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Rich physics program
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Neutrinoless double-beta decay
Two-neutrino double-beta decay

Exotic searches at high energies (Majoron etc)

CUORE Science

Exotic searches at low energies (axions, dark matter)

Detailed background model: setting up for the future

(Preliminary)

Cuoricino + CUORE-0 + CUORE limit (Te)

102k

CUORE sensitivity (Te)

Inverted hierarchy

Normal hierarchy
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Other isotopes

11
10?

CUORE, 5 y (75% duty) [10-28] keV

CUORE, 5y (75% duty) [3-28] keV

interpretation from
JCAP04(2009)010
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CUORE

Exploring the Unexplored
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Cuoricino + CUORE-0 + CUORE limit (Te) B
(Preliminary) T Ge
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CUORE sensitivity (Te)
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CUPID sensitivity (Te)
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| Experimental Sensitivity

Half-life Expected Signal (counts/tonne-year)
5%x10% ~100
5%102%6 ~10
CUPID—> 5x10%7 ~1
goal
5x1028 ~0.1

Sensitivity scaling:

Experimental challenge:

[ 0V Source Mass - Time
_T1/2} eff -[abmdance°\/ Bkg  AE

T8 e L. Source Mass - Time ~ (background-free)

v Increase Mass (200-1000 kg for current experiments): $$, R&D

v Increase Isotopic Abundance: $$

v’ Decrease Bkg (ultimately to 2vp[ limit): radiopurity, active rejection

v’ Decrease AE: technology choice

(background-limited)

CUORE

10/23/2017
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CUPID Background Goal 2

TeO,: natural radioactivity
NOSV Cu: natural radioactivity

NOSV Cu: cosmogenic activation

TeO,: cosmogenic activation

OFE Cu: natural radioactivity
Roman Pb: natural radioactivity

Modern Pb: natural radioactivity

Superinsulation: natural radioactivity

Stainless steel: natural radioactivity

Environmental muons

Environmental neutrons

CUPID goal
e+
F——e—
e
e

Environmental gammas |

106

107

10

CUORE goal:

0.01 counts/(keV kg y)

0.001

|
Eur.PhysJ. C77, 543 (2017)

CUORE-0 bkg model

Cosmogenic activation of Te
Radioassays (HPGe, NAA, ICPMS)
Measured u, ¥, n fluxes at LNGS

W §0% CL Limit

—e— Yalue
1
0.01 0.1
counts/(keV kg yr)

CUORE results consistent with the background model

10/23/2017
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‘ Ovpp Isotopes: Figure of Merit
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Diverse, Vibrant Program

NLDBD Sub Committee Report to NSAC (2014)
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| | | | | | |
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CUORE Upgrade with Particle ID (CUPID) gﬁﬁ

R. Artusa et al., Eur.Phys.J. C74,3096 (2014)

White papers: arXiv:1504.03599 & arXiv:1504.03612 Light Detector
* Next-generation bolometric tonne-scale . .jL
experiment § ‘ Thermometers
* CUORE design, proven CUORE cryogenics ew L1k
» 988 enriched (90%) crystals, a rejection by o scntlatng

— bolometer

detecting light (Cherenkov, scintillation)

0 Goal: nearly zero background
measurement: background goal < 0.1
events / (ROI ton*year)

Subject of focused R&D effort,
pilot experiments in next 1-2 years

10/23/2017 Yury Kolomensky: CUORE Future
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High Energy Physics Division, Argonne National Laboratory, Argonne, IL, USA
Materials Science Division, Argonne National Laboratory, Argonne, IL, USA

INFN - Laboratori Nazionali del Gran Sasso, Assergi (AQ), Italy

Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
Department of Nuclear Engineering, University of California, Berkeley, CA, USA
Department of Physics, University of California, Berkeley, USA

Universita di Bologna and INFN Bologna, Bologna, Italy

Massachusetts Institute of Technology, Cambridge, MA, USA

Department of Physics and Astronomy, University of South Carolina, Columbia, SC, USA
Technische Universitdt Miinchen, Physik-Department E15, Garching, Germany

Dipartimento di Fisica, Universita di Genova and INFN - Sezione di Genova, Genova, Italy
Institute for Nuclear Research, Kyiv, Ukraine

INFN - Laboratori Nazionali di Legnaro, Legnaro, Italy

Lawrence Livermore National Laboratory, Livermore, CA, USA
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(ITEP), Moscow, Russia

Max-Planck-Institut fiir Physik, D-80805 Miinchen, Germany

Nikolaev Institute of Inorganic Chemistry, SB RAS, Novosibirsk, Russia

Sobolev Institute of Geology and Mineralogy, SB RAS, Novosibirsk, Russia

Centre de Sciences Nucleaires et de Sciences de la Matiere (CSNSM), CNRS/IN2P3, Orsay, France
INFN - Sezione di Padova, Padova, Italy

Institut de Chimie de la Matiére Condensé de Bordeaux (ICMCB), CNRS, 87, Pessac, France
Dipartimento di Fisica, Universita di Roma “La Sapienza” and INFN - Sezione di Roma, Roma, Italy
IFN-CNR, Via Cineto Romano, I-00156 Roma, Italy

Service de Physique des Particules, DSM/IRFU, CEA-Saclay, France

Physics Department, California Polytechnic State University, San Luis Obispo, CA, USA

Shanghai Institute of Applied Physics (SINAP), China

Institut de Physique Nucleaire de Lyon, Universite Claude Bernard, Lyon 1, Villeurbanne, France
Wright Laboratory, Department of Physics, Yale University, New Haven, CT, USA

Laboratorio de Fisica Nuclear y Astropartculas, Universidad de Zaragoza, Zaragoza, Spain
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Counts /4 eV bin
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Cherenkov Detection in TeO>

W-TES
on carrier crystal

Light yield [eV/MeV]

TeO, crystal light detector

130 eV @2615 keV

B/y

e o o o oy by ey o oy

data
------ 1.28 o contour lines

— 3.10 o contour lines

60 80
Light yield [eV/MeV]

K. Schaeffner et al, Astrop. Phys. 69, 30 (2015)

3000

4000

5000 6000
Energy[keV]

1000 2000

Event-by-event a/f3 discrimination
requires light detectors with ~15-20 eV
resolution

TES-based light detectors:

- CRESST/LUCIFER: W-based detectors
- US (Berkeley/Argonne): bilayer TES

10/23/2017
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R&D: Superconducting Sensors

Transition-Edge Sensors (TES)

Bias point
L N f.
T [mK] Day et al., Nature 425 (2003) 817
Ir/Pt Bilayers
-~ H-=-100/20 : .
S | ol 100150 gD CALDER: ERC Advanced Grant
o [
P Bt a8 .
.% 120~ 100/60 [m] O o Energy scan with optical fiber
H-5-100/70 -~ =
T eraemm | o Z oF —— Eokev c2sev Self-calibrated with
0.8 CniED < 3 —— E=0.18keV 0=32eV photon statistics
Tk [‘ oV A - o = OF \ —— E=0.37keV o=41eV .
0.6 ' - g s O0F F R
0.4f v v 3 N 80E
0'2: o = o 30 ;_ l* 60; an fits
OF- Al T TTRA00G8 - £ A0 .. m% ........ Dan 20F s B —
L 1 P R R L L L = 201 —a
20 40 60 80 100 120 10E Y is
Temperature [mK] S0 0 200 300 600 ° 2 Encrey (V]
R. Hennings-Yeomans et al., in preparation Energy (eV)
LBNL, UCB, ANL E.S. Battistelli, et al, EPJ C75 (2015) 353
L. Cardani et al, APL 110 (2017) 033504
10/23/2017 Yury Kolomensky: CUORE Future
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R&D: Luke-Neganov Light Detectors

Thermometer

Absorber
 (Semiconductor)

Heat Capacity C

AT=E/C

7

e

é_,—Thermal Link

Heat Sink

T E
£ rr . py L. Gironi et al, Phys. Rev. C 94, 100
) 30; - 054608 (2(_)16) = ]
C Z |
20 :
'J [ J
; g 9% arXiv:1710.03459v1
b=t
s
7 5 99.96 — L. Pattavina <t al., JLTP 184, 286 (2016)
10 e s Tator = J /
Energy (keV) 9
=2 J
% soF &
_ Entries 287
5 F ; 10+ 2 99.94
::.‘ - G, 24 + 1
é 40— Entries 75
o S :
30E- " 99.92 —
= D.Artusa et al, Physics
20 Letters B 767 (2017) 321
- Bry
10; W.Q' YTy | rrrrTTTTY U U \
C . . 75 775 80 825 85 875 9% 925 95
o6 -0 0 100 20 etected nergy [eV] Selection of () events (%)
10/23/2017 Yury Kolomensky: CUORE Future

CUORE




15

Scintillating Bolometer Pilot Experiments “**
CUPID-0/Se @ LNGS: Zn82Se: 2017
— 10
Light detector. %‘D 10
=
Copper holder % CUPID-O0 Preliminary
% 10 Exposure: 1.5kgy
2
Scintillating crystal & !
< Reflecting foil
D o 10! [ Dpata |
B Data - o removed
Ovpp line 30 keV FWHM
_2 | | Il 1 |
s 1071000 1500 2000 2500 3000 3500 4000
Energy [keV]
CUPID-0/Mo @ Modane: Li2!99MoOQ4: early 2018 _ ‘
2" LMO-2, 2Th (45 h), 2.5-4.5 MeV data

Smeared o
.""—\-. DPGI () 9
f Y
10 {' .‘. a, 99.9% (), 99.7%

Coums

)

/ | I

| ‘, ] a, So, ] ~

[ | g 99.9999% /N

f ‘ ' . ' / \‘
! | ! ' 9, 1 / \

|1 ' 1 ! \l
el [ 4 Yy \

J + v v ¥ \

0% | 1.2

Light vield (keV/MeV)
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CUORE

1f
O—l
102E
107E
10—4 | L 1 11111 | L 1 11111 | L1 1111l | L L riiitil
10 107 102 107! 10" 107 102 107! 1
mlightest (GV) , mlightest (GV)
.. I 2
Exciting future ahead ! A mgg = | E m; - UZ|
LAVORI 7)
IN CORSO
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CUORE

Backup

L________________________________________________________________________________________________________|
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Transition Edge Sensors

Superconducting Film

\ AV

Rshunt é

—_—>

4k T2C /B+1
AErmszo-Ez'\ Ba ol 2 y

TES

K.D. Irwin, Appl. Phys. Lett. Vol. 66, 1998 (1995)

Low Tc TES fabrication:

- W-TES may be possible through ion implantation
Grow W-alpha phase for Low Tc
Or we can utilize superconducting bilayers as TES (proximity effect)
Minimize # TES and SQUIDs on detector
SQUIDs can be readout in arrays al large as up to 10,000

X

Bias point

RIQ]

T [MK]

Ctot = Coolo (~T3) + Cres (~T) +

Cother (e.g. caused by impurities in the crystal)

17

=T
@ =7z

Q

R

T

[3: determined by thermal conductivity
between the TES and absorber/heat-bath

R. Hennings-Yeomans

CUORE

10/23/2017
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Cooper pairs (cp) in a superconductor
act as an inductance (L).
Photons or phonons can break cp and change L.

1.0

s
)

Kinetic Inductance Detectors

CALDER R&D
Kinetic Inductance Detectors (KIDsl
o " 2|
8 -
g
L » 0k
) -10 - . ' '

08
0.6
0.4

0.2

L
5.66

1
5.68

5.70
Frequency (GHz)

1
5.72

T
574

i f. f
Day et al., Nature 425 (2003) 817

High quality factor (Q) resonating
circuit biased with a microwave (GHz):
signal from amplitude and phase shift.

v Multiplexing: different resonators can be coupled to
the same feedline.

v A single cryogenic amplifier can be used to read up
to 1000 detectors.

v High reproducibility and ease of fabrication.

V' Insensitive to microphonic noise, week temperature
dependence.

Ezio Previtali — 103° Congresso Nazionale SIF — Trento 15-9-17

CUORE

10/23/2017
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Luke-Neganov Amplification

Thermometer Absorber
 (Semiconductor)

7
Heat Capacity C
-\/ . -4||
’—O O....
~"€,  AT=E/JC
Photon

%_——Thermal Link

Heat Sink

Total energy deposited in the
absorber with applied field V:

Eror = geV + FE

N

E. Voltage

Amplification Factor

=
G=1+=
€

Ezio Previtali — 103° Congresso Nazionale SIF — Trento 15-9-17

CUORE

v

4OV

OV | +120V +160V

+200V| 4240V OV | +240v| OV

with theoretica

Different slope: saturation
regime - gain compatible

40V | 80V | -120V

I value

160V

2007 vov|

240V

10/23/2017
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CUORE

a Discrimination in LN Detectors

Cerenkov light measured
with Si-Luke light detectc
on small (1x1x1 cm3) TeC
crystal

L. Gironi et al, Phys. Rev. C &
054608 (2016)

light (photons)

P
10000
Energy (keV)

£ 05 “Po z P0E : 210
5 200 s = 200E- x . Po
2 150 Tl E 150/ l 2081
A 10z : ! . .. | Cerenkov light measured
50— g . .
oE- i .| with Ge-Luke light
SO ¢ $ detector on CUORE like
71007_ L L L L L L L =% L L L L L L L L
0 2000 4000 Energy [ke?ijOO 0 2000 4000 Energy [ke?l[‘]m (5X5X5 Cm3) TeOZ Crystal
Z 45E- Entries 27| % so- Entries 287 .
2 wE bowia S OF < %:i D.Artusa et al, Physics
5 E Entries 149 g 40— Entries 75
S s I ™.l Letters B 767 (2017) 321
= 9% B py 3 E
25; 30;
e 20f-
I5E- c o pry
101 10—
SE- =
S50 ~100 0 100 200 300 300 S 00 0 100 300 500 400
Detected Energy [eV] Detected Energy [eV]

Ezio Previtali — 103° Congresso Nazionale SIF — Trento 15-9-17
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CUPID-0/Se

24 Zn®2Se CRYSTALS

Mass = 9.65 kg
Se enrichment in 8°Se at 96%
82Se Mass = 5.17 kg Ngsz = 3.8 102°

2 ZnSe CRYSTALS

Mass = 0.85 kg
Se natural 82Se at 8.7%

hyperpure Ge wafers
diameter = 44.5 mm (=~ ZnSe crystals)
thickness = 0.17 mm

M. Pavan

Yury Kolomensky: CUORE Future
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CUPID-0/Se

sum calibration spectrum

1500 2000 2500 3000
Energy [keV]

M. Pavan

<FWHM>

noise — ~ 0.4 keV
2615 keV — ~ 25 keV

major contribution from
crystal quality

S 35:
= a0f =
2 T O S =
= F 32
L osf at °“Se = 2998 keV
S pr _ QBB
20} : resolution is extrapolated
15; P L AE=\E4aE
10F ¥ 2/ ndf 1.404/3 |-
o E, 4.322 + 0.6025
5[ a 0.006394 = 0.001048 |- SR]_ — 29 2 :|: 2 0 ke\/
; b 1.467 +0.0193 : :
o500 1000 1500 2000 5500 5000 SR2 — 27.0 £ 1.0 keV
Energy [keV]
10/23/2017 Yury Kolomensky: CUORE Future
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CUPID-0/Se

» M1 (only single hit events) + PSA on HEAT M. Pavan
» 332 spectrum normalized to NEMO !

= 10
Eo CUPID-0 Preliminary
E 0 Exposure: 1.5 kg 'y
2
=
3
1
107 |
| 2nubb spectrum (NEMO)
: OvpB line 30 keV FWHM |
107  GBBAEES EAEaanN ANEaEsS eNRUaN Boasaas uaNUNE: asEnan BnNEas FaeaNsu BasEsas BN SEsussn) MENNEs: EsauaN) MEBas | | | | | | | |

1600 1500 2000 250 3000 3500 4000
Energy [keV]

INEMO measurement of 32Se 332v half-life ( arXiv:1105.2435 [hep-ex] )

I
10/23/2017 Yury Kolomensky: CUORE Future
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CUPID-0/Se

M. Pavan
Y
— _ 212Bi
?>E 0.25 [ ] Data T=6055m
§ CUPID-0 Preliminary || Il Data - o removed o wel 0% § 2254 -55.5%
é) 02Ft} Exposure: 15 kg y Data - o removed - del. coinc. B090 97 1% 1627 -4.4%
2 : 0vBp line 30 keV FWHM
=] = y
é 0.15— 208TI 212Po
L T=305m T=299ns
0'1} # 1603 -100% o 8784 -99%
C Y 2615 -36%
C 583 -30%
= 5107 9%
005——@ ——®&—| 1 — 277 24% 4 v
C 208Pb
Eal, T I ‘ i W N e N STABLE
& 0 2850 2900 2950 3000 3050 3100 3150 3200
Energy [keV]

M1 (single hit cut)
PSA on HEAT

PSA on LIGHT (remove «)

Delayed Coinc.

10/23/2017

N. of Events = 3

[2.2-8.6]-1073¢/(keV y kg)

Eoyﬁﬂ ~ 80%
ecuts > 85%

Yury Kolomensky: CUORE Future
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Surface-Sensitive Bolometers
ERC advanced grant CROSS (start 1/1/2018)

Cryogenic Rare-event Observatory with Surface Sensitivity

CROSS is a bolometric experiment to search for 0v-DBD

> Core of the project (high risk / high gain)
Background rejection through pulse shape discrimination

= Surface sensitivity through superconductive Al film coating

= Fast NbSi high-impedance TES to replace / complement NTDs
> get rid of light detectors

> Complete crystallization of available °°Mo (10 kg) in Li,Mo0O,

elements
> Purchase / crystallize *3°Te (up to 15 kg) in TeO, elements

> Run demonstrator in a dedicated cryostat (LSC — Spain)
A. Giuliani



