIOO

536.1 keV
o0 | | +it 1\//+
130y el

Pattern BR([%] Energyyi: Energy)y, Energy y; > Qpp = 734 keV

A 86% 1257 keV 536keV -
B 12% 671keV ~ 586keV  536keV » signature: coincidence of beta and
C 2% 1122 keV 671keV

de-excitation gamma rays

A Adams, D.Q. et al. (CUORE Collaboration)
https://arxiv.org/abs/2101.10702 47



https://arxiv.org/abs/2101.10702

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

» Fully contained events only (33
and de-excitation ys all detected)

» Coincident events up to 3

crystals

» Only most sensitive

experimental signatures

T% > 5.9 x 10% yr (90 % C

T > 1.3x10* yr (90 % C

A Adams, D.Q. et al. (CUORE Collaboration)
https://arxiv.org/abs/2101.10702

Literature (CUORE-0)

TV > 1.4x10**yr (90% C.L.)
T4 > 0.25%x 10* yr (90% C . L.)

A Alduino, C. et al (CUORE-0 Collaboration), Eur. Phys. J. C, 79(9):795, 2019

https://doi.org/10.1140/epjc/s10052-019-7275-5
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