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Macro Bolometer Technique

¢ The absorbed energy causes an increase in absorber temperature Thermal bath
o Use temperature change to measure energy absorbed Thermal
Thermometer «— coupling
\| S
0
-
©
O
@} B
: o oy
Q@ |
3@
Time \

Absorber

e [or dielectric crystal absorbers, heat capacity ~ T3

e Typically operated at ~10mK

CUORE uses |

e Relative energy resolution of 0.2~0.3% FWHM routinely achieved this technique :
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Scintillating Macro Bolometer

¢ |f the absorber also scintillates measuring both the thermal and light signal enables patrticle
discrimination
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e |Light detection at mK temperatures is achieved with secondary bolometer (such as Ge wafer)

CUPID will use
' this technique |




C U O R E Cryogenic Underground Observatory for Rare Events

4 TeOq2 crystals (5 cm x 5 cm x 5 cm) per floor

CUORE

13 floors per tower Hosted at Gran Sasso Underground Lab

e Close-packed array of 988 natTeO, bolometers
(Total active mass: 742 kg)

e Operated at T~11 mK

Cu frames

e Primary physics goal: Ovp[3 decay of 130Te

Ge thermistor

> |sotopic abundance 34% => 206 kg

Si heater

» Q-value: 2527.5 keV

e CUORE design goals:

Sample Event Waveform

u.)

» Energy resolution: 5 keV FWHM near Qgp
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Relatively slow detectors

» Background: 0.01 c/keV/kg/y near Qgpg
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o pulse duration ~1 second
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> OvPB[3 sensitivity for 5 years of livetime:
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milli-Kelvin facility for tonne-scale detectors

Plate

Im Internal

¢ 18 cm polyethylene + 2 cm borated material

Cryogenics 102, 9-21 (2019). arxiv:1904.05745

3 4 ' ' '
Powerful 3He-*He dilution refrigerator Cryogenics 93, 56-65 (2018). arxiv:1712.02753

cooling power: 5 yW at 10 mK

Precooled by 4 pulse tubes Cooldown 300K —> 4K
. . . B CUORE cooldown
Cryogenic vessels and shielding: o - e

e 13 tonnes < 4 K - N
e 5tonnes < 50 mK TE
e 1500 kg @ 10 mK ( detectors + materials) S O

Experimental volume ~1 m3 a.k.a Cooldown 4K —> 10mK
“Coldest cubic meter in the known universe” L Sa—

Cooldown time ~ 1 month 3 -

. —— HEX plate
0.1 == — MC plate

T [K]

External Shielding:

- CUORE cooldown
Start: 2017-01-23 10:00

0.01 =

1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4
At [d]

S

e 30 cm lead



Exposure (kgyr)

CUORE Status/Data taking

CUORE Exposure Accumulation

Exposure Accumulation - May 2020

Phys. Rev. Lett. 124, 122501 (2020)
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e Data taking started in Spring 2017

of calibration at the start and end
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After initial data taking phase, significant effort devoted to
understanding the system and optimizing data taking conditions

0Te Exposure (kg'yr)

Since March 2019 data taking is continuing smoothly with > 90% uptime

CUORE “data set”: ~1 month of background data taking with a few days

Background (70.1%)

CUORE Run Composition
since Spring 2019 -

Calibration (14.5%)

Setup (2.0%)

NPulses (1.7%)

Test (5.5%)

Down Time (6.2%)
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| Stable conditions allowed continued
data taking with minimal onsite
activity during recent lockdowns




Counts / keV

CUORE: Ov[3B Search

CUORE ROI Spectrum Posterior for Moy .
18;— Best fit (global mode) 065— l90% Cl. ° NO eVIdence for OVBB decay
] 90% limit on T, E
14 o O5E Ty > 3.2 X 10%° yr (90% C.I.)
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I ot Efffgoy (ke%m 780 0.1 -0.05 . ([)yr'l] 0.05 0.1 Phys. Rev. Lett. 124, 122501 (2020)

Total exposure TeO2:  372.5 kg - yr ¥ See A. Campani, Poster

. . £ #101 Session 1 f — _
Likelihood model: flat continuum (Bl), posited Background Index
peak for Ovp[3 (rate), peak for 80Co (rate + position) (1.38 + 0.07) x 10~ %cnts/(keV - kg - yr)
Unbinned fit on physical range (rates non-negative),
uniform prior on Moy Characteristic FWHM AE at QBB
Systematics: repeat fits with nuisance parameters, allow 7.0+£0.3 keV

negative rates (<0.4% impact on limit) ;


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.122501

Counts / keV

CUORE: Ov[3B Search

CUORE ROI Spectrum Posterior for Moy ,
18f- Bost fit (global mode) 3 Roos 1 * No evidence for Ov3[3 decay
] 90% limit on T, 0o 2
14 o O5E Ty > 3.2 X 10%° yr (90% C.I.)
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Total exposure TeO2:  372.5 kg - yr ¥ See A. Campani, Poster |

. . 2 #101 Session 1 g
Bayesian Analysis (BAT) SOOI ACTII——.
Likelihood model: flat continuum (Bl), posited 5 A
peak for Ov3[3 (rate), peak for 60Co (rate + position) { Data taking continues smoothly — next unblinding §
Unbinned fit on physical range (rates non-negative), 1 tonne - yr
uniform prior on oy , Stay tuned !

Systematics: repeat fits with nuisance parameters, allow

negative rates (<0.4% impact on limit) .


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.122501

Summed CUORE Spectrum

CUORE: 2vB[3 decay measurement

e Reconstruct CUORE continuum background

S
% 10* 40 210Po . .
: wco | e GEANT4 simulation + measured detector
g 10 response function to produce expected spectra
107 e 62 sources considered, Bayesian fit with flat
priors (except for muons)
10
2vBB-ROI e EXxploit coincidences & detector self-shielding
e et to constrain location of sources
0 1000 2000 3000 4000 5000 6000
Reconstructed Energy [keV]
Reconstructed Spectrum (Multiplicity 1) 130Te 2vpp - M1
> T 5 CUORE data (300.7 kgy) =

m Roman Pb
' e
Multiplicity 1 k’
- | Detector
Multiplicity 2 / c

' Roman Pb

: | —— JAGS recons truction

30Te 2vpp JAGS reconstruction
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2
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500 1000 1500 2000 2500

200 oy koY) Energy (keV)

CUORE Preliminary

le/VQ = [7.717005(stat.) g 1L (syst.)] x 1020 yr
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Modern Pb

Towers

See V. Dompeé i
§ Poster #146 Session 3 §

Systematic Uncertainties

e Data selection:

— geometric splitting, time splitting,
fit range

e Choice of 2v[3[3 spectrum (single state vs.
higher state dominance®)

¢ Unconstrained fallout products (°0Sr )

* Phys. Rev. C. 85, 034316 (2012)



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.85.034316

CUORE:Search for 33 decay to excited states

e 130Te may also 33 decay to excited states of Example Ov mode Example 2v mode
. E ovpp =734keV
130Xe (this decay has never been observed) T S <.

| * Es> =1257keV

e Cascade of de-excitation ys in coincidence

with s produces multi-site signatures E: = 536 keV
E1= 536 keV
O+
2.2 >
1307 R . |
ﬁ 2 2 CUORE N I bestfltS+E; —
>~ | bestfitS+B m— Preliminary 2 10 B+(S@90%C.) =
0'{' *g‘ 1.8 B+($@90% Cl) o § I bestfitS suus
—_ 86 14 1703 5keV 3 [ bestfits aue 3 CUORE
1.6 sl - Preliminary
1.4
o 1.25—
=¥ B8 _1122.15keV £ 4
o.af—
¥ 0.6
1 100 536.09 keV F
o.zf—
0 y y : 0
%00 710 720 730 740 750 760 1220 1230 1240 1250 1260 1270 1280 1290 1300
130X ProjectedEnergy (keV) ProjectedEnergy (keV)
54 AC
A et CUORE Preliminary CUORE Preliminary
% See G. Fantini, ] 0L o4 , o
4 _ y
§ Poster #295 Session 2 § T1/2 > 5.4 x 107" yr (907%C.I.) I7)5 > 1.1 x 107 yr (90%C.1.)

12



CUPID: CUORE Upgrade with Particle 1D

 Array of 1500 Li2199MoQO4 scintillating bolometers T T—
e Enriched to >95% in 100Mo (250kg of 190Mo)

e 100Mo Q-value: 3034 keV [/y background
significantly reduced

Li,MoO,
crystal

e EXxploit Particle ID using scintillation bolometer
technique

Copper structure

CUPID preCDR

> Technique robustly demonstrated https://arxiv.org/abs/1907.09376

by CUPID-0 and CUPID-Mo

o Parameter CUPID Baseline

e Reuse CUORE cryogenic infrastructure at LNGS —
Crystal Lis " MoQOy
o Detector mass (kg) 472
Add external muon veto 100Mo mass (ke) -
Energy resolution FWHM (keV) 5
O A AP P AP ISP Y Background index (counts/(keV-kg-yr)) 10~

. o | Containment efficiency 79%

CUPID baseline goals are within the Selection efficiency 909,
reach of existing detector technology § Livetime (years) 10
and infrastructure ¥ Half—hfe e>.<clur51on Sens%t%v%ty (90% C.L.) 1.5 x 10*7 y
3 Half-life discovery sensitivity (30) 1.1 x 10*" y

No further R&D is needed i mgg exclusion sensitivity (90% C.L.) 10-17 meV
{ mgg discovery sensitivity (30) 12-20 meV

-0

|3



From CUORE to CUPID

e Data driven background model shows existing technology and infrastructure compatible
with CUPID baseline goals —> no further R&D is needed

CUORE background model CUPID-0 background model CUPID-Mo Li2MoO4 performance

Holder
ModernPb ‘I + +
Roman Pb ‘ Crystals &
Detector ) ReﬂeCtorS
1 | o of large of highly enriched |
i Characterize /y background from | | Alpha-rejection capable array | L Li> 190MoOq4 |
| | Confirms the B/y background from |

| cryogenic system and detector
' holders in the 3034 keV ROI

{ Data confirms:
| ¢ a tagging performance
| » Radiopurity of crystals |
e Energy resolution |

i detector holders in the 3034 keV ROI

| Model is fit to CUORE data | Model is fit to CUPID-0 data |

14



From CUORE to CUPID: CUORE

e [3/y background in TeO2 in the 199Mo region of interest ( 3034 keV)

Background from Cryostat

Background from holders

s 10 : T 1o
;: % CUORE Data (337.15 kgyr) g
~ . M é
E’ CUORE Preliminary e moger - e s
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105400 2500 2600 3
Energy (keV)

_5
105400

B/y component

cnts
<1x107%
(keV - kg - yr)

CUORE Preliminary

O o
DTN

B/y component

~ 2% 1074

cnts

(keV - kg - yr)

CUORE B/y Background Summary

Total

Cryostat

Crystals

Holders

Muons

in 3034 keV ROI

g

e y interaction probability in Li2MoO4 is ~3x smaller than in TeO2 in this ROI

e Muon veto will be added for CUPID

15
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From CUORE to CUPID: CUPID-0

f e 26 ZnSe scintillating bolometers (24 95%  o-shapeptre  Hight Detector
enriched in 85e + 2 natural) g

e Ge wafers cryogenic light detectors
e 825e OvPB decay Q-Value: 2998 keV g - -

e Hosted in the same CUORE-O0 dilution
refrigerator (Hall A) Cu Structure ¥ "S-shape PTFE

Light Shape Parameter [a.u.]

10?

CUPID-0 Background Model

Experimental

— ;vf;ﬁ iSe 1 Source ROI Background Index
nSe Crystals ROI=2.8-3.2MeV [10~* counts/(keV-kg-y)]

10

Counts / (keV kg y)

Detector Material

Cryostat & Shields 2vB B 82Qe 6.0+0.3

10t e oy I ....................... ........................ ..... 1) _Muons .................. ZnSe Crystals 11.7+0.6 i'(l)g
= Detector Material 2.1+0.3 J_r% (2)
e e i o e iy T Cryostat & Shiclds 50413708
10-3;— _____ _________________________ ________________________ ________________________ ________________________ = i i,j.‘__::fj:{hﬁ Muons 153+1.3+2.5
38 T H£27
N S A A AR RIS R | ME Eur. Phys. J. C 79, 583 (2019)
500 1000 1500 2000 2500 3000 Energy (ke:\3/5)00

16

Complete alpha rejection for Energy > 2 MeV

20
18
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TERFTITTT T[T

1000

6. -
(45—, U e
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R .x;x ....:::l.‘:‘.l. .I- ‘f‘.l. r .I | ‘I° | |' |- | | | | |- | | I'. ] 1 el | .I |- |
2000 3000 4000 5000 6000 7000 8000 9000

Energy [keV]
Eur. Phys. J. C 78, 734 (2018).

LioMoO4 radiopurity is 10x
better than ZnSe

CUORE/CUPID cryostat is
cleaner than CUPID-0 cryostat
Muon tagging with external veto


https://link.springer.com/article/10.1140/epjc/s10052-018-6202-5
https://link.springer.com/article/10.1140/epjc/s10052-019-7078-8

From CUORE to CUPID: CUPID-Mo

Array of 20 Li>190MoQ4 detectors ~210 g each
Enriched to 97% in 100Mo (2.26 kg 109Mo)

Hosted in Modane underground lab 4800 m.w.e.
overburden in EDELWEISS cryogenic system
(20 mK)

Ge wafer light detectors

Physics data taking March 2019 - June 2020

All Li2190MoO4 bolometers and 19 light detectors
operational

Energy resolution @ Qgp (3034 keV): ~8 keV FWHM
(operating temp = 20 mK)

Good uniformity and stable performance
(suitable for larger arrays in CUPID)

D
W

Heat/Light separation -CUPID-Mo

Alpha Rejection

e Light yield for B/y events is 5x
greater than for a particles

e > 99.9% a separation
e >99.9 % fB/y acceptance

Meets the requirement
for CUPID

% |~ LMO 1, Physics data
é - + Woe/y LY cut
S [ * WitheyLYcu B
.20 B
Z - t
=h B
3 1.5 — &
. A
1 __ +
: 'r ) -:-\)- *
0.5 — '
O ] I | | | | | | | | | | | | | | | | | | | | | | | | | | | I
0 1000 2000 3000 4000 5000 6000
Heat signal (keV)
] 210
> 1 Po (surface / bulk)
Q 3]
~ 10 =
-] .
= i
~~ 27 234
w»vy 10 = 2265
*a’ ] Ra 220
g 1190p, 2384 218
O 10 -

Bi-Po events

iy 0 11

8000 10000
Energy (keV)

Excellent Radiopurity
210Po: 100uBag/kg

238UU/232Th: (0.3 - 1)uBag/kg

Meets the requirement
for CUPID

|7




CUPID-Mo: Results

Counts / keV

10

1

2500

2600

BI : (4-

208T1

CUPID-Mo, Neutrino 2020
2.17 kg x yr, Preliminary

2700

2800

— CUPID-Mo Preliminary
- 2) x 10 %cnts/keV - kg - yr

2900 3000

:Q'VRO.Q e CUPID-Mo has a vibrant physics program
e New world-leading limit on Ovf3[3 decay of 190Mo
— CUPID-Mo Preliminary
TV)y > 1.4 x 10%* yr (90%c.i) ~ (stat. + syst)
mgg < 310 — 540 meV
31|()()I - I3200
Energy (keV)

Background index is very low despite conditions not optimized for Ov{3[3

T

2V

1/2 —

7.127

0.18
0.14

(stat.)

0.10(syst.)] x 10*®yr

arXiv: 1912.07272

See also

| T. Dixon
f Poster #382 Session 4
| B. Welliver
Poster #448 Session 4
» M. Zarysky ;
;5 Poster #374 Session 4 ,'V




Summary

e The era of tonne-scale cryogenic bolometers has started

e The CUORE physics program is ongoing and will continue in
parallel with preparations for CUPID

e CUPID baseline sensitivity: 77/, : 10*7yr ~ mgg : 10 — 20 meV

e CUPID can achieve this with existing detector technology and
infrastructure

™ CUPID-0 and CUPID-Mo robustly demonstrate the alpha rejection
technique

™ Residual B/y background in 190Mo ROI meets the requirements

™ Radio-purity and bolometric performance of large, highly enriched
Lio100MoQ4 crystals demonstrated in CUPID-Mo

e The future is bright for next-generation cryogenic bolometers
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Counts / 4 keV

CUORE Event Selection

el

]\u

B t : : : :
10° = m Baso cuts + AC e Base Cuts: basic data cleaning, remove noisy periods,
- B Base cuts + AC+PSA reconstruction etc
B 60Co 40K 210Po
10* &= 190t
A multi-site
Pyl background
e Anti-coincidence Cut
. L
M)
| Ened |
ﬂ"_-‘; i
s
\L A

1000 2000 3000 4000 5000 6000
Reconstructed Energy (keV) single site signal

Selection Efficiencies _
e Pulse shape analysis (PSA)

Reconstruction Efficiency (95.802 + 0.003) % R

Anti-coincidence (98.7 + 0.1) % ; i ; "

Pulse shape analysis (92.6 + 0.1) % f‘% :_ E” z:_ x

All w/o containment (87.5 £0.2) % o.4§— x 0_4§_

OvBP containment (88.35 + 0.09) % Oz_ N 0-2;— |
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Detector calibration systems

Internal system

wr w2 - : :
B & 8 Th-232 strings deployed internally
A |88 "4 i
B [ =l 3000 3
Plates: T L{; | & ; Lead " - 239 g\l;{(?{l}\t Lett. 120, 132501 (2018)
300 K = CZSOO}
: - - [~
oK 22000F
4K % - 911
<1500
600 mK £ - 1338 o 969
50 mK = N
10 mK 510005_ 2615
S 500f
Side Lead F L »LL TV T R .
Shield o Inner string 0 5(|)0 1000 1500 20106 25'oo
Detector e Outer string Reconstructed Energy (keV)
Towers
Shied Th-232/60-Co strings deployed externally

3500¢
- Final Th+Co calibration

3000 Initial Th calibration
_ -
> 25001
¥ S =
L O121651647. 2 2000
L (U © 113849 ): = 5
e @ N g 2 1500F
MU ST LR B 5 o L
3 C
o 1000

O_1||1||||1||1||||1|
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Reconstructed energy (keV)




CUORE Interpretation NME Models
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CUORE limit (Te), PhysRevLett.124.122501
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NMEs Used
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