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Introduction to cryogenic bolometers

CUOQORE: Status for TeO2 bolometers

Towards CUPID with scintillating bolometers
 CUPID-0
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AMORE: Another approach with scintillating bolometers
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Double-Beta Decay Signature

Summed-energy spectrum of final state electrons
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Macro Bolometer Technique

® [he absorbed energy causes an increase in absorber temperature

Thermal bath
Memtompaciy 1o S sLppe
—
Time .
e Typically operated at ~10mK "~ Absorber

o \\ith appropriate calibration temperature change can be used to
measure energy absorbed

e Relative energy resolution of 0.2~0.3% routinely achieved
4



CUORE

4 TeO2 crystals per floor

PTFE Spacers

Operated at (T~11 mK)

Target isotope 30Te (206 kQ) Cu frames

Q-value: 2527.5 keV i
NTD-Ge thermometer

R(T) = Ry expV /T

13 floors per tower 19 towers in total
Sample Event Waveform (CUORE)
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CUORE fjust’ before vessel closure




CUORE Cryogenics

Mixing Chamber Temperature
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» Powerful 3He-*He dilution refrigerator
precooled by pulse tubes

NE N i e un
uE NN an ~< .
- =k & IHE o Tower « Capable of cooling detector payload
2a S S BY A o |
R N R Y « Demonstrates it is practical to
\ f:‘:;nal operate tonne-scale detector at mK
Shield temperatures



Exposure (kg'yr)

# Channels

CUORE Status

Exposure vs. Time
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- Raw Exposure - October 2019
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Jul-2017

Dec-2017

Jul-2018

Dec-2018 Jul-2019

Energy Resolution (Calibration @2615 keV)
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CUORE Preliminary
Exposure: 369.9 kg yr
I

Characteristic resolution
8.1 keV FWHM

(=)

20

25 30
FWHM [keV]

Events [counts/keV]

10*

10°

10?
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Em Q e Significant effort devoted to

_510(,; understanding the system and
EN optimizing data-taking conditions
T « Now taking data stably, exposure
— steadily increasing

Observed Energy Spectrum (all detectors)

7 CUORE Preliminary
Exposure: 369.9 kg yr

Q

Reconstructed Energy [keV]



Events [counts/2.5keV]

CUORE:OvB3 Search

Unblinded Candidate Spectrum

CUORE Preliminary
45 Exposure: 369.9 kg yr
40 + ]
Q — Best fit
35 BB — 90% limiton I',
30 '

T

1 I 11 1 1 I 11 1 1 I 1 1
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Reconstructed Energy [keV]
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2540

- Total exposure: 370 kg*yr TeO»

- Detection efficiency: 77.23 +/- 0.18 %

- Analysis cuts: 87.41 +/- 0.18 %
- Containment: 88.350 +/- 0.090 %

- UEML Fit model:

- flat continuum (BI),
- posited peak for NLDBD
- peak for €0Co

BI = (1.37 £ 0.07) x 102

cnts/(keV - kg - yr)

e No evidence for NLDBD !

CUORE Preliminary —
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P(T,, [yr'] | Data)

CUORE:OvB3 Search

02 CUORE Preliminary
= Exposure: 369.9 kg yr
0.18— P gy
0.16— I90% ClL
0.14—
0.12—
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0.08—
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002
01_- 1 1 | 10_24
=0.1 0.05 0 0.05 0.1
Ly, [yr]
CUORE Preliminary §§‘|‘Mo T
. Se

TT CUORE limit (Te), TAUP 2019

CUORE sensitivity (Te)

Inverted hierarchy

Normal hierarchy

- Place a Bayesian lower limit on the half life

TV, > 2.3 x 10%yr (90%C.1)
CUORE Preliminary —

'he median sensitivity of our data is
T1), = 1.5 x 10%yr

13% chance to get stronger lower limit
than the one observed

mgs < 0.09 — 0.42 eV

CUORE Preliminary —

- Range from NMEs adopted
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Counts/keV

Data/Model ratio

CUORE: Background model

Reconstruct background components through a Model Components
Bayesian fit to the full data spectrum

Volume Type Components
_ _ _ , g Bl g el el gl
Detailed GEANT4-based simulations, modeling the 1255p, 190p
. . . TeO, Surface (0.01 pum) 232Th, 28Ra-208Pp, 238|)-230Th, 226Ra-
detector geometry and particle interactions 210pp, 210pb
TeO> Surface (1 um) 210pp
. . . . TeO, Surface (10l pm) 210pp, 232Th, 238y
Exploit geometric and temporal correlations to constrain CuNOSV__| Bulk 25271, 28y, 0K, PCo, Mn
CuNOSV Surface (0.01 pum) 210pp, 232Th, 238Y
near and far background sources CaNOSV | Surface (1 umy | 0P, 2y, B0y
CuNOSV Surface (10 pum) 210pp, 232Th, 238Y
Important input for physics such as 2vpp studies il b Gy
Ext. lead Bulk 210B;
Directly measure background originating from the CoOPE__ | Bul o B
cryostat
g CUORE Preliminary = 2vpp Reconstruction
Background Model + Data AU ~ Other components
10° k= CUORE Preliminary - JE:ge;Zi'::s'tmcﬁon | © J —— Data (M1)
N - - oy,
102 = o L
nl-u | = "‘lh.l
| i - JJ‘
10 WI’% . B r L a - (L‘"“tl
Wl - B b 10 = .
. "wwnwbﬂ ﬂrﬁ E JI'
fANY e B -
B “ll i s | B T R T- T R T R '25|00'E' '(k' 3000
o = - neray (g
ik T/, = (8.2 0.1(stat)) x 10%yr

00 2000'“; 800 4000 5000 6000 'En;rgyl(kg\%)o CUORE Preliminary



10°E

CUORE Preliminary

T T CUORE limit (Te), TAUP 2019

CUORE sensitivity (Te)

Projected CUORE Sensitivity

- CUORE sensitivity (5 yrs livetime)

Ty = 9.0 x 10y

mgs < 50 — 200 meV

What about fully probing the IH region

* Requires half-life sensitivity on the order of 1027 years !

» To do this with ~500 kg of isotope in a reasonable time (10 y) requires
background free experiment (b < 10-4 c/kev/kg/y)



CUPID: CUORE Upgrade with Particle ID

e Dominant background is degraded alphas from
surface contamination

o| everage other energy loss mechanisms to tag particle
type X

Light Signal

Heat Signalr

Light Detector Thermal

Sensor

° Demonstator eforts | | |

:‘5,// —> Light
O Enriched Zn82Se scintillating bolometers 277 1 Thermal
Z Sensor
= N
Energy
Absorber Release
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CUPID-0: Zn&Se

* Array of 26 cylindrical ZnSe scintillating bolometers, 24 enriched to 95%
in 825e

* 10.5 kg of ZnSe / 5.17kg of 825e
* Q-value: 2998 keV

* Operated in old CUORE-0
cryostat at LNGS

e NTD-Ge thermistors used as thermal
Sensors

: . . : . Calibration scatter plot of a ZnSe crystal
* Reflective foils to improve light collection 180 .

: S
160 |- S
’ N ®
140 [ N ! 2
. ; [ !5 % NI
O-shape PTFE Light Detector g0 g s -
100 [ &, S
% 80 b S 2
: Ol N E
& 60 .g@!,i =
8 F g o 3
WE 9 c
. Ay e £
S 20F & BN 5
7 - _" . D
ol ApRol | ¢
0 2000 4000 6000 8000
Energy (keV,
ZnSe gY( ee)

\

S-shape PTFE

/

Cu Structure Figs. courtesy of CUPID-0 collaboration
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CUPID-0: Zn82Se Phase 1 Final Results

~ —
EE= Final Heat Spectrum E 1022 | |
> F + o Rejection 1 » -+ Demonstrate using heat/light
(] — _ §) .
> | I +Delayed Coincidences Veto - § dual signals to tag alphas
%10—1 = = 10 =
= ~ -
- - - Developed delayed coincidence
. tagging analysis to tag surface beta
102 : backgrounds
= 232Th
: ;
. . | , | 107! 2’Bi 1=60.6m

1053

2800 2850 2900 2950 3000 3050 3100 3150 3200 o 36% B+y 64%
Energy [keV] Q= 6207 keV Q=2254 keV
O. Azzolini et al. Phys. Rev. Lett. 123, 032501 v v
%71 1=3.05m 22po 1=299 ns
2 B+y 100% o 100%
Bkg = 3.5 x 10~ Cnts/(keV - kg - yr) Q= 5001 keV Q= 8954 keV
A4 v

‘) Q
’O‘SPb stable

TY, > 3.5 x 10*'yr (90%C.1)

- Energy resolution ~ 20 keV FWHM

- 10x improvement of 82Se half-life limit
|5



Counts / (keV kg y)

107

107

0™

107

CUPID-0: Background Model

CryoExt
Holder
Cryolnt —
Crystals &
Reflectors
IntPb

: lz\f,lgﬁ Experimental

—— Crystals (***Th)
—— Crystals (°*U)
—— Crystals (others)
Reflectors
Cryostat & Shields
—— Muons

..........................................................................................

? ......................................................................... gy s g TRE I ““;I

= : i

B -k AU . 11

— b P

— el

— . I

o el

- i
l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 l J

500 1000 1500 2000 2500 3000 3500
Energy (keV)
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Eur. Phys. J. C (2019) 79 :583

~44% muons

~33% contaminations ZnSe crystals
~17% cryostat

~6% reflecting foil and holders

e CUPID-0 Phase 2 now underway with:
* muon veto
e New copper shield

e No reflecting foils



CUPID-Mo: Li2190MoQO4

Array of 20 cylindrical Li2199MoQ4 crystals

Crystal: 44mm-diameter, 45mm high, ~0.2kg,
enriched to 97% in 190Mo

Each crystal instrumented with Ge wafer
secondary bolometer as light detector

NTD-Ge thermistors as thermal sensors

Crystals are surrounded by reflecting foil to
iImprove light collection

Currently operating at Modane Underground Lab

Q-value: 3034 keV




Counts / (5 keV)

FWHM (keV)

CUPID-Mo: Energy Resolution

Calibration Energy Spectrum

-
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E > 301 M =12614.63 = 0.20 keV
- < st ] 0=226+0.17keV
B 5 200
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https://arxiv.org/abs/1909.02994
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9 ;_ DE 214B| |
8. L e
71
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00 500 1000 1500 2000 2500 3000 3500 4000

Energy (keV)

Fig. courtesy of B. Schmidt (CUPID-Mo)

CUPID-Mo data show good bolometer
performance for the 20 detectors with good
energy linearity and resolution

Energy resolution @ 2615 keV is
6.7 keV FWHM ( with a spread of 1.9 keV)

Extrapolating to Q-value: (7.7 +/- 0.4) keV

Bolometers operated at ~20 mK

18



Counts / (3 keV)

CUPID-Mo: PID + Radiopurity

> [ ‘ .
S F ot Physics o  CUPID-Mo data show PID based on heat-light
Lo Veentve | signals is working well
o > 99.9 % alpha rejection
: >99.9 % beta/gamma acceptance
- :-:1.. :
: i e 238J and 232Th backgrounds in crystals
05
I A e U: ~0.5 uBg/Kg
0 1000 2000 3000 4000 5000 6000

Heat signal (keV)

* Th: ~0.3 uBg/kg
e https://arxiv.org/abs/1909.02994

= 99
10° | %Mo a Energy & cuts (> 2.8 MeV ) E X Mo
= y Energy & cuts e 10 = . inal’y
- 210pg > C re“m
N £ C P
- s |
l()3 ]03
2087] ) 2087
10 . ary 234U/225Ra 10 ROI 3034 keV
~ - m‘na -
i pfe“ -
= I“ |Ll I —
: 1 L I L l l L I l L E 1 1 1 | 1 1 1 1 | 1 1 || || 1 1 1 1 | | 1 1 |l 1 \ 1 | 1 1 I[
0 1000 2000 3000 4000 5000 6000 0 1060 5000 3000 2000 5000 6000
Energy (keV) B i " Energy (keV)

Fig. courtesy of CUPID-Mo 19 Fig. courtesy of CUPID-Mo


https://arxiv.org/abs/1909.02994

CUPID

*Array of ~1500 Li219MoQ4 scintillating bolometers enriched
to >95% in 100Mo, ~250kg of 100Mo

*Reuse CUORE Cryogenic Infrastructure

s o i et e o el s S SR

) |
|
"
Al
A
8 |
L]

b K
i L
A4
"1

*PID using scintillation signal

e External muon veto

lighie detector Parameter CUPID Baseline
Crystal Lis 1%9MoOy,

Li,Mo0, Detector mass (kg) 472
eyl 100Mo mass (kg) 253
Energy resolution FWHM (keV) 5

Background index (counts/(keV-kg-yr)) 104

Containment efficiency 79%

Copper structure Selection efficiency 90%
Livetime (years) 10

Half-life exclusion sensitivity (90% C.L.) 1.5 x 10*" y

Half-life discovery sensitivity (30) 1.1 x 10*" y

mgap exclusion sensitivity (90% C.L.) 10-17 meV

CUPID preCDR mgp discovery sensitivity (30) 12-20 meV

https://arxiv.org/abs/1907.09376 20



https://arxiv.org/abs/1907.09376

CUPID Background Model

e Data-driven background model

CUORE
background model

CUPID-0
background model

Assumptions on Li2Mo0Oq4
performance (how
verified with CUPID-Mo)

Characterize gamma-
Induced background
from Cryogenic system
aka ‘far sources’

Model is fit to CUORE
data

Characterize background
after alpha-rejection,
beta-gamma background
from ‘near sources’

Model is fit to CUPID-0
data

U/Th bkg levels
Energy resolution

PID performance

Pulse timing for pile-up
rejection

21




CUPID Background Model

CUORE ) CUPID-0 LioMoO4 assumptions

N — S =
g FCUORE Preliminary N\ Data-863kgy | 2 —
E’ ] I=_Exposure: 86.3 kg-yr — Bkg model -y &D 7 Data (B/y) - 9.95 kg x y
s F ~
< C —— Bkg model - u E 1 ——— BkgModel - Cryostat (f/y)
=] B =
o ~ = Material 238U 232Th
107 2 7 — BkgModel - Muons ateria
E [=} v, 9
= 3 7 700 :
, . 4 8wk . ) L%2M004 bulk [#Bq/kg] , 10 3
1072 B i “Z % LioMoOy surface 10 nm [nBq/cm?| 3 2
i L . 7 s ol % . 2
SCQUDONNNNGG % 7% LisMoOy surface 10 pm [nBq/cm?| 0.8 <0.03
\ R HRITI v SIS AV or p . . . 2
102 N W 777 717 Rl E E 7 Reflecting foil surface 10 pum [nBq/cm®] 87  <0.7
iR \ s W AAAIIIIIIIR I | PAP IS 7 # 7
i b Y 22 NN Z\ 1 A Cu bulk [uBa/k <10 <2
gik A A ot A ke e I E g [1Ba/ke] 9
‘|§ R SN .\‘\. N N / ! / iui ‘ﬁ%;;g il I“ ‘ |y l’h' E‘inial'.l‘l I\g | ” :ﬁ: JI HI 5|||I: H Iﬁ‘ i Cu surface 10 pm [an/Cm ] 14 d
-4 AN N NN NSRS QAR AR NRTRT ARG 7 AT AT rram i gl il f ( 1
1078 \\\~ N\ \\\\\\\\\ § \ w0 = MO et 0 Ve eI Tl
b N t\.\\ \}\ N rn\ A Iy .21 1 % il 0 1 ot L it
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Energy [keV]
Eur. Phys. J. C (2019) 79 :583

CUPID pre-CDR Background Budget \/ery conservative assumptions in baseline pre-
conceptual design

eData from CUPID-Mo show 10x better radiopurity
than assumed

Shields

Holder
e|mprovements in pile-up possible with faster sensors

Reflecting Foil

*Replace or remove reflective foil

Crystals - U and Th

oo e R —— CUPID preCDR

107 107 10° Countskay /kg})s)— - https://arxiv.org/abs/1907.09376



https://arxiv.org/abs/1907.09376

AMORE

Advanced Mo-based Rare process Experiment

Project to search for neutrino less double beta decay of
100Mo using cryogenic scintillating bolometers, i.e
depl. Cal00MoQs4 or Li2199MoQ4 based in YangYang Lab in Korea

Temperature sensor: Metallic Magnetic Calorimeter

Magnetization of o

ti Ge-wafer MMG
pParamagnetic (light sensor) =
alloy depends on
temperature

T Scintillating
Crystal
F Absorl]
Read out with a ”T Lig! [ .
o to SQUID [ g

SQUID Thermal link MMC Phonon sensor

Heat bath

23 Figs. courtesy Yong-Hamb Kim (AMORE)



e (6 derl.Ca’®MoQ4 crystals

e 95% enrichment in 100Mo

10
 Energy resolution:
~10keV FWHM
102! @2615 keV
ol
10 I
0 2000 4000 6000 8000
Energy (keVee)
1.4 S
1.2 Bl
Z 1
< 0.8
°
© 0.6
I
304
0.2 W
o EE AR e
0 2000 4000 6000 8000

Energy (keVee)

e Demonstrate excellent PID
based on heat/light signal

AMORE-Pilot

»\

\\\\\!

External
Pb shield

102
L1 B/~ Spectrum (PID)
I -+ Muon-veto
+21Bi Tag
I -+ Multiple hits
s |_imit (90 % C.L.)
10°
=
o
~
>
]
=3
~
4
5
o 0
S 10
,'I L
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Energy (keV )
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111 kg-day exposure
0.55 ckky bkg.
T > 1X103y

il
3150

Figs. courtesy Yong-Hamb Kim (AMORE)



AMORE Program

AMORE-I

Both CaMoQO4 and LixMoQO4

AMORE-II

2 . . | . .
Gl W e s e .
3 WU N N N
" !
. " . 8 3 A ) '

. . . . . ) ) 3 \

1 ”l
o
11
28
!
0!
il
il

’

C

! .
AU e .-

Pilot AMORE-I | AMoRE-II
Mass 1.9 kg ~6 kg ~200 kg
Channels 12 36 1000
Bkg. Goal (ckky) 0.01 0.0015 0.0001
Sensitivity(712) (year) ~1024 ~1025 ~5x1026
Sensitivity(Mee) 380-640 120-200 17-29
Location Y2L Y2L New Lab
Schedule 2017-2018 2019~ 2021~
Figs. courtesy Yong-Hamb Kim (AMORE) 25

Sensitivity, T, (year)
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Conclusions & Acknowledgements

CUORE (742 kg TeO:2 array) shows it is possible to operate a large array of macro
bolometers at ultra-low cryogenic temperatures

Small (~20 detector) pilot experiments using scintillating bolometer arrays have made
tremendous progress (CUPID-0, Lumineu, CUPID-Mo, AMORE-pilot)

Lio190MoQ4 scintillating bolometers enriched in 190Mo is the baseline choice for CUPID
which aims for discovery sensitivity of mpp: 12~20 meV

The AMORE program aims for similar sensitivity with 199Mo-based bolometers, exploring
both derl.Ca19%0MoQO4 and Li2199MoQO4

An attractive feature of scintillating bolometers is flexibility of target isotope: ZnSe, CaWO,
CdWOQO4 show promise.

Innovative R&D on detector technologies should continue. If (when) discovery is made,
there will be a need to confirm and explore in other nuclei

| Many thanks the CUORE, CUPID, CUPID-0, CUPID-Mo and |
.; AMORE collaborations for providing material for this talk ‘




Extra slides



Counts/ (2 keV)

Ratio

# Channels

CUORE: Lineshape and energy resolution

Combined Calibration Fit (DS 2)

25
26~
1.5E- I
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10* - X-ray
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10' - |
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Blinding procedure

To blind we randomly move a
fraction of events from +/- 20 keV
of 2615 keV to the Q-value and
ViCe versa

Blinding produces an artificial
peak around the OvDBD Q-value
hiding the real OvDBD rate of
130Te

This method avoids introducing
discontinuities in the spectrum

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

Summed Spectrum

[ CUORE Preliminary
~ Exposure: 369.9 kg yr

|

nts/keV
[\
(¥
S

----- Blinded
— Unlinded

[cou

\®)
S
)

Events

150

100

50

| . L w
2400 2450 2500 2550 2600 2650 2700
Reconstructed Energy [keV]

Qpp
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Event selection: efficiencies

Event selection occurs after periods of low-quality data (~1% of the total live time)

are removed.

Detection Efficiency

Anti-coincidence

Pulse shape analysis

(95.958 +/- 0.003)%

(98.954 + 0.151 -0.161) %

(92.037 +/- 0.108)%

All cuts except containment

OvB containment

(87.412 £ 0.175) %

(88.350 + 0.090) %

30



Light yield (keV / MeV)

CUPID: Li21%MoQ4

LMO alpha/beta discrimination using heat and light signals

08

0.6 8

eanMO'lt, Am Be (290 h) ~ ;;I‘.""L'i:"_._'f. bolometer, ChQ7, **Th, Run501(575-598), 45 h, LNC(
. = 10 =
No M3 foil | < 7 LMO-2, 222Th (45 h), 2.5-4.5 MeV data
| ',._3 Smeared o
S -
e DP/,(5) = 9
B events | 10 - a, 99.9% v(B), 99.7% _
AN i o ] I I Y(B-)
‘ Dpa+t/Y(B) = 9 I 99. 99990/0 I
"'Li(n 0o R I
| l a, 9c, |
ﬁ&# | % 7%
e = (xcwnt\ L ‘ . I
nuclear recoils ] I I 1 I
| Yoy v
2000 4000 6000 8000 10000 T e ey
Heat (keV) 0 0.2 04 0.6 0.8 1 1.2

Light vield (keV/MeV)

Figs. Courtesy of Andrea Giuliani, CSNSM, Saclay
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NMEs

JHEPOZ (2013) 025 10°E

Nucl. Phys. A 818, 139 (2009)

Phys. Rev. C 87, 045501 (2013) .

Phys. Rev. C 87, 064302 (2014)
Phys. Rev. C 91, 034304 (2015)
Phys. Rev. C 91, 024613 (2015)
Phys. Rev. C 91, 024309 (2015)
Phys. Rev. C 91, 024316 (2015)

Mg, (meV)

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

CUORE Preliminary

TT CUORE limit (Te), TAUP 2019

10k

CUORE sensitivity (Te)

Inverted hierarchy

Normal hierarchy

107"
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CUORE Median Expected Sensitivity

Projected Sensitivity
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CUPID Scenarios

Parameter CUPID Baseline CUPID-reach CUPID-1T
Crystal Lis199MoO, Lis1%MoO,  Lis'99MoO,
Detector mass (kg) 472 472 1871
100\ o mass (kg) 253 253 1000
Energy resolution FWHM (keV) 5 5 5
Background index (counts/(keV-kg-yr)) 1074 2 x107° 5x 1076
Containment efficiency 79% 79% 79%
Selection efficiency 90% 90% 90%
Livetime (years) 10 10 10
Half-life exclusion sensitivity (90% C.L.) 1.5x10%7y  23x107y 92x10*y
Half-life discovery sensitivity (30) 1.1 x 10%7 y 2x10%" y 8 x 1027 y
mgap exclusion sensitivity (90% C.L.) 10-17 meV 8.2-14 meV  4.1-6.8 MeV
mggp discovery sensitivity (30) 12-20 meV 8.8-15 meV  4.4-7.3 meV

[eV]

3 o discovery sensitivity on m

—
<
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90% exclusion sensitivity on T (yr)
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CUPID-Mo: NLDBD Sensitivity

Now: accumulated > 1 kg*yr of physics data

T,,>3*10%yr at 90% C.L with
~0.5 kg*yr exposure (~0.27 kg*yr of 1°°Mo), 81% signal acceptance

- Phys mome (2015)072011 ............................................. L o%skeVikayr :
- T12>1.1x10% yr “ana 10'%!%3%3&[_
e CUPID-Mo accumulated
- / - - : Analyzed - 0.5 kg*yr

0 0.2 0.4 0.6 0.8 1

Livetime (yr)

Confirmed: Bolometric performance &
reproducibility, exceeded expectations
for radiopurity (bulk)

Next: Use Geant4 MC and data to build a
detailed background model

Introduce data blinding
Optimize OvpBp analysis cuts

Goal: Reach > 2 kg * yr of physics
exposure, ~6 month with

19/20 detectors,

90% analysis efficiency

75% 0vBp containment

Slide courtesy of B. Schmidt and CUPID-Mo collaboration
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