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The CUORE experiment

Cryogenic Underground Observatory for Rare Events

CUORE

Primary goal: search for neutrinoless double beta decay (0vpBp) of ***Te
Array of 988 TeO, 5x5x5 cm® detectors (750 g each) y ¥4 # -:;i
M = 742 kg of TeO, = 206 kg of *°Te -
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19 towers with

13 planes of
4 crystals each



=3 The CUORE detectors: TeO, thermal detectors

CUORE
Properties of thermal deFectors - TeO, Absorbers
s excellent energy resolution: (k ,CT?)* « low specific heat
+large choice of absorber materials ¢ large crystals available
strue calorimeters ¢ radiopure
TeO2 absorbers + LL /)/ LL
Ge-NTD thermistors: electro-thermal e Thermal coupling
T~ 10 mK link G B ? (AU wires and PTFE supports)
AT/AE ~ 0.1 mK/MeV thermometer | ¥ - / ™~
AVIAE ~ 0.3 mV/MeV AT > AV eVl
1=C/G~1s Il @ J
C ~2x10”J/K particle absorber | % - _
FWHM ~ 0.2 % E— AT (TGhzms[t)c))r
5 oL |‘ £ GEJ Absorber
: o0 | AT="5 I (TeO, crystal)
:_% 7050— | \\\. é
00000 F | - B B Yl
e 5
N o Si heater
*Te as BBOv candidate £
n
* high natural isotopic abundance: 34.2 % E

* transition energy: Q = 2528 keV
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TeO, arrays evolution

CUORE

I I I I | I I I | I I I |
1026 R
1025 ;_ ..........................................................................................................................................
'E‘ ; ’ C;uoricino
1024 IS NN ................................
) = é
—] — MiDBD ———¢ '
) 08 L
SRR =
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Running period

CUORE is the latest evolution of a long series of TeO, detector arrays
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=3 CUORE-0: first step towards CUORE

— Cuoricino

Background reduction with
respect to Cuoricino:
e factor 6 for surface contaminations
e factor of ~2.5 in the ROI

Event Rate (counts /(keV- kg - yr))

Reconstructed Energy (keV)

Not only a proof of concept of the CUORE detector

but a small scale experiment

AT 4
O A o > 10 -
E 3?1 O I TP I R PR ‘FH bd g 2 E—Experimental (M,)
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Y =, 2 107 g oo N oo —— %K (Crystals)
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"> 2.7 x10* y (90%C.L.) | T, =[82£02, 06 ]x100y ‘

Phys. Rev. Lett. 115 (2015) 102502 Eur Phys. J. C 77 (2017) 13
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= The CUORE collaboration

CUORE
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el

[Average depth ~ 3600 m.w.e.

u flux: ~ 3 -10® w/s/cm?

n flux <10 MeV: 4:-10% n/s/cm?

y flux <3 MeV: 0.73 y/s/cm?
\. J




Underground laboratory

Y-beam

Vibration 1solation

"""" | Cryostat

Cuoricino/

CUORE-0 Concrete beams H,B0; panéls

| k 8
ITIUt Sand-filled columns Lead
Polyethylene
Concrete walls —»
Screw jacks Borated polyethylene

Movable platform

Seismic 1solation — 15
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CUORE cryogenic system

CUORE

e Designed to cool down ~ 1 ton detector to ~10 mK

o -]
X0 ST

“+. o e Detector mechanically decoupled for extremely
- ] low vibrations
.>2 "o e Careful selection of materials for low background

Plates: T 1.  I :E‘EL —

300 K

0K | « Cryogen free cryostat

4K » Fast cooling system(4He gas) down to ~50 K
* 5 pulse tube cryocooler down to ~4 K

e y - Dilution refrigerator down to ~10 mK
L0 mK * Nominal cooling power: 3 yW @ 10 mK

Toplead  ° Cryostat total mass ~30 ton

SiiEld  Mass to be cooled below 4 K: ~ 15 ton

g;c}gllaead  Mass to be cooled below 50 mK: ~ 3 ton
(Pb, Cu and TeO,)

Detector
Towers

Bottom Lead
Shield

Monica Sisti — Erice, September 18, 2017 10



CUORE cryogenic system commissioning

CUORE

February 2016

everything installed but |
the CUORE towers:

* base T<7 mK
- stable operation



CUORE detector mstallatlon

Installation of the 19 CUORE towers:
* Performed in a radon-free environment
« Completed on August 26, 2016

September-November 2016:

* Installation of the cryostat mterfaces
and radiation shields

» Cryostat closure
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= CUORE detector cooldown

CUORE cryostat cooldown
» Detector cooldown started on 300
December 5, 2016 5 250°
O = C
- Stable base temperature of ~7 mK | £ - exchange gas
= 2 200- pumping
reached on January 27, 2017 5 £ -
20 g 150__ noise studies
- : £ 100
* Observed first detector pulses right | < S -
after cooldown 50—
- ! | | | | ! ! ! ! \ | ! | |
6 5 Dec 22 Dec 8 Jan 26 Jan
i SUORE
If \\
A Pre-operations:
\
\  DAQ and front-end electronics optimization
|+ Working points optimization
e S BF - 0 20 e Impressive results both in terms of
temperature stabilization and noise abatement
After the successful cooldown, « Commissioning phase completed in April 2017
we faced the challenge to

operate ~1000 thermal detectors
in a completely new system Monica Sisti — Erice, Septernber 18, 2017 13



CUORE first science run

Official CUORE data release

« 3 weeks of physics data preceded Dataset time breakdown
and succeeded by several days (May 4 — June 11, 2017)
dedicated to calibration data :

- Selected working temperature: 15 mK | ™ U __
(stable within ~0.25 mK) June

» Excellent data taking efficiency
* Much improved detector stability UOR rlminrs
compared to Cuoricino/CUORE-0 654%

» Calibration/physics ratio still to be
optimized to maximize Ovpp efficiency

CUORE

Run Time Breakdown

33%
9.4 %

1.8 %

Operational performance: B Physics [ Calibration
+ 984/988 active detectors (99.6%) B Other ] Test

« for the first analysis: selected 889 best
performing detectors (90% of the total)

Data taking is going on:
Acquired statistics for OvB[3 decay search: more to come!
> "TeO, exposure: 38.1 kg-y

» 139Te exposure: 10.6 kg-y

Monica Sisti — Erice, September 18, 2017 14



CUORE detector calibration

CUORE

232Th sources (strings) are deployed through the cryostat from room temperature
into the detector core, providing a uniform callbratlon ofall\ detectors

Y NIMAB44 (2017)32  © 4 >t
Calibration spectrum

[E—
)
n

CUORE Preliminary

Plates:
300 K

40K

Events [counts / ke V]
2

—
-
|98}

Top Lead
Shield

Side Lead
Shield

Summed calibration
spectrum of all
CUORE detectors k‘

u—
-]
[§®]

Detector
Towers

Bottom Lead
Shield

PR T O T N RO T RO SR (NN S WO T SN NN S SO S T S
500 1000 1500 2000 2500
Energy [keV] Monica Sisti — Erice, September 18, 2017 15



=1 Detector energy resolution

CUORE

CALIBRATION RUNS

Average (“harmonic mean”) energy resolution:
10.6 keV FWHM @ 2615 keV

Ei - CUORE Prelimiary
s 120
Ea:
~ 100f
80F Harmonic mean:
60 10.6 keV
40
20F
0: 1 PR R I: : 2 o " —
5 6 780910 20 30 40 50 60 70

Calibration resolution at 2615 keV

FWHM [keV]

Fit of the 2615 keV line in calibration spectrum

2 12000

‘N

8000

6000

Events [counts / 0.5 ki

4000

2000

Pt

10000

; CUORE Preliminary

[N ' LB

0 2580 2600

2620

2640 2660 2680
Energy [keV]
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=1 Detector energy resolution

CUORE
CALIBRATION RUNS PHYSICS RUNS
Average (“harmonic mean”) energy resolution: Significantly better performance
10.6 keV FWHM @ 2615 keV In physics data:
Calibration resolution at 2615 keV (7.9 + 0.6) keV FWHM
?% 1205_ E CUORE Preliminary @ 2615 kev
= 100 . |
- _ Fit of the 2615 keV background line
soE Harmonic mean: summed over all detectors
cob- 10.6 keV —
- 2 éi {
- 3 -1
20 3 4(; [ CUORE Preliminary
ok M . ——a _ — Exposure: 38.1 kgyr
5678910 20 30 40 50 6070 > 351
FWHM [keV] % 2ol
Fit of the 2615 keV line in calibration spectrum “,é 25—
512000 - CUORE Preliminary E‘ 20 [
<10000}- £ .
I 5 o
£ soo0f 531"
é 6000__ 0 o Digubegeagun T auum o togued T 1 P T T T re e T
5 - S50 2580 2300" 2000 26103620 om0 2040 2050 22660
= 4000 Energy [keV]
2000?—
T R T e s Monica Sisti — Erice, September 18, 2017 17
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= Event selection

CUORE

BASE CUTS:
remove period of low quality data (1% of the
total live time)

Analysis Cuts Comparison

40 Base Cuts
Base Cuts + PSA
Base Cuts + PSA + M1

PULSE SHAPE ANALYSIS (PSA) CUTS:
use 6 pulse shape parameters to identify real
particle events

CUORE Preliminary
Exposure: 38.1 kg-yr

Events [counts / ke V]
(8
=)

ANTI-COINCIDENCE CUTS:
exclude events that trigger more than one

channel Simu|taneou5|y 2400 2450 2500 2550 2600 2650 2700
Energy [keV]

SIGNAL EFFICIENCY

Trigger and energy reconstruction (98.469 £ 0.009)%

Anti-coincidence (99.3£0.3)%

PSA (64 + 3)% Same procedure developed
. — for CUORE-O0:

All cuts except containment (62.6 £ 3.4)% Phys. Rev. C 93 (2016) 045503

OvBB containment (88.345 + 0.085)%

Overall signal efficiency (55.3 = 3)%

Refining the data analysis to improve that!
Monica Sisti — Erice, September 18, 2017 18



=3 CUORE measured hackground spectrum

CUORE

Significant reduction of the background rate in the gamma region (as expected)

E 40K
$ EZSAC GOCO 60C 214Bi EOSTl
S 10B= ©
W M 2lag.
_.\Ai B .
o AN w
= —
8 —
P 0 | T
= = CUORE Preliminary | |
= - Exposure: 38.1 kg-yr p‘
) 2 |
% 107 F[—CUORE-0 |
- | — CUORE H ‘ H‘
10—3 ; | ; ; | | | ; ; | | ; ; | | | ; ;
500 1000 1500 2000 2500

Energy [keV]

Background sources:

* Long lived natural radionuclides (“°K) and decay chains (?*°Th, 238U)
« Cosmogenically activated nuclides (°*°Co, #°Sb, ...)

* Environmental u, y and neutrons

Monica Sisti — Erice, September 18, 2017 19



CUORE expected background

CUORE
CUORE expected counting rates and background spectra in the Region

Of Interest (ROIl) as obtained by

a detailled (Geantd4) Monte Carlo

simulation of the complete CUORE setup with input information based on:

+ radio-assays of the CUORE construction materials

+ CUORE-0 background model [Eur.

Phys. J. C 77 (2017) 13]

C U O R E | g I s - Fods + 300KFlan: nat. rad. (2Th +2°U)
g Oa =< ¢ HEEEEE cnionmen tal u
TeO,: natural radioactivity o E o T902: nat. rad. (232Th, QSEU‘_ 210Pb=40K and 2vpp)
I NOSV Cu: natural radioactivity I . E _ CUNOSV: nat. rad. (232Th, 28| and 210PD)
NOSV Cu: cosmogenic activation [ % 101 __'@\\QQ'\\R\' CuNOSV: cosmogenic activation ('Co)
TeO,: cosmogenic activation Ty © E @I
OFE Cu: atural radioactivity - \.
Roman Pb: natural radioactivity [ 1 0—2
Modern Pb: natural radioactivity I
Superinsulation: natural radioactivity e
Stainless steel: natural radioactivity e 1 O_3
Environmental muons e
Environmental neutrons e 0% CL Limit
. —— Value _4
Environmental gammas e 10
1076 107 107 0.001 0.01 0.1
counts/(keV kg yr)
107
Expecte d countin g rate in the ROI: 2500 2520 2540 2560 2580 2600 2620 2640
Energy [keV]
+0.23 —2
1.02+0.03 (stat )" ;7o (syst)x 107" counts/keV/kg/y
0.10
Eur. Phys. J. C 77 (2017) 543 Monica Sisti — Erice, September 18, 2017 20



= 1 CUORE spectrum in the ROI region

CUORE

Our blinding procedure produces an artificial peak in the ROI: a small blinded
fraction of the events within 20 keV of the 2%T| 2615 keV peak is exchanged with the

events within +£20 keV of the #*°Te Q-value.
CUORE physics spectrum (blinded)

CUORE Preliminary
Exposure: 38.1 kg-yr

18

[u—
N

[u—
[\

[u—
<
|||||||||||||||||||||||||||||||||||

Events [counts / keV]
N

E 208T1

o A ON 0

o
o
S

2450 2500 2550 2600 2650 2700
Energy [keV]

This method of blinding the data preserves the integrity of the possible Ov3(3 events
while maintaining the spectral characteristics with measured energy resolution and
introducing no discontinuity in the spectrum.

m

Monica Sisti —

rice, September 18, 2017 21



= 3 CUORE spectrum in the ROI region

Our blinding procedure produces an artificial peak in the ROI: a small blinded
fraction of the events within 20 keV of the 2%T| 2615 keV peak is exchanged with the

events within +£20 keV of the #*°Te Q-value.

18
16
14
12

Events [counts / keV]

----- Blinded ;
—— Unblinded i

CUORE Preliminary
Exposure: 38.1 kg-yr

2450 2500 2550 2600 | 2650 2700

208T1

Energy [keV]

When all data analysis procedures are fixed the data are eventually unblinded.

Monica Sisti — Erice, September 18, 2017 22



= 3 CUORE spectrum in the ROI region

CUORE

Our blinding procedure produces an artificial peak in the ROI: a small blinded
fraction of the events within 20 keV of the 2%T| 2615 keV peak is exchanged with the
events within +£20 keV of the #*°Te Q-value.

CUORE physics spectrum (unblinded)

CUORE Preliminary 2081
Exposure: 38.1 kg-yr

18

[
N

o
N

[
o
|||||||||||||||||||||||||||||||||||

Events [counts / keV]
N

21444 - 60
B1 Co

D B O 0

2450 2500 2550 2600 2650 2700
Energy [keV]

When all data analysis procedures are fixed the data are eventually unblinded.

\®)
I
<
<
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= CUORE spectrum in the ROI region: fit

CUORE
To determine the yield of OV events we perform a simultaneous Unbinned
Extended Maximum Likelihood fit in the ROI (2465 keV - 2575 keV) using a
procedure similar to that of CUORE-0 [Phys. Rev. C 93 (2016) 045503].

The fit ha 3 components:

» a posited peak at the *°Te Q-value

« afloating peak to account for the ®°Co sum gamma peak (2505 keV)

« a constant continuum background, attributed to multi-scatter Compton events
from 2°°T| and to degraded alpha events (from surface contaminations)

FIT RESULTS ° S l
> Events in the ROI: 50 = :
» ROI background index: ‘; — T CUORTL Pretminary
+1. -3 - — Exposure: 38.1 kg-yr
9.8 1x10° counts/keV/kg/y E ' i
> Best fit decay rate: E g: T
(—0.03"5 (star)£0.01 (syst))x 10~y 2 4 | |
» Half life limit (including systematics)= ﬁf‘ T f‘l"‘ T T.| M’" l"‘
0 ¥ VY T S VT B Y R H LS TR W9 W WY T
[‘tmo" > 4.5 x 10* y (90%C.L.)} o = = = E2n5e6rzy [keV]

Monica Sisti — Erice, September 18, 2017 24



=1 Combination with previous results

CUORE

We combined the CUORE result with the previous ones from Cuoricino and
CUORE-0, obtaining the best lower limit to date on *°Te 0v33 half life:

T, > 6.6 x 10* y (90%C.L.)j

3 20p

— | = Cuoricino

< BB CUORE-0
16 CUORE
14 CUORE + CUORE-0 + Cuoricino
12| CUORE Preliminary

Exposure: 38.1 kg-yr

10

-—;Iyl|lll|lll 1

e\ BN SN e e e

—0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Decay rate [107** yr-]

Monica Sisti — Erice, September 18, 2017 25
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=1 Combination with previous results

Depending on the Nuclear Matrix Element (NME) calculations, this translates

In the following upper limit range for the effective Majorana mass:

m,; < 210 - 590 meV

A Cuoricino + CUORE-0 + CUORE limit (Te)
(Preliminary)

1]
=
o

=

CUORE sensitivity (Te)

Inverted hierarchy

Normal hierarchy

NME
Phys. Rev. C 91, 034304 (2015)
Phys. Rev. C 87, 045501 (2013)
Phys. Rev. C 91, 024613 (2015)
Nucl. Phys. A 818, 139 (2009)

Phys. Rev. Lett. 105, 252503 (2010)

Experiments

130Te: 6.6 x 102* yr from this analysis

%Ge: 5.3 x 10%° yr from Nature 544, 47-52 (2017)

1%6Xe: 1.1 x 10% yr from Phys. Rev. Lett. 117, 082503 (2016)
100Mo: 1.1 x 102 yr from Phys. Rev. D 89, 111101 (2014)
CUORE sensitivity: 9.0 x 10%° yr

Other isotfopes :‘

1 10

102
Myghtest [MEV]
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Conclusions

CUORE
¢ CUORE is the first ton scale OvBp experiment with thermal detectors

+ The cryostat is working spectacularly well

+ With 3 weeks of physics data we have surpassed the CUORE-0&Cuoricino limit

+ Background rates are consistent with the background model and our predicted
sensitivity remains unchanged

More to come!

Exposure [kg-yr] Exposure kg yr]
102 10% 102 103
I 1 I L | I I I I | 1 i | T T LR LI | T T | T L L L |
" BL (1.02£0.03797) - 102 cts/(keV-kg-yr) " BL (1.02£0.037070) - 102 cts/(keV-kg-yr)
- FWHM: 10 keV

- FWHM: 5 keV

1026 1026E

B
L
-

Tf:,’; 90% c.i. limit [yr]
Tl(}‘; 90% c.i. limit [yr]

1025 — Median- 1025 E o — Median-
e e R —
P _IbEa

CUORE-0 + CUORICINO

.- 3o
! 1 L1 1 I 1 L | 1 1 | | - - |
0.1 1 0.1 1
Live time [yr] Live time [yr]

Eur. Phys. J. C 77 (2017) 532 Monica Sisti — Erice, Septemnber 18, 2017 27
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Thanks!

CUORE official inauguration: October 23, 2017 @ LNGS

Visit our web page: https://cuore.Ings.infn.it

Monica Sisti — Erice, September 18, 2017 28



