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OUTLINE

» Double Beta Decay
» The CUORE experiment

» Detector performance

» OvBB (new!) results

» 130Te half life (2v[3p)

» Other rare decay searches

» Conclusion
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Current limits from OvBB experiments

» Beyond Standard Model process verted hiorarchy
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A BIT OF HISTORY
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https://doi.org/10.1063/1.5031485

THE CUORE EXPERIMENT

» Cryogenic Underground Observatory for Rare Events

» 988 natTeO; crystals at ~10 mK

B
Y -,o'-.«',;7“l}.s ;',.‘-"J',J"} A/ o-t oA ® :

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

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

i Gran Sasso
. National
u‘~g‘.‘:,;5.aboratory

CUORE

A
CRESST OPER

Rome

Adriatic
coast

G. FANTINI - LATEST RESULTS FROM THE CUORE EXPERIMENT - 26/04/2021

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



https://doi.org/10.1155/2015/879871

THE CUORE EXPERIMENT

» 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)
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CRYOGENIC BOLOMETERS
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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/10.1063/1.3498808



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

CUORE DATA TAKING

372.5 kg yr

- mmm Collected Exposure
1200~ pmmm Unblinded Exposure After Cuts
1000— CUORE Preliminary
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» Alduino, C. et al. (CUORE Collaboration), Phys. Rev. Lett. 120, 132501, 2018
https://doi.org/10.1103/PhysRevL ett.120.132501

» Adams, D.Q. etal. (CUORE Collaboration), Phys. Rev. Lett. 124, 122501, 2020
https://doi.org/10.1103/PhysRevLett.124.122501
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data taking started in 2017

optimization campaigns improved
understanding and stability of the
experiment

since march 2019 steady data taking
with >90% uptime

> 1.29 tonne X yr raw exposure

steadily collecting data at an average
rate of ~ 69 kg X yr / month


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 (physics) data taking,
few days of calibration before and

after

CUORE Run Time Breakdown

66.8 %

signal [mV]

109 %

| ] Background || Calibration
Down Time || NPulses
Setup Test
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» Voltage output continuously sampled
(1 kHz) and stored on disk

» Periods with unstable data taking
conditions excluded (e.g. earthquakes)
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CUORE DATA ANALYSIS
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) - » Online analysis for quick data
UORE Preliminary .
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CUORE DATA ANALYSIS
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CUORE DATA ANALYSIS

CUORE Preliminary » Use fixed energy heater events to
Single Ch-Dataset

correct amplitude dependence on
operating temperature

2885 Os«e . .
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CUORE DATA ANALYSIS

: . E 10° 208T| 228AcC .
Trigger > First 3 datasets used & e*e A CUORE Preliminary
. b 1, 6OCO
internal 232Th source £ F 60Co
Optimum Filter 10* 208T]
» Internal calibration

Gain Correction system replaced

h"’”"'lhmh '

with simpler E
Energy Calibration external one in later E 232-Th internal calibration (dataset 2)
datasets 10° = 232Th-60Co external calibration (dataset 14)
Coincidences I ggig‘)g}',(km
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
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CUORE DATA ANALYSIS

» ~88% of OvPp events involve just one
crystal

» when multiple bolometers fire in a small
(5 ms) time window, the event is likely to be
due to radioactive contaminations or muons

» assign multiplicity (number of involved
crystals) and total energy

» apply anti-coincidence veto for Ov[3 analysis

Coincidences

”
/

| single-site (signal-like)

multi-site (background-like)
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CUORE DATA ANALYSIS

Principal Component Analysis (PCA)
where leading component = average pulse = [
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CUORE DATA ANALYSIS
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CUORE DATA ANALYSIS

Trigger » Random fraction of 2% |
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CUORE DATA ANALYSIS - DETECTOR RESPONSE

» Fit 2615 keV calibration peak for each channel R T e Tt o
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CUORE DATA ANALYSIS - DETECTOR RESPONSE
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» Scale detector response fit from
2615 keV calibration to multiple
peaks in physics data to determine

> energy bias
2nd order polynomial function
of energy, < 0.7 keV

> resolution
linear function of energy
FWHM harmonic mean @ Qgg
7.8 keV

21



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)%
Anticoincidence efficiency (99.3 £ 0.1)%
PSD efficiency (96.4 = 0.2)%
Containment efficiency (88.35 = 0.09)%

- . A Adams, D.Q. et al. (CUORE Collaboration)
G. FANTINI - LATEST RESULTS FROM THE CUORE EXPERIMENT - 26/04/2021 s anivara/absZ106.0690 29



https://arxiv.org/abs/2104.06906

FIT METHOD
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|, L(E| 0. Hgyp) (0 | Hy,p) d O

— — e_/l/ln S —> C —> b —>
Z(E | 0,Hg,p) = H H H (Ipdf()vﬂﬁ(Ei‘ ) + IpdféOCO(Ei‘ 0) +—pdfy(E;| 0 ))

n!
dataset channel event i
Input from data Minimal model
» detector response function for > signal rate [,

each channel-dataset pair
> %0Co peak rate, modulated in

» resolution and bias scaling from o
each dataset by its lifetime

calibration to physics data

> efficiency numbers » linear background
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A

Systematics (<0.8% effect on limit)

» analysis efficiency (Gaussian prior)

» containment efficiency (Gaussian
prior)

> isotopic abundance (Gaussian prior)

» bias and resolution scaling

(Multivariate prior)
23



FIT RESULT
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b = 1.49(4) x 10~* counts/(keV kg yr) T >2.2x 102 yr (90%C.L)

A Adams, D.Q. et al. (CUORE Collaboration)
G. FANTINI - LATEST RESULTS FROM THE CUORE EXPERIMENT - 26/04/2021 https.//arxiv.org/ahs/2104.06906 2
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SENSITIVITY
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G
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| CUORE Preliminary » Median exclusion sensitivity
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background-only hypothesis

N
e |
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<
L
300 - » background and 6°Co event rate
v
S from fit to the data
200 ;
| > fit with signal + background
100 i
i model
O 1 -—I_ 1 | | : 1 b L J_X1024 . R
0 20 40 60 30 100 » 72% chance of obtaining stronger

90% C.I. limiton T, , [yr] .
v limit than the one observed

A Adams, D.Q. et al. (CUORE Collaboration)
https://arxiv.org/abs/2104.06906

G. FANTINI - LATEST RESULTS FROM THE CUORE EXPERIMENT - 26/04/2021 25


https://arxiv.org/abs/2104.06906

BACKGROUND IN THE REGION OF INTEREST (ROI)

’a; -
7, [ Base Cuts CUORE Preliminary
'; B - Base Cuts + AC Exposure: 1038.4 kg yr o region
o | Base Cuts + AC + PSD
= . : | fit flat background in [2650,3100] keV
e “F 20871 1.40(2) 10-2 counts/ (keV kg yr)
é : Qg region

- 214D

Sl fit background + 69Co peak in [2490,2575] keV

10~ 1.49(4) 102 counts/(keV kg yr)

source

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

1072

2400 2450 2500 2550 2600 2650 2700 2750 2800
Energy (keV)
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FIT RESULT
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A Adams, D.Q. et al. (CUORE Collaboration)
https://arxiv.org/abs/2104.06906
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» oscillation parameters from NUFIT2020

A Esteban, |. etal., J. High En. Phys. 2020 (178)
https://doi.org/10.1007/JHEP09(2020)178

» all limits are 90% C.I. and shaded areas in
the normal (inverted) hierarchy
correspond to 30 uncertainty

Alduino, C. et al. (CUORE Collaboration), Eur. Phys. J. C (2017) 77: 532

> SenSitiVity from %https:lldoi.orgl1(l.1140/epjc/s10052-017-5[]98-9

» limits on other isotopes from

A Agostini, M. et al. (GERDA Collaboration), Phys. Rev. Lett. 125, 252502 (2020)
https://doi.org/10.1103/PhysRevLett.125.252502

A Armengaus, E. et al. (CUPID-Mo Collaboration)
https://arxiv.org/abs/2011.13243

A Azzolini, 0. et al. (CUPID-0 Collaboration), Phys. Rev. Lett. 123, 032501 (2019)
https.//doi.org/10.1103/PhysRevLett.123.032501

A Gando, A. et al. (KamLAND-Zen Collaboration), Phys. Rev. Lett. 117, 082503 (2016)
https://doi.org/10.1103/PhysRevLett.117.082503
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https://arxiv.org/abs/2011.13243
https://doi.org/10.1103/PhysRevLett.123.032501
https://doi.org/10.1103/PhysRevLett.117.082503
https://arxiv.org/abs/2104.06906

OTHER RARE DECAYS




STANDARD MODEL DOUBLE BETA DECAY (GROUND STATE)

» GEANT4 simulation + detector

E’ e S TR —— CUORE data (300.7 kgy)

g 10° B e ninnnnnnnnnnnnnnshannnnnnanay —— JAGS reconstruction reSpOnse tO prOduce eXpeCted
Q Z 1 : : :

O

spectra

» 62 simulated sources
(bulk, surface, muons)

.(f:é
3 » use coincidences to constrain
B °®
5 source location
S e S » MCMC binned Bayesian fit
500 1000 1500 2000 2500
Energy (keV)

» uniform priors (except muons)

A Adams, D.Q. et al. (CUORE Collaboration)
https://arxiv.org/abs/2012.11749
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STANDARD MODEL DOUBLE BETA DECAY (GROUND STATE)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

>
S CUORE data, M, (800.71@) Systematic uncertainties
c Te 2vBp Fit reconstruction
O B M, Fit reconstruction > 2v[BB model (SSD-HSD)
208T1
"B » energy threshold (300-800 keV)

» geometrical splitting

[ IIIIII|

» 90Sr removal / source list

10 =
- Literature
_I I | | | | I | | | | | ) NEMO-3
500 1000 1500 2000 2%00 oy 20
A Adams, D.Q. et al. (CUORE Collaboration) nergy (keV) Tl /2 — (70 i O'9stat i 1 1syst) X 1() yr

https://arxiv.org/abs/2012.11749

A Arnold, R. et al. (NEMO-3 Collaboration), Phys. Rev. Lett. 107, 062504 (2011)
https://doi.org/10.1103/PhysRevLett.107.062504

> CUORE-0
Typ=(82%02, +0.6.,) x 107 yr

A Alduino,C. et al. (CUORE-0 Collaboration), Eur. Phys. J. C 77, 13 (2017)
G. FANTINI - LATEST RESULTS FROM THE CUORE EXPERIMENT - 26/04/2021 https:/doi.org/10.1140/epjc/s10052-016-4498-6 30



https://arxiv.org/abs/2012.11749
https://doi.org/10.1103/PhysRevLett.107.062504
https://doi.org/10.1140/epjc/s10052-016-4498-6

DOUBLE BETA DECAY TO EXCITED STATES

5+
130 s ; BB :t\;]ent vertex
o+ 573 I + z gnergy deposition
1 30 > 2527.5 keV
5 2 Te 02 1793.5 keV t /
% 2.5l 1122.1 keV ‘//’+ K:\/++
ai 2 536.1keV
0} ; I +\* 1.//+
2 Xe ot et
Pattern BR[%] Energy?ys Energy?)y Energy % > Qﬁﬁ = 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 31
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» Fully contained events only (33
and de-excitation ys all detected)

» Coincident events up to 3
crystals

» Only most sensitive
experimental signatures

TV >59%x10*yr (90% C.L)

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

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

Literature (CUORE-0)

T% > 1.4 x 10 yr (90% C . L.)

T > 0.25% 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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CUPID - NEXT GENERATION

» CUORE Upgrade with Particle IDentification

» Goal: fully explore the inverted hierarchy parameter

space

100\ 22S€e
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A Dolinski M. et al., Ann. Rev. Nucl. Part. Sci. 2019.69:219-251
https://www.annualreviews.org/doi/pdf/10.1146/annurev-nucl-101918-023407
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CUPID - NEXT GENERATION

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

A Rahman, S. et al., Phys. Lett. B 662(2), 111 (2008)
https://doi.org/10.1016/j.physleth.2008.02.047

» CUPID-Mo technology is chosen:

» ~1600 L1100M004 scintillating bolometers (240 kg of 100Mo)

> high energy resolution (~ 5 keV)

> excellent radio-purity > 12 . .
é’ with reflecting foil
» full (>99.9%) f(y)/a separation > I without reflecting foil
— - vi L )
< O8F§Fs:- &
s i A
- 06 AT : ,...;1- , ',.. _
™ S ply events
= 04H g /
P - g A ... . ? ‘ .
§ \ :szMoodcrystals 0.2F LY Eop A SR E
: gaat g | —
\NTD I: LRl L TE L s e eVents
: g R | . . . I . . ! |
. 0 2000 4000 6000
nght detectors Q /3 /3 Energy [keV]

—% PTFE pieces

= Copper structure

A Armatol, A. et al (CUPID Collaboration), Eur. Phys. J. C (2021) 81:104
https://doi.org/10.1140/epjc/s10052-020-08809-8
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CUPID - NEXT GENERATION

» Both CUPID-Mo and
CUPID-0 proved the
robustness of technology
for a potentially
background-free
experiment

» Reuse proven CUORE
cryogenic infrastructure

Best world limit on 82Se
Ti2>3.510%y (90% C.I.)

at LNGS for cost-eftective Best world limit on 130Te . FRESH

deployment Tip> 2.2 1025y (90% CI) ' | | ‘ FORCES!
g EXpanSIOH to 1-tonne Best world limit on 100Mo

scale (CUPID-1T) Ti > 1.5 107y (90% C.I.)

technically possible
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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
® 2v[p of 130Te
® OvBP and 2vBp decay on 130Te excited states and 128Te
e B+pP+ /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



CONCLUSION

» CUORE has exceeded 1 tonne year of exposure and is in stable data taking
» No evidence of Ovp[ decay with 1038.4 kg yr of data
» Bayesian 90% C.I. limit T, >2.2%x10%yr(90%C.1L) 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)

» Most stringent limits on 130Te 33 decay to OI“ excited state of 130Xe s aivongsbs 21174

T, >59x10%yr(90% C.L)| |T;,>13x10*yr(90%C.1L)  [irieviveret it

» Proves feasibility of large-scale bolometric detectors: CUPID
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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 >2.6x 10 yr (90%C.L.)

43



COMPARISON WITH PREVIOUS RESULTS

Re-analyzed Data

-
S
39

= [ S —
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» 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
b4



2480 KEV STRUCTURE

S 110F S F
Q — _ 1
< 100E Best fit (global mode) = s Best fit (global mode)
S - o 60— B
= 90F 2 [ "y
= -l e 90% CI Imiton I', = I 90% CI lmiton I',
2 80F e 50 .
- . QO B
> oF CUORE Preliminary - SUORE Pr666113m§1ary
= Exposure: 1038.4 kg yr 10— XpOsUre. O X YT
60F - T ]
50f J[ J{ 30 | 1 &l |
oELAN 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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CALIBRATION SYSTEM

o Inner string @ Outer string
~ Copper shield

4 TeO, crystals

in copper frame 10 mK

Kevlar string .

Thoriated tungsten .~~~

(calibration source)

Copper capsule

PTFE heat
shrink tubing ™

F——8 mm —
F——~9.2 mm ——

Motion Boxes

)

¥

.
3
O

vy

.

External
alibration
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Shield
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Shield

Detector
Towers

Bottom Lead
Shield
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DETECTOR OPTIMIZATION

Median FWHM vs Temperature - October 2017 Temperature Scan
6

~ 140, _ .

E 14 7 CUORE Preliminary
= 120%

> 1.2 i 3

100

AP Amplitude (mV)

80

Smoothed OF RMS (mV)

60

o
o

40

t

20

llIllllllllllllllllllllllll

|Ill|lll|lll|lll|lll|lll |
=)
()

o
N

i
i
'
'
t
.
|
i
L
60

¢ Baseline Noise

load curves . Stab Pulser

FWHM (keV)
| I | | I | I | ITI | I | | I ||
-

PT phase scan

Z:S:E : E EEE!!:! - - = = & = = = = . N s B 10 12 14 16 18 20
107 iyttt o No LD @ (9462 0.118) mK ' Temperature (mK)

. A | =——— LD @ (9.407+ 0.092) mK
LD + Stab. @ (10.983x 0.074) mK -

Power (mK*/Hz)

temperature Scan

10° 107 107
Frequency (Hz)

48



M2 SPECTRUM FIT (JAGS)
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M2-SUM SPECTRUM FIT (JAGS)
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EFFECT OF 90SR REMOVAL
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