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CUPID-0 for CUPID (Cuore Upgrade with Particle ID)

CUPID is a proposed bolometric 0vDBD experiment which aims at
a sensitivity to the mgg on the order of 10 meV

|

 Detector mass in the range of several hundred kg of the isotope

Technical challenges:

« Background close to zero at the ton * year exposure scale

 Region Of Interest (Rol) of a few keV around OvDBD transition energy

Five steps to satisfy these technical challenges :

v

* Isotopic enrichment CUPID-0 1s the first demonstrator, of a

v

» Active alpha rejection series, of the new technologies that will be

 Improved material selection implemented in CUPID and, at the same
* Reduced cosmo-activation time, i1t 1s also a competitive OvDBD search
 Better energy resolution in its own right.
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Scintillating bolometers

A bolometer is a highly sensitive calorimeter
operated at cryogenic temperature (~10 mK)

Energy deposits are measured as temperature

. : Detect
variations of the absorber Go) | I_LL

i\

If the absorber is also an efficient scintillator Weak Thermal Link
the energy is converted into heat + light

Scintillating bolometer features:

(PTFE)

l Absorber —

Scintillating Crystal
(ZnSe)

* high energy resolution O(1/1000)

* high detection efficiency (source = detector)

« particle IDentification

A close-to-zero background experiment is feasible:

a background: identification and rejection

v/B background: BB isotope with large Q-value

Blois 2019, June 2 - 7, 2019
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CUPID-0 - The detector

CUPID-0 is an array of scintillating bolometers for the
investigation of 32Se OvDBD

* Q-value 2997.9 + 0.3 keV

95% enriched Zn®Se bolometers

* Installed in the underground laboratories at Gran Sasso

* Hosted in the ‘old’ Cuoricino/CUORE-0 cryostat

* 10.5 kg of ZnSe, 5.17 kg of #2Se (3.8:10%5 BB nuclei)

* Background goal ~10-3 ¢/keV/kg/y also thanks to

discrimination capabilities (light yield and pulse shape)

Blois 2019, June 2 -7, 2019



CUPID-0 - The detector

O-shape PTFE Light Detector
\ /

26 ZnSe (24 enriched + 2 nat)

+
31 Ge Light Detectors (LD)

ZnSe arranged in 5 towers

Cu Structure S-shape PTFE

LD-1

Simplest modular detector: O
300 @))
* Copper structure §
200
- PTFE holders e
. Reflecting foil (VIKUITI 3M) v B
g O%M........l.
0 500 1000 1500
Time [ms]
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CUPID-0 - The assembly

» All activities for the construction were carried out in an underground Rn-suppressed clean room
» Assembly started on October, 2016
 Complex assembly: crystals have all different shapes and heights

Ge-NTD thermal sensor

Si-heater for gain
drift corrections
% =

Zn®2Se crystal

Reflecting foil

gold wires
for the sensor
read-out

Blois 2019, June 2 - 7, 2019



Data Taking - CUPID-0 Phase I

Maintenance




Detector performance - 232Th calibrations

The detector performance were investigated using 232Th sources placed outside the cryostat

208

counts

208T].DE 82Se

208T]-SE

10

Energy spectrum

obtained summing all 107!
the ZnSe channels in a 500 1000 1500 2000 2500 3000 3500 4000
calibration run Energy [keV]

« Major contribution to the energy resolution is the crystal quality

- average baseline FWHM 3.5 keV
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Detector performance - °Co calibration

We performed a calibration run also with a ?6Co source to:

* check the goodness of the energy

reconstruction

» evaluate the FWHM energy
resolution at the #2Se Q-value

[
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— value corresponding to the 82Se Q-value

The exposure-weighted harmonic mean FWHM
energy resolution at the Qgg results to be (after

de-correlation of heat and light signals)

(20.05 + 0.34) keV
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Background - Total energy spectrum
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First level data analysis:
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Rejection of “non-particle-like” events
through pulse shape on thermal pulses
Anti-coincidence between crystals (AT
= 20ms)
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Background — Data selection
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Background — Data selection

> Final Heat Spectrum > Delayed alpha coincidence
+ o Rejection o~ . . .
§ 10° B + Delayed Coincidences Veto 10* % 212Bl-208T1 re] eCtlon
]
% E 7320
3 27y
£ 10 51008 o
S = i
2, - h 4
| = 10° 2Ri T=60.6m |
] o 36% B+y 64%
107 = 10 Q= 6207 keV Q=2254 keV
7 y
102 1 | 28T 1=3.05m | 22po 1=299 ns ‘
B+y 100% o 100%
3 107 _ = §
10777500 1000 1500 2000 2500 3000 Q= 5001 keV] Q= 8954 keV
Energy [keV] Y AS
| 208pp - stable ‘
= >
S~ ] — ]02 .
2 1F Final Heat Spectrum Rol 372 We veto any event succeeding a
— H H = o0 . . . .
E - + a Rejection 1 & primary 212Bi a event in a window
> [ [ + Delayed Coincidences Veto | 3 corresponding to 7 times the half-life.
%]0*‘ = 310 =
S, B -
L i If the contamination is close to the surface and the a
i escapes the crystal, only part of the energy of the
107 E decay is collected
\ I a pulse shape of the primary event and
105

2800 2850 2900 2950 3000 3050 3100 3150 3200 energy in the range (2.0-6.5) MeV
Energy [keV]

Blois 2019, June 2 - 7, 2019 12



CUPID-0 Phase I: Results
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3000 3050 3100 3150 3200

probak')lh?y OVDBD event confined 81.0+0.2 %
inside a single crystal
; . N
trigger efficiency + energy properly 99.5 %
reconstructed
heat pulses selection efficiency +
S 88 %
delayed coincidences
beta/gamma selection efficiency 98 %
Total signal efficiency 701 %

Background index in the Rol

(3.5%39) - 1073 cts/(keV - kg - yr)

Thanks to the simultaneous heat-light
readout we reached the lowest
background achieved with
bolometric experiments.
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CUPID-0 Phase I: Results
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CUPID-0 Phase I: Results

Background model

—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Experimental data Background sources

L 1dentified the background sources
divided according to multiplicity . i exploiting their distinctive signatures

and particle type o
evaluated the extremely low activities of

the (33) background sources

Monte Carlo Simulations

Radioactive decays generated in several Reproduction of

volume/surface of the CUPID-0 detector, measured activity
cryostat and shielding / \
The energy deposited in ZnSe crystals is

recorded in the Monte Carlo output . L.
Comprehension Predictions

Blois 2019, June 2 - 7, 2019 15



CUPID-0 Phase I: Results

Background model

e ' \
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CUPID-0 Phase I: Results

Background model

Holder

Crystals &
Reflectors

Monte Carlo Simulations

Radiation type

Radioactive decays generated in several

volume/surface of the CUPID-0 detector, : ° Natural chains . .
cryostat and shielding i Father + secular equilibrium breaking points

.+ Single isotopes
The energy deposited in ZnSe crystalsis 40K 54Mn, 65Zn, 6°Co, ...

recorded in the Monte Carlo output
* Muons

Blois 2019, June 2 - 7, 2019 17



CUPID-0 Phase I: Results

Background model

Sources positions

ZnSe crystals

Reflective foil

Cryostat

» Internal shields (holder + 600 mK
+ 50 mK)

 Roman lead

« External shields IVC + OVC)

» External lead

e Muons

Blois 2019, June 2 - 7, 2019

---------------------------------------------------------------------------------------

Background sources

. 1dentified the background sources |
exploiting their distinctive signatures

evaluated the extremely low activities
of the (33) background sources |

Depth of contaminations

Bulk

Shallow surface (u = 10 nm)

Deep surface (u = 10 um)

N

exponential profile
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CUPID-0 Phase I: Results

Background model
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1 n&

Comprehension

— My, - Experimental

.| —— My, - Fit reconstruction|

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Energy (keV)

Reproduction of
measured activity

/N

Predictions
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CUPID-0 Phase I: Results
Background model

Background sources contributing to the M1B/y reconstruction, grouped by source and component

2
10 Experimental

— M,
— 2vBp
Crystals (***Th)
—— Crystals (**U)
—— Crystals (others)
Reflectors
Cryostat & Shields

Counts / (keV kg y)

l 0—i 1 j 1 1 1 1 j 1 1 1 1 j 1 1 1 1 j 1 1 1 1 j 1 1 1 m i 1 1 1 LA .T
500 1000 1500 2000 2500 3000 3500
Energy (keV)

In the ROI:

2vDBD is a dominant
* Time veto for the rejection of 2°8T1 events not applied

contribution
l * Muons give 44% of residual background
* Reflectors play a primary role:
Detailed study on this decay - contaminations

- anti-coincidences

Blois 2019, June 2 - 7, 2019 20



CUPID-0 Phase II: Upgrades

* The u's are the main residual background
* No reflective foil

* New cleaner Cu shield

—_—

—_—

Installation of u-veto
Sensitivity to M2 a events

Thermalization and additional shielding

Blois 2019, June 2 -7, 2019
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Conclusions

 CUPID-O0 1s the first large array of enriched scintillating bolometers
« CUPID-0 Phase I: June 2017 - December 2018
ZnSe exposure: 9.95 kg * y
* Excellent background index in the region of interest
- lowest background level achieved with bolometric experiments
(3.5139)- 1073 cts/(keV - kg - yr)
* Acquired data allowed to establish the best half-life limit on 32Se OvDBD
Ty, > 3.5-10%* yr (90% C.1.)

* Background model (information on background sources) and the best half-life
measurement on the 82Se 2vDBD

« CUPID-0 Phase II:

* Goal: better understanding of background sources

Thank you for the attention!!!

Blois 2019, June 2 - 7, 2019 22
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Neutrinoless Double Beta Decay (0vDBD)

OvDBD
(AZ) > (A Z+2)+2e

‘e

!

* Not allowed in Standard Model (AL=2)

* The decay occurs only if neutrinos are
Majorana particles

» Requires neutrino is a massive particle

* The decay rate Tlo/"2 depends on the “effective
Majorana mass” mgg

-1
(T10/V2 - G0v|M0v|2m[2;3

Goy - phase space factor
My, - nuclear matrix element

Blois 2019, June 2 - 7, 2019

2vDBD
(AZ)—>(AZ+2)+2e +2v

c
-

,<!

!

* Allowed 1n Standard Model

» Already observed for several nuclei
(half-lives of the order 1018 — 1021 y)
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Neutrinoless Double Beta Decay (0vDBD)

- Possible for ~35 nuclei, only ~10 really interesting

- Extremely rare process (T%,,, > 10%4-10%° y)

TOV ~ 1026_ 1027y

TOV ~ 1027_1028y 0_2

l

Experiments able of
measuring such low
rate are a
technological
challenge!!!

107

104
10

1072

ITH

N

l =

102

107!
n]iightest[evl

Blois 2019, June 2 -7, 2019

Neutrino
oscillations
constrains
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CUPID-0 - The detector

Zn82Se crystals = 5 Crystal masses :m:z::e

* The enriched Zn®Se crystals were produced é 0

starting from highly pure raw materials s el FHHUnunn

o330 EEEE AR

* The c?ystal 1s grown using the Bridgman © 00 IIII III I |

technique. - III I I III IIII
* The final crystal is then shaped and optical 200

polished = NIRRT THHHIHHI

o

100 SR B R R R
SRR
12345678 91011121314151617 181920 212223242526

Crystal number

Ge light detectors

Well established technology for bolometric LDs
* Ge disk (44.5x 0.17 mm) with NTD thermal sensor
» Si10 antireflecting coating on one side
LD performance are crucial for background suppression
» Light vs Heat: possible a leakage in B/y ROI
» PSA of Light: highly efficient particle-ID

Blois 2019, June 2 - 7, 2019

27



Detector sensitivity for OvDBD searches

Sensitivity: the process half-life corresponding to the maximum signal that could be observed at a given
statistical C.L..

n = confidence level T =live time [y]

N;; =N, & M = detector mass [kg]

eff T N ,, =isotope number B = background [c/keV/kg/ y]
S=1In2-N BB . N & =detector efficiency A =energy resolution [keV]
A=atomic mass
N = N, -M-Xx-n . .
= T X = isotopic  ab.

n=Ng per molecule

‘Zero’ background experiments Experiments with background

M-T-B-A=0 M-T-B-A>>0

n=2.8 (68%C.L.) n=+M-T-B-A (68% C.L)

Assumption: BcM

af T a | T M-T

Critical experimental parameters: M, T, B, A

28
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Neutrino mass

Ty > 3.5-10%* yr (90% C.L)

-1
(T1O/vz = 60v|M0v|2m§5

mgp < 311 — 678 meV

Gy, - Phase space factor

J. Kotila and F. Iachello, Phys. Rev. C 85, 034316 (2012).
S. Stoica and M. Mirea, Phys. Rev. C 88, 037303 (2013).

M,, - Nuclear matrix element

J. Engel and J. Menendez, Rept. Prog. Phys. 80, 046301 (2017)

J. M. Yao, L. S. Song, K. Hagino, P. Ring, and J. Meng, Phys. Rev. C 91, 024316 (2015)
J. Menendez, A. Poves, E. Caurier, and F. Nowacki, Nucl. Phys. A 818, 139 (2009)

F. Simkovic, V. Rodin, A. Faessler, and P. Vogel, Phys. Rev. C 87, 045501 (2013)

T. R. Rodriguez and G. Martinez-Pinedo, Phys. Rev. Lett. 105, 252503 (2010)

A. Meroni, S. T. Petcov, and F. Simkovic, JHEP 02, 025 (2013)

Jq, = 1.269 — Axial coupling constant

Blois 2019, June 2 - 7, 2019 29



Particle Identification

ZmSe Light Yield

Pulse shape

)

light By
light o

Amplitude [A1]

Energy [keVee]

SP of Light Pulses [A.U.]

‘" 10 %0 100 I
; Timee [ma]
200w souree internal of's :
. R TR
1of-_ e e
1 1 i I 1
2000 4000 6000 8000
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Particle Identification

Alpha rejection with
light-shape variable

~ 254
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2 . B T
Al Final Heat Spectrum ERCI
> F + o Rejection 1 % £
< = g
2] | 7 = <
g 10 S 5
810 'E s =
C . =
_ | 79|
102 = I K
- | beta/gamma events
=l Al & § WHEF R 0T MO NN K Pl .
102800 2850 2900 2950 3000 3050 3100 3150 3200 e L
Energy [keV] o S . | | |
2000 4000 6000 8000 10000

Energy (keV)

—— mean value of a particle SP (u,(E))
----- acceptance threshold = u,(E) — 3 - 0, (E)
----- energy below which the PID is not applied




Detector performances

> 18;} ! 2615 keV
D 16} . . i
£ T Noise Resolution i
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Detector response function - Energy resolution

L S0 {
E —
K aatmateatt i R '
— f.. e f————f———t 1 -
EE .
2 10° -
“g E flat background
=
L.
/]—_ P Y ”»
multi-Compton = i
continuum ~ . ¥
prpaged= /1*1& |'r'r-|-l.1rr|'-| DXIY

2560 2580 2600 2620 2640 2660 2680 2700 2720

Double gaussian

* The simplest model which well reproduces the
detector response function over the entire spectrum

» Deviations from the single gaussian model already
observed in other bolometric experiments

Blois 2019, June 2 - 7, 2019

Energy [keV]

FWHM at 2615 keV
(20.7 £ 0.5) keV
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Detector response function - Energy resolution

The heat-light correlation has been
exploited to improve the energy resolution
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Rn contaminations

Y

245000

Uranium
(=}
Protactinium
Thorium
Actin'um
Radwum
Francium
Radon
Astatine
Polomum
Bismuth
Lead
Actnaes
L e Mutwn
Altatne Carh Matas Thatlum
Haogens
Neow e
Motk s
Posr Motes
Tramst o Metals Mercury

141e+10

5.7 Years

Actinides
[ Akali Metals
Alkaline Earth Metals
Halogens
Metalloids
Noble Gases
Poor Metals
Transition Metals
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“Th

1.9 Years .
Thorium
a
Actinium
224
=Ra
3.6 Days i
Radium
a
Francium
55 Seconds
Radon
a
Astatine
Polonium
Bismuth
10.6
Minutes Lead
3.1 Minutes i
Thallium
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Background energy spectrum components

cosmogenically activated _ .
natural radioactivity

102 \ BSZH /

10

[counts/(keVkg-y)]

107!

| | | | | | | | |
500 1000 / 1500 2000 2500 3000
Energvy [keV]

m 1 Illlll‘

continuous spectrum generated by the 2vDBD decay of #2Se
T, = (9.2+0.7) - 10 yr




Background sources

Component Mass (kg) Source Index  Activity (Bg/kg)
w38 1 (9.96 + 0.03) x 10—
85%n 2 (3.52 £0.06) x 10~*
10K 3 (8.5+£04) x 10°°
S0Co 4 (1.4£0.3) x 105
147Sm 5 (1.6 +0.3) x 10~ 7
238-226Ra 6 (5.51 £0.10) x 10—°

Crystals 10.5 226 R, 210p}, 7 (1.54 +0.02) x 10~5
210pp-206p 8 (7.05 £0.16) x 10-°
232Th-225Ra 9 (2.74 £0.10) x 10—°
228Ra-208ph 10 (1.20 £ 0.03) x 10— °
235231 py 11 (5.3+£0.7) x 10—7
231p, 207pY 12 (7.8+0.4) x 10°7

Holder 3.10 54Mn 13 (22+0.3) x 104
232Th 14 < 4.5 x 107°

“ 225y 15 7+3) x 1077

Cryolnt (%) 369 a0 16 Es.n :I:)D.S} x 102
5000 17 (6.8+1.3) x 105
232Th 18 < 6.3x 10°°

[ntP 202 2387] 19 < 7.3 % 1075

CryoExt 832 000 20 (26 +0.9) x 10-°
232Th 21 (4.3+0.6) x 10~*
225y 22 2.5+ 1.2) x 10—*

BatPb (°) 24694 10K 23 Ez.sin.si x 10—3
219pb 24 7.8+0.3

Component Surface (cm?)  Source Index Activity (Bg/cm?)
226Ra219Pb-0.01um 25 (2.63 £0.15) x 108
228Ra-2U5PL-0.01um 26 6.5+1.1) x 1079

Crystals 2574 QMRa—MDPb—le&; 27 i: 2.3 x 13—9
228Ra-2"8Ph-10um 28 (4.2+1.8) x 10~°
232Th-10um 29 < 7.3 x 10-10

. 226 Ra-219Pb-10um 30 8.7+ 1.3) x 10—9

Reflectors (%) 2100 210p}, 206PhL, 10uym 31 EI.D:I:D.E} x 108
210phL-206PhL0.0lpm 32 (1.43 +£0.02) x 10—7

Muons Flux in units of u/(cm?s) 33 (3.7+0.2) x 10—%

Blois 2019, June 2 -7, 2019
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Neutrons calibration

We used neutrons in order to have gamma events also in the 3-4 MeV energy region

o -
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Crystals radiopuruty

Table 1: Internal radioactive contamination for 2.5 kg of
96.3% enriched ®2Se metal beads and for 2.5 kg of "*'Zn.
Limits are computed at 90% C.L.. The measurements
were carried out on October 2014.

Chain  Nuclide 82Se Activity ™2!Zn Activity

[#Ba/kg] (tBq/kg]
232Th
228Ra < 61 < 95
228Th < 110 < 36
238U
226R4 < 110 < 66
234Th < 6200 < 6200
234mpg, < 3400 < 4700
235y 2357 < 74 < 91
40K < 990 < 380
6000 < 65 < 36
560 — 804+20
657 n — 52004600
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