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Neutrinoless double-beta decay

CUORE

/'E
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Make assumptions on decay mechanism
—» measure the effective neutrino mass
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Decay: allowed on even-even nuclei
Signature: 2 electrons with fixed sum energy
Implications: AL=2, Majorana neutrinos

Half-life limits: 10> — 10%° y
(A, Z) - (A, Z+2) + 2e
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CUORE

Cryogenic Underground Observatory for Rare Events

» Search for OV decay in 130Te (Q = 2527.5 keV)
» 988 TeO, bolometers operated at 10 mK

* Arranged in 19 towers

o 742 kg of TeO, (206 kg of 130Te)

* Background aim: 0.01 counts/(keV-kg-y)

* Energy resolution aim: 5 keV FWHM

Located underground at the Laboratori
Nazionali del Gran Sasso of INFN
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half-life sensitivity In5 y
So(130Te) = 9 x 10?5 y (90% CL)

Eur. Phys. J. C77 (2017), 532

Adv. in High En. Phys. 2015 (2015), 879871
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@ Experimental technique

CUORE

E

Measure the temperature rise of the absorber crystal: AT =

(8 ] €4 Heat bath (10 mK)

%V\ OFHC copper

Weak thermal link
PTFE supports

'« Sensor
*’ NTD Ge Thermistor

\ Absorber

TeO, crystal

Absorber

> Dimension: 5x5x5 cm?

> Mass: 0.75 kg

> Heat capacity: 2x10° J/K
> AT/AE ~ 10 — 20 uK/MeV

Output signal

Sensor
> R = RO exp[(T/T)"]]
> R ~100 MQ

0.1 mV/MeV

A

> AR/AE ~ 3 MQ/MeV — 5o —
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@ Towers construction

CUORE

Tower construction completed in 2014
Towers stored nitrogen atmosphere before installation
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€ Towers installation

CUORE

Installation in summer 2016
Performed in Rn-free air (< 1Bg/ms)

Towers enclosed in nitrogen-flushed
protective bag over night

First and only time when the towers were
exposed to air
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@ Cryostat

CUORE
Cool a ton-scale detector at 10 mK in a _ -
radiopure, low noise environment | O
_ - g 3
> Total cryostat mass: 30 t Kates; =i
» Mass below 4K: 15t M Jp s——
> Mass below 50 mK: 3t 40K
: : 4K

Nominal cooling power: 3uW at 10 mK

600 mK

50 mK
> Cryogen-free apparatus T
> Fast cooling system: gas exchange down to 50K "gﬁpllaead
> 5 pulse tubes down to 4K e

o ) Side Lead
» Dilution unit: down to ~10mK - Shield
> _Suspension system: detect_ors are mechanically H PsiEas
isolated from the cryostat vibrations H Towers
— . B()Ft('!l‘l‘l Lead

Cryostat commissioning completed in 2016 ichd

Reached a stable base temperature < 6 mK (without detectors)
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@ Radiation shields

CUORE

LNGS: 3650 m w.e. rock shield
> U: 2.6 x 108 /(cm?s)

> y: ~0.73/(cm? s)

> neutrons: 4 x 10/ (cm? s)

Y-beam

Vibration isolation

Cryostat
Concrete beams H;BO; panels

Sand-filled columns Lead

Polyethylene
Concrete walls —»

Screw jacks Borated polyethylen|

Movable platform

Seismic isolation —»

w

Inner (cold) shields
« Top: low ?°Pb activity lead
* Side and bottom: ancient roman lead

Plates:

Top Lead
Shield

Side Lead
Shield

Detector
Towers

Bottom Lead
Shield
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Cool down

S e e
i CUORE cool down 10 E o =
100 - Start: 2016-12-05 00:00 . ; ‘ \\\ ;
- s 1 -
> - \ = = Still plate 3
= E 2  —— HEX plate ]
0.1 = — MC plate \ =
10 &= — 40K plate - S———3
oif R I B CUORE cool down 5
E = 0.01 Start: 2017-01-23 10:00 |
FER I e e Rl S Tl | T ] S5 R e S B O Bl IR S 00 e (SRt | [ . E s
0 2 4 "6 & 10 12 14 716 15 70 22 9 BEF 1 1F B 858 3 38 i
At [d] At [d]
« CUORE cool down started in December 2016 |20 e AN
e 4K reached in 22 days ’f\\ e
* Base temperature reached in 3.5 days \\
 First pulse observed the same day \
e WWMMW
Line & | Line B| Line | Line D
( = (ﬁBQ (ax
Channel [ 53 Offietimv] | 8454 3] Adust | I RMS
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@ Data taking and performance

CUORE

Exposure (kg-yr)

984 out of 988 working detectors
2 stops to understand and solve cryogenic problems

—

CUORE Run Time Breakdown

Excellent stability and high duty cycle since Apr 2019 2%
Data taking continued smoothly during recent lockdowns 132¢%
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[ ] Down Time [ ] NPulses
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@ Analysis chain

Amplitude estimation Thermal gain correction Energy calibration
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Most of the analysis is explained in Phys. Rev. C 93, 045503 (2016)
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Energy spectrum

CUORE
Summed Spectrum
% CUORE
5 10°
= Exposure: 372.5 kg yr
2
2,
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Reconstructed Energy [keV]
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6 Line shape and energy resolution

CUORE

Detector response function evaluated on the high statistics TI-208 peak in calib runs
Scaling factor applied to obtain the energy resolution at Qe in physics runs

Characteristic energy resolution at Qs 70+04 keV FWHM

Combined Calibration Fit (DS 2)

2
g 15
g ] {
0.5 . ]
B Detector response function
104 > Triple-gaussian shape
¢ n Other fit components
L 10 > Step-wise multi-compton background
z - > linear background
§ - > Te X-rays escape peak
< o2 1 > (2615+583-511) keV peak
B H“}{MI 11141
10 = t o, Tate

n EWEETE: . 2T L AT PWEY . T N :
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Reconstructed Energy (keV)
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OvDBD limit

CUORE

18
16
14
12
10

Best fit (global mode)
------- 90% limit on I,

« TeO, exposure: 372.5 kg-y

* Bayesian fit based on BAT

* flat continuum

* posited peak for OvDBD (rate)

» Posited peak for ©°Co (position and rate)
* Unbinned fit in the physical range

* Non-negative rates

* Uniform prior on OvDBD rate

Events [counts/1.0keV]

= e

2480 2500 2520 2540 2560 2580
Energy [keV]

065 Boorce Half-life limit: T, > 3.2 x 10y (90% Cl)

0.5:—
gk E()e;tae¥i(r)?t§DF Bkg index: (1.38 + 0.07)-102 counts/(keV-kg-y)
L 04
ey
S Effective Majorana mass: m;, < 75 — 350 meV
B 0.2_—

0.1?—

- .. PRL124(2020). 122501
9.1 005 0 T )

Ty [yr]
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2VDBD measurement

CUORE

Reconstructed Spectrum (Multiplicity 1)

CUORE data (300.7 kgy)

T P

JAGS reconstruction

Data/Model ratio

= Data/Model ratio

. i R . . N i N . . L i " L
1500 2000 2500
Energy (keV)

130Te 2vpp - M1

Counts/keV
T

10°

102

CUORE data, M1 (300.7 kgy)

S 130Te 2vip JAGS reconstruction

i R

2500
Energy (keV)

* Energy spectrum reconstruction using Monte
Carlo simulations (based on Geant 4)

e 62 radioactive sources taken into account
* Bayesian fit with flat priors

* Exploit modular detector and self shielding to
constrain the sources

Preliminary —

T, = (77100 (stat) ‘o 1a (syst) 102y

e Result based on 300.7 kg-y
e 2vDBD dominant component 1-2 MeV region

Systematics

* Analysis-related: geometric and temporal
splitting of detectors, fit range

» 2vDBD spectrum: HSD vs SSD

* Unconstrained fallout products (Sr-90)

Paper in preparation
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6 Te-130 decay to excited states

CUORE

0+

4\ -~ 25275keV
130 %
T 0;86]4

1793.5 keV

+
22 v 13 87

1122.15 keV

&
21 v v100

536.09 keV

1 v v

130Xe

e Search for OvDBD and 2vDBD to the first
0+ excited state of Xe-130

* Decay accompanied by de-excitation ys

* Events can involve multiple crystals: clear
signature and low background

« Several event topologies considered,
some examples are reported here

Paper in preparation

E,;=734 keV. *

0 < E,,< 734 keV *
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CUPID: cuore Upgrade with Particle IDentification

* A next-generation DBD experiment, based on Mo-100

* Aiming at a full exploration of the IH region

« Scintillating Li,MoO, crystals with Mo-100 enrichment (>95%)
« Qg (Mo-100) = 3034 keV, much lower 3/y background than Te-130

* avs Bly discrimination: dual readout of light and thermal signals

» Wil exploit the CUORE cryogenic infrastructure at LNGS

 Add external muon veto

* CUPID design based on many R&Ds

Light Detector

Therm\a\l\BaWth

Absorber

Thermal

Sensor
—> Light

Thermal
Sensor

\>< Energy

Release

CUPID pre-CDR: arXiv:1907.09376

Parameter Baseline
Crystal LioaMoQOy4
Crystal size 50 mmx h50 mm
Crystal mass (g) 308
Number of crystals 1534
Number of light detectors 1652
Detector mass (kg) 472
100Mo mass (kg) 253
Energy resolution FWHM (keV) 5
Background index (counts/(keV-kg-yr)) 10~*
Containment efficiency 79%
Selection efficiency 90%
Livetime 10 years
Half-life limit sensitivity (90%) C.L. 1.5x10° 5
Half-life discovery sensitivity (30) LI 10y
mgp limit sensitivity (90%) C.L. 10 — 17 meV
mgp discovery sensitivity (30) 12 — 20 meV
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> Cconclusion

CUORE

» CUORE is taking data at LNGS since 2017

> 2 stops for detector debug and optimization

> Data taking stable and with high duty cycle since Apr 2019

> Te-130 OvDBD analysis based on 372.5 kg-y published in 2020

> Next OvDBD data release when 1 ton-y will be reached (soon)

> Te-130 2vDBD measurement released, paper in preparation

> Limits on Te-130 decay to excited states released, paper in preparation

» CUPID will surpass CUORE sensistivity using scintillating detectors based on Mo-100
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