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Cryogenic Underground Observatory tor Rare Events

Outline

* Neutrinoless Double Beta Decay

 CUORE Experiment
* Bolometric detectors
e Construction
Background mitigation
o Status

« CUORE-O
* OVBB & 2vPBB Analysis
 Projected CUORE performance

* Beyond CUORE: CUPID
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Two Neutrino Double Beta Decay (2vg) Neutrinoless Double Beta Decay (0vf3f3)
« Rare, but allowed by the Standard Model f observed, then:

e Has been experimen’[a”y observed in e Establish AL =2 Lepton Number Violation
several isotopes  Establish the Majorana nature of the
. T12/Vz > 108y neutrino (Schechter & Valle “Black Box”)
e Determination of the absolute neutrino
mass scale

 Possible determination of the neutrino
mass hierarchy
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Brian Fujikawa (LBNL)

reasonably precisely

Neutrinoless Double
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Neutrinoless Double Beta Decay (Ov([3)

(T1/2) = G"(Q, 2) ‘Moy‘z—

in the 3-neutrino picture

Norma) [m5%|  Toverted Uai, Amj; from measurements of: . Effective Majorana Mass !

e Solar neutrinos of the Neutrino
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Neutrinoless Double

Beta

Tlo/’/Q(FOM) X G- € -

e a: ISotopic abundance

& detection efficiency

 M: source mass

 {: exposure time

* b: ROl background rate

Decay F.O.M.

M -t
b-oF

« OE: ROl energy resolution

Goal: sensitivity to Tl% > 10°° years
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Cryogenic Underground Observatory tor Rare Events

ME t'8 Increase
Ov e ~ . . X R BEL vy
T1/2(FOM) oca - e \/19 livetime TN

(o
‘ ) low down time vs , s N
«“ ) . Nt B S o
& cryogen free cryostat ) wet” refrigerators ey 4 00 K
« fast cooling (He vapor) to ~40 K 40 K
« 5 Pulse Tubes down to ~4 K : g 4K
e dilution refrigerator down to ~10 mK 500 mk s
nominal cooling power: 3 pyW = 50 mK
e total mass: ~30 tons 10 mK top Pb shield
e mass cooled < 4 K: ~15 tons (modern)
* mass cooled < 50 mK: ~3 tons | = e Pb shiel
(Pb, Cu, and TeO2) 988 TeO; crystal | s i (archeological)
bolometers | W

bottom Pb shield
(archeological)
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Cryogenic Underground Observatory tor Rare Events

main support
plate

Y-beam .
Minus-K
isolators

modern
lead
cryostat
HsBO3
sand filled panels
columns
polythylene
concrete
walls
seismic
insulators
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Timeline of TeO»> Bolometric Detectors
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CUORE is the latest in the series
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Bolometric Detectors

Heat bath ~ 10 mK Thermistor
(copper) (NTD-Ge)
!
7
G Absorber
— (Te0,)
/)
7
7
Thermal coupling
(PTFE)
= 3200
B
$ 3000
e Energy Deposited: E ::%2800

e femperature: T
» Heat Capacity: C = C(T) T3
(Need to operate at ~10 mK)

e Conductivity of the Thermal Link: G
e Typical TeO2 AT ~ 0.1 mK/MeV

2200

Temperature

2000

1800

2400 -

1600

)

Brian Fujikawa (LBNL) Rencontres du Vietnam Neutrinos (16-22 July 2017)

10



Bolometric Detector Performance

M.t
1/2(FOM) X Q- €- \/ -

Advantage: excellent energy resolution

 Technology | ROI3E/Qgs (FWHM)
GERDA | Ge Diode . 0.13100.30%
_CUOREO  TeO:Bolometer 020%
__EXO200  liqudXeTPC 36%
KamLAND-Zen 136)(%('3?23%%?“"1 10to 11%

Mod. Phys. Lett. A 31, 1630017 (2016)
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|sotope Choice: 180Te

130Te:
QBB = 2528 e High natural abundance
a(natural) £ « Enrichment is not necessary for the current
generation of OV33 searches
4500 ;48 Ca - o o ils':’,ll\\/lfl
4000 = sC R ki
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— 35007 JoNg = +  GoM
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The CUOR

* 19 towers

e 52 TeO2 bolometers per tower
* 988 TeO2 bolometers

e 742 kg TeO2 mass

* 130Te mass: 206 kg

* near “ton-scale” experiment

* highly segmented

Brian Fujikawa (LBNL)

Detector

Rencontres du Vietham Neutrinos (16-22 July 2017)
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Backgrounds from Cosmic Rays

CUORE goal: b < 102 counts/keV/kg/year

Cosmic Rays:

* Direct interactions
 Spallation products
» Activation

Muon Intensity, m 2y’

LNGS Average depth: ~3600 m.w.e.
Muon Flux at LNGS: ~3x10-8 p/(s cm?)
(factor ~ x106 reduction from the surface)

Brian Fujikawa (LBNL) Rencontres du Vietham Neutrinos (16-22 July 2017)
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208TI Ey = 2.6 MeV > Qgp

210Ph & 210Po /

long half-live —

Brian Fujikawa (LBNL)

Backgrounds from Natural

U/Th typically ~1 ppm level in dust, etc.

Radioactivity

/ WORLD NUCLEAR

THORIUM SERIES

03usec Po-212

URANIUM SERIES

Radioactive Decay in Thorium and Uranium Series

1.8 yr Th-228
»
\ Y
_Ra-224 Ac-228
ay 6.1hr "\ Ra-228
58yr

Th-232 1.4x10"yr

F

v ETUNY
o U-238
1147 min
™ Pa-234

™ Th-234
24 day

250,000 yr U-234
F

, Th-230
80,000 yr

Radon daughters o

27 min

220RN & 222Rn

/ inert gas

background mitigation:
» external shielding:

e archeological & modern

Pb

 polythylene & boron-loaded

e start with clean parts

e contamination prevention:
e underground storage in f
e class 1000 clean room

lowing N2

 glove box with flowing N2
e final assembly in low Rn air

Rencontres du Vietham Neutrinos (16-22 July 2017)

external.

e neutrons

* high energy y-rays
n-capture
208T| 214Bj, etc.

degraded a’s
energy loss can put

events in Ov@B ROI

A

4/*//'
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Clean Detector Components

Ultra-pure TeO2 crystal array
Bulk activity 90% C.L. upper limits:
8.4x107 Bg/kg (232Th), 6.7x10-7 Bg/kg (238U), 3.3x106 Bag/kg (219P0)
Surface activity 90% C.L. upper limits:
1.9x10° Bg/cm? (232Th), 8.9x10-° Bg/cm?2 (238U), 9.8x10-7 Bg/cm?2 (210P0)
(arXiv:1704.08970)

» Crystal holder design optimized to reduce passive surfaces
(Cu) facing the crystals

» Developed ultra-cleaning process for all Cu components:
- Tumbling
- Electropolishing
- Chemical etching
- Magnetron plasma etching

Tl T2

* Benchmarked in dedicated bolometer run at LNGS
- Residual 232Th / 238U surface contamination of Cu: < 7x10-8 Bg/cm?2

* All parts stored underground, under nitrogen after cleaning

Brian Fujikawa (LBNL) Rencontres du Vietnam Neutrinos (16-22 July 2017)
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Tower Assembly

Class 1000 Clean Room for Detector Assembly and Storage

e All parts cleaned/screened according
to CUORE protocol

%7

e Stored underground at LNGS

Assembly +'Wire bonding

e Assembly in underground clean room

¢

Brian Fujikawa (LBNL) Rencontres du Vietnam Neutrinos (16-22 July 2017/) 17



CUORE Gluing Line T0% (FOM) o a-c - 1| gy Important for
b @ energy resolution
Robotic Arm

Position Sensors Print Glue Matrix

Brian Fujikawa (LBNL) Rencontres du Vietnam Neutrinos (16-22 July 2017) 18



Parts are stored in
nitrogen flushed boxes

Brian Fujikawa (LBNL)

Mechanical Assembly

And, transfered in vacuum boxes to
nitrogen flushed glove boxes...

Rencontres du Vietham Neutrinos (16-22 July 2017)
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Brian Fujikawa (LBNL)

Mechanical Assembly

...where the towers are assembled.

Rencontres du Vietham Neutrinos (16-22 July 2017)
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Brian Fujikawa (LBNL)

Wire Bonding

Rencontres du Vietham Neutrinos (16-22 July 2017)
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Brian Fujikawa (LBNL)

19 (+1) Towers Assembled

(flushed nitrogen storage)

Ex
L=

Rencontres du Vietnam Neutrinos (16-22 July 2017)
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Tower |Installation

)
g
reduced Rn air [~
(< 5 mBg/ms3 at outlet)

-t

il

h
dry N2 flushing

. )’*’ all 19 towers installed
/ 16 August 2016

'o. D 3 ‘/A"
\. ./ /BN . \C ¢

Brian Fujikawa (LBNL)
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CUORE is cold and running!

Diode thermometer at 10mK plate

> [ JoN } » X| Apollo Smart Scope
X scale: 10 s/div
Ch 537(NONE-62—17) = 50 mV/div 6
10° — {\ CUGRE
N { \ 27 Jan 2017 -
g o \
= L \
10— i - N i
: et g Nt N e e peE
— | Line ¢| Line D
B Tk W
- E -
| | | | | | | | | | | | | |
12/05-12:16 12/22-14:10 01/08-16:04 01/25-17:59 .
Time First pulse: 27 Jan 2017

Reached 8 mK: 26 Jan 2017

Current status of CUORE:

*End of commissioning and beginning of data-taking: April 2017
*Blind analysis currently in progress

e EXpect first results within the next few months

Brian Fujikawa (LBNL) Rencontres du Vietham Neutrinos (16-22 July 2017)
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Brian Fujikawa (LBNL)

CUORE-O

e A total of 19 + 1 CUORE towers were assembled
cCUORE-0 is the “Oth” tower
CUORE Hut

Cuoricino Hut

e CUORE-0 tower running in Cuoricino cryostat
e Base temperature (10 mK) achieved in Mar 2013

Rencontres du Vietham Neutrinos (16-22 July 2017)
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CUOR

||II
O

Modern lead
150 Bg/Kg

/ Mmper

Aluminium PM
Brass Pla_te/

e Uses the old Cuoricino cryostat
e Electronics from Cuoricino
Plexiglass  Shielding from Cuoricino

i oortea T  Inner lateral shield of Roman lead (1cm)
Stainiess * Inner top/bottom cap of Roman lead (20 cm)
steel spring : .
o ;\ Mixing Chamber  Outer shield:
f4m3c§/£§ L * low-activity modern lead (10 cm )
N e regular modern lead (10 cm )
Roman lead e Borated PET neutron shield
| » Enclosed in Faraday cage and flushed with
e e o N2 for radon suppression
L e tend e Cooled to base T (~10 mK) March 2013
oman lea (16+4) Ba/Kg e Ran through March 2015
54 ch;/Kg /_ g
1vC
> o
/
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CUORE-0: Simplified Analysis Chain

DAQ continuously samples the NTD
thermistor voltage at 125 Hz

1. Software trigger identifies waveforms
2. Data quality inspection
3. Apply optimal filter
4. Apply thermal gain stabilization
5. Energy calibration
6. Apply blinding
/. Qv candidate event selection
1. Reject pileup events
2. Apply pulse shape cut
3. Apply anti-coincidence cut
8. Unblind the data

Brian Fujikawa (LBNL)

Baseline (mV)
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CUORE-0: Simplified Analysis Chain

Johnson
noise
Heat(gitgp—; ;) mK /T(rZeTr[Tgteo)r

DAQ continuously samples the NTD &
thermistor voltage at 125 Hz
1. Software trigger identitfies waveforms T S Energy

: : : Thermal coupling release
2. Data quality inspection (PTFE)
3. Apply optimal filter thermodynamic
4. Apply thermal gain stabilization fluctuations
5. Energy calibration
6. Apply b||nd|ng Power Spectra for signal and noise events
/. 0vB[3 candidate event selection oE e

1. Reject pileup events g
2. Apply pulse shape cut
3. Apply anti-coincidence cut 2w
8. Unblind the data

V4/Hz]
"

r

Frequency [Hz]
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CUORE-0: Simplified Analysis Chain

DAQ continuously samples the NTD
thermistor voltage at 125 Hz

1. Software trigger identifies waveforms
2. Data quality inspection
3. Apply optimal filter
4. Apply thermal gain stabilization
5. Energy calibration
6. Apply blinding
/. Qv candidate event selection
1. Reject pileup events
2. Apply pulse shape cut
3. Apply anti-coincidence cut
8. Unblind the data

Brian Fujikawa (LBNL)

CUORE-O Illustration of Data Salting

cnts/keV

o

Real Data

Salted Data (Exaggerated)

2%00

June 2, 2014

Rencontres du Vietham Neutrinos (16-22 July 2017)
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CUORE-0: Simplified Analysis Chain

DAQ continuously samples the NTD

thermistor voltage at 125 Hz

1. Software trigger identifies waveforms

2. Data quality inspection
3. Apply optimal filter

4. Apply thermal gain stabilization soof

5. Energy calibration
6. Apply blinding

1200 —

Voltage (mV)

1000 |— l \

800 [—

400 |— I\\

/. Ov3B candidate event selection o |

1. Reject pileup events
2. Apply pulse shape cut

2000=, oy

00— \
C ~
l I

3. Apply anti-coincidence cut

8. Unblind the data

Brian Fujikawa (LBNL)
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CUORE-0: Simplified Analysis Chain

DAQ continuously samples the NTD
thermistor voltage at 125 Hz

1. Software trigger identifies waveforms
2. Data quality inspection ~88% of OVBB decays

3. Apply optimal filter - confined to single bolometer
4. Apply thermal gain stabilization

5. Energy calibration
6. Apply blinding
/. Qv candidate event selection
1. Reject pileup events
2. Apply pulse shape cut
3. Apply anti-coincidence cut
8. Unblind the data

Continuum background from muilti-
Compton scatters and degraded
alphas are mostly multisite events

Brian Fujikawa (LBNL) Rencontres du Vietham Neutrinos (16-22 July 2017)
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CUORE-0 0vBB ROI (unblinded)

Qpp = 2527.5 keV

S :
= .
=) T
:12 A
5 ;
a7 . i —
: 025 5
! &0
~ ! —~
> : 02 >
o ! D}
-~ ; )
- . 7))
& : £
= X 0.1
! o
3 : @)
O HFl 0.05
()—.—|||||+:||rl+|—.—()

2470 2480 2490 2500 2510 2520 2530 2540 2550 2560 2570
Reconstructed Energy (keV)

Simultaneous un-binned extended ML fit to range [2470,2570] keV

Fit function has 3 components:

1. Calibration-derived line shape modeling posited fixed at 2527.5 keV

2. Calibration-derived line shape modeling 80Co sum-peak floated around 2505 keV
3. Continuum background
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CUORE-0 OvB[3 Results

Residual|[ o]
RO O—=NwW N

gL
18— E———— Hoos 2
= x%NDF =43.9/46 Best it %% 2 " Y- -

16— X : — 90% CL Limit = = Additive (107 yr™!)  Scaling (%)
; 14— -- Flat Background | 02 &) Line shape ‘ 0.004 1.3
O — = ) Energy resolution 0.006 2.6
=2 12F ] = Fit bias 0.006 0.15
= 10 — 0.15 = Energy scale 0.006 0.4
é g - _ a7 Bkg function 0.004 0.7
) = -
LE 6 gg I;’. + ,,L - 0.1 § Selection efficiency 0.7%

T

+H+l I Tl +T %UT T_ 005

QWO 2480 2490 2500 2510 2520 2530 2540 2550 2|560 257%

Reconstructed Energy [keV]

CUORE-O only: 17/, (**'Te) > 2.7 x 10* y (90% C.L.)
Combined CUORE-0 & Cuoricino:  T7/5(*"Te) > 4.0 x 10*y (90% C.L.)

Phys. Rev. Lett. 115, 102502 (2015)
Phys. Rev. C 93, 045503 (2016)
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Residual (0)

] ST A I A A

Projected fit

—e— Summed calibration data

208T1 y

Resolution at 208T] 2615 keV

| CUOREO |
(4.9 keV (Harmonic Mean) |

Counts / (0.5 keV)

|

Te X-ray
escapes

2560 2570 2580 2590 2600 2610 2620 2630 2640 2650
Reconstructed Energy (keV)
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Twf
2 0 ; ---- Cuoricino
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Achieved the 5 keV resolution goal of CUORE
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CUORE-0 2v(33 Analysis

Counts / keV

e Geant4-based CUORE MC
« Bayesian JAGS Fit
* Material assay

(a priori constraints)

E—J Experimental (M)
—— BOTe2vBB
= %K (Crystals)

Counts / keV

2500

Energy (keV)

500 1000 1500 2000

Multiplicity 1

i I TR

Counts / keV

2000

3000 4000 5000 6000
Energy (keV)

5000 6000 7000
Energy (keV)

T12/”2 = [8.2 £ 0.2(stat) £ 0.6(syst)] x 10?° years

T12/”2 = [7.0 £ 0.9(stat) & 1.1(syst)] x 10%° years (NEMO-3)

Eur. Phys. J. C 77 13 (2017)
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Projected CUORE Backgrounds

e “Radio-assay” by CUORE-0

frOm 2VB[B analysis b=1[1.02+ O.OS(stat)“_Lgﬁg(syst)] x 1072 counts/keV /kg /year
* Material assay

 Geant4-based CUORE MC

TeO,: natural radioactivit . .
" Preliminary

NOSV Cu: natural radioactivity "

NOSV Cu: cosmogenic activation [N

TeO,: cosmogenic activation "
OFE Cu: natural radioactivity [l e
Roman Pb: natural radioactivity [
Modern Pb: natural radioactivity [

Superinsulation: natural radioactivity e
Stainless steel: natural radioactivity ——e—
Environmental muons o
Environmental neutrons | o “ 90% CL Limit
: —¢ Value
Environmental gammas [
107 107 104 0.001 0.01 0.1
counts/(keV kg yr)

arxXiv:1704.08970

Brian Fujikawa (LBNL) Rencontres du Vietnam Neutrinos (16-22 July 2017)
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Projected CUORE Sensitivity

Exposure [kg - yr]
107 10°

BIL: ( 1.0240.03%% | - 107 cts/(keV -kg - yr)
FWHM: 5 keV
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arXiv:1705.10816
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Beyond CUORE: CUPID

CUPID: CUORE Upgrade with Particle ID

Mg [meVl
<
TTT

B T CUORE-0 + Cuoricino limit (Te)

CUORE sensitivity (Te)

Inverted hierarchy

10k CUPID sensitivity (Te)

Normal hierarchy

BN

Other isotopes

10" '
10~ 1 10

10?

Miightest [MEV]

» Goal: sensitivity to the full IH region
Tlo/”2 ~ 10?7 — 10*® years

e Requires:
e =7 ton of BB isotope
e« CUORE-Ilike energy resolution

SE/Qss ~ 0.2% (FWHM)
e Background index
b < 107! counts/(keV - ton - year)
e >x 103 reduction relative to CUORE

The CUPID Interest Group: arXiv:1504.03599 & arXiv:1504.03612

Brian Fujikawa (LBNL)
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CUPI

Brian Fujikawa (LBNL)
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Al Film Sensitivity
Surface — to surface
effects Scmtlll.atmg alphas / betas
ROI foil
< 2615 keV
TeO, Luke effect
TES
Cherenkov
CUPID e
MMC
ZnSe
/ , Sensitivity to
ZnMoO, / . bulk / surface
NO TeO, \ Li,MoO, Scintillation oliee
|
ROI
> 2615 keV CEligly
Enrichment
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R&D Towards CUPID

Please see the related talks at this conference:

Wednesday 19 July 2017:

*|Laura Cardani (morning session)

Innovative light detectors for background rejection in CUORE and
CUPID

Thursday 20 July 2017

e Claudia Nones (09:30, next talk)
Scintillating bolometers for the study of double beta decay

* Nicola Casali (10:00)
CUPID-O Cryogenic calorimeter with particle ID for double beta decay

* Andrea Giuliani (11:00)
A 109Mo pilot experiment with scintillating bolometers (CUPID activities)

Brian Fujikawa (LBNL) Rencontres du Vietham Neutrinos (16-22 July 2017) 40



The CUO ? — Collaboraﬂon
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National Laboratory
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