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Double Beta Decay




Double Beta Decay

» 2vPBPB is a rare standard model process

* Broad energy distribution

* Observed halflife T > 1019 years

 OvBP is a hypothetical, unobserved process

Counts

* Immediate implication of AL # 0

* Lepton number violation = new physics!

» Can imply Majorana mass of v

* Possible connection to baryon asymmetry 0
Total electron energy o
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* High Q-value (low y bkg)

Bradford Welliver, LBNL 3 VCI 2019.22.02 6
CUORE



. S5 _
SN
Bolometric Sensor : | CUORE Pulse
: -
o o ; | = 08F
» Sensitive devices with good energy resolution 06l 7~ C/G ~ 1s
. E. N AT C~1 ~ 100uK/MeV
* Deposited energy changes temperature AT = = 04
crys |
02
» CUORE TeO2 crystals -
0 w
® 5 Cm X 5cm X 5cm O | | | 2|’ | | | A|I- | | | 6| | | | 8| | | | 1|0
Time (s)
* Neutron transmutation doped (NTD) Ge sensor NTD Ge Thermistor
» Temperature sensitive R = RyeV 10/T Heat bath ~10 mK Tﬂir[r)niétor
(Copper) /( “Ge)
1026
1025 Absorber Crystal
— (TeO2)
> 10 «
4
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X
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w0 \Energy
e | | | ' | Thermal coupling release
105990 1995 2000 2005 2010 9015 . (PTFE)
Running period Si Heater (ref. pulses) _\
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Y-beam

Vibration 1solation

Main support plate

CUORE hut
Cryostat

° C ryo g en ic Concrete beams

H;BO; panels
Sand-filled columns Lead
Underground
Polyethylene

o bse rvd 'l'o ry fo r Concrete walls —»

Screw jacks Borated polyethylene
Rq re Movable platform
Events

Seismic i1solation ———» |

» To detect rare events:
 sensitive detector
* very low background

* Located at LNGS in Hall A

* 3600 m.w.e overburden | W , '
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» natTeQ3 crystals (742 kg)

» 130Te active isotope (206 kg)
. Qpp ~ 2527.515 keV

* Source = detector

* OVBB containment € = 88%

* 984 active channels!

Bradford Welliver, LBNL
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CUORE Detector Fully Assembled

19 towers, 13 floors, 4 per floor

CUORE Tower
6
CUORE L

VCl 2019.22.02 @

~
rrrrrr '

A




CUORE Cryostat

. leFcult task cool 15 tons at or below 4K and

3 tons to below 50 mK

* World leading cryostat in size and power

coolers

DU from Leiden Cryogenics

100 mK: 2 mW cooling power

10 mK: 4 pW cooling power
» Radio-purity central to material selection
* Vibration isolation

* Cold Roman lead

* Lowest base temperature of 6.3 mKI

Bradford Welliver, LBNL

Five 1.2 W (@ 4.2 K) Cryomech pulse tube

50 mK

10 mK

Main support plate Y-beam

Vibration isolation

Cryostat

Concrete beams

H;BO; panels

Sand-filled columns Lead

Polyethylene
Concrete walls —» @

Screw jacks Borated polyethylene

Movable platform

Seismic isolation ——»

R,

“aa

Top Lead
Shield

Side Lead
Shield

Detector

Towers

Bottom Lead
Shield
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CUORE BackgrOund Background Limited Background Free

Naane | MT g N qane
X M'T
o X M.V bAE Mol

* CUORE background goals met

CUORE Godl

TeO,: natural radioactivity o ’
/ I NOSYV Cu: natural radioactivity uE F Cut
* Degraded «’s pose problem From Cu fower
NOSYV Cu: cosmogenic activation .
TeO,: cosmogenic activation
g

o B o I O m e-l-ri C -I-e C h n i q U e OFE Cu: natural radioactivity

Roman Pb: natural radioactivity

p I'OVi d e S 0 n Iy ‘I C h CI nn e I Modern Pb: natural radioactivity

Superinsulation: natural radioactivity e

Stainless steel: natural radioactivity | o |

° n O p q I'ﬁ C I e I D Environmental muons —e—

Environmental neutrons | °

90% CL Limit
—e— Value

Environmental gammas

» Residual contamination from Cu b7 . 55 — ) |
hOUSing iS dOmindnf source European Physical Journal C 77, 543 (2017) counts/(keV kg yr)
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CUORE Suspension

* Detector suspension is
independent of cryostat suspension

Main support plate Y-beam

Vibration 1solation

* Y-beam attached to stainless steel Crvostat

ties, Kevlar rope, and copper bars  Concrete beams

Sand-filled columns

H;BO; panels

Lead ~ 70 tons

Polyethylene

* Dampens horizontal oscillation .

Borated polyethylene

Screw jacks

* 3 minus-K springs connect Y-beam
to main support plate (MSP)

Movable platform

Seismic 1solation

» Seismic isolation via elastomers
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Motion Boxes
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* In-situ calibration of bolometers

o
p——

A
* 232Th y-ray sources on strings ‘
« 239 keV - 2615 keV
: : External
* Motion boxes on top of cryostat contain o
, alibration
sources when not in use
e [nner string @ Outer string 4 TeO, crystals
— Copper shield in copper frame 10 mK |
» Strings deploy into cold space Kevlar string «__ Lop Lead
Thqriatgd tungsten T Side Lead
o Consta nt—energy pu|sers (calibration source) T T Shield
Copper capsule o | ' —1 Detector
 Generate reference pulses PTFE heat = E | === i fowers
, NG g ~ :
shrink tubing 0 o8
!
* Measure detector stability | Bottom [ oad
1 Shield

» Correct for variations in detector gain

Nucl. Instr. Meth. A 844, 32—44 (2017) ‘_\
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External DCS

e

Winch mounted —— Winch mounted

on existing strut on toggle bolt
Source in Source in
pos. 2—> pos. 1

* Provides another calibration method
MSP

MSP

* Thoriated welding rod in fabric mesh ——PVCpipe

Elghf sources CUQRE Source in
(inside) pos. 3
* Total ~70 kBg activity External Pb \ l
and PE shield—
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____________ |
Refrigerator Room Temperature
I

* Pulsers, 1.5 boards

e mEe EEe mEe SEE EEE SEe S e S e e e ey

Front End Electronics

y
¥
oy
¥
¥ | ]
P 6 cables) <
' 13 chs per cable| x
x # : =S | Shielded crate
p S BN LY
~y ° o o 0 I |
* Readout of " 1000 bolometers is nontrivial 1 - : 9
¥ E 6.5cables, | | :
. ¥ ! . 12 chs per cablé : |
* Front end electronics system custom made ¥ | > I 3 .
' | | :
: | ' , 1
: : \ ¥ J : : : :
. . 1! ! !
» Differential voltage preamp at room temperature (JFET) | Gooumns | MAoTHhesmenm : i : oo orate
T 0 R e
'LFaradavCage 1 GND ®

* Low noise at low frequency

* Mainboards: 6 preamps with programmable gain,
detector bias, offset, drift, and provides common-mode
noise rejection

k
!

......

vyYvY

* A 6-pole active Bessel-Thomson antialiasing filter
suppresses high frequency noise

18-bit DAQ

* Optical fibers are used for communication with control
computers

C. Arnaboldi et al. JINST 13 2018 Feb
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Diode thermometer at 10mK plate

CUORE Cooldown

* Fast cooling system (4He gas) allows
quick (3 wk) cool down to " 40 K

T (K)

/ \Electronics noise tests

10— Cryogenic debugging

» All 5 PT coolers activated to bring

with full payload

0.1 == —— MC plate

CrYOS‘I'a'I' 'I'o ~4 K 12,/05-12:16I | | 1I2/22-14:10I ITimel 0'1/08-16:04I | | 61/25-17:59
oE— -
* DU temp down to © 8 mK in 4 days e ;
= g plate i _g
* 10 mK: 3 uW residual cooling power = HEX plate E
CUORE cool down \A\_V\'

. . 3 3.5 4
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Detector Optlmlzatlo iz ™

Vv

—
N

Smoothed OF RMS (mV)

30 100

* Temperature Scan

AP Amplitude (mV)

80

» Optimize signal to noise ratio, resolution, and 25

electronics performance

60

20 0.6

40

15 mK operation —> 11 mK operation 0.4

15 20

‘I I|IIIIII ‘III‘III III‘I
o
0"

0.2

80 100 120 140

* Working point
g p Iy (PA)

* Maximize signal to noise ratio B i o |

* Optimize pulse amplitude oF AN S S E
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Lmear Drlves

Vibration reduction T s T

Cryogenics, Vol. 93 July 2018, 56-65  Time (h)

Pulse tube active noise mitigation
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Median FWHM vs Temperature - October 2017 Temperature Scan

Temperature Scan ' cUORE Prtminar

 Temperature scan performed around base temperature

——
I

FWHM (keV)

» Aimed to optimize detector energy resolution and NTD resistance +
* Scan 1 - March 2017 - 15 mK identified as best operating temperature 2
e Baseline Noise
* Scan 2 - July 2017 - Check of previous scan settings 1 « Stab Pulser
Median FWHM vs Temperature - October 2017 Temperature Scan ol— v o 1w by by Ly
10 12 14 16 18 20
12 ..
CUORE Preliminary Temperature (mk)
10

* Scan 3 - September/October 2017

. * Performed with calibration sources deployed

FWHM (keV)
@)\

.
+
e

¢

4 .
* Confirmed better resolution at lower T
2 2615 keV Tl
- o 011 keV P Ac * 11 mK was set as new operating temperature
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | I 1 I N N A N N A N N I O N A N | 1 1 1 1
0 11 12 13 14 15 16 17 18 19
Temperature (mK)
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All Channels AP Weighted Total Noise Median

Pulse Tube Vibrations

* Passive vibration dampening is implemented

e e N L e

Normalized Noise Power Spectrum

» Suspended rotary valves, soft bellows, Cu braids 107"
» Active vibration dampening possible -
* Relative phases of PT rotary valves measured 107 E

Cryogenics, Volume 93,
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.
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» Discretize space of all possible relative phases into distinct phase 0

configurations and scan

» Tune relative phase of vibrations to cause maximal destructive
interference

3

900

Channel

800

10 /700

600

[
-
\®]

500

Power (mV 2 Hz)

400

[
-

300

200

100

_ ANPS ch 390 - 15 mK before phase optimization

107!

[HIIH!

ANPS ch 390 - 15 mK after phase optimization 0

I R i i i i i i [
6x10™ 1 2 3 4 5 6 78910

Frequency (Hz)
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Phase Configuration
All Runs AP Weighted Normalized Total Noise Power Medians All Channel

800 900 1000

1000

Phase Configuration
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ﬂ N — 103
. . Qg) o [ All PhaseIDs' histogram denSHY =
P u Ise I u be VI b r at I O n S - S SS——— PhaselD 233 -
e . R — PhaselD 216 2
— : : : :
8
g 103_%_ ..................................................... - NOLD@(9462¢ 0118) mK T ° ° ° Z
$F a4 Nl @ Base s Lock at minimum noise
ot I ] LD + Stab. @ (10.983+ 0.074) mK -
z = f i RN T
o .
A H

50 100 150 200 250
Unnormalized Noise (mV?/Hz)

T T 1177

107 1074 107
0 0 0 Frequency (Hz)

PhaselD 5 PhaselD 17 PhaselD 216

leferent phase configurations excite dlfferent parts of detector
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Optimize SNR .

> . S 4 573"
g 18 35 £ —|14 £ — Z
>E o jii)’ —:1.2 é _:120:
14 30 g“ — é —J1100
12 =" E Z
¢ 10 25<_:08‘§—_80
+ After optimize Temp —> 8 1°*Z 3
Optimize bias current j 2 3 3,
| —o04 =
2 15 = —]20
N —0.2 —
* Obtain I-V curve (‘load curve’) °
 Examine variation of NTD * Selected point must yield linear detector response in
resistance, signal amplitude, the presence of small thermal fluctuations
and noise as function of * CUORE compromises by selecting an operating point
qpphed VQlfqge that maximizes signal amplitude and minimal RMS
Bradford Welliver, LBNL 18 VCI 2019.22.02 6
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CUORE Data Year 1

Exposure
86.3 kg-yr nate
24.0 kg-yr 1307Te

. De tector Sfdbil“’)’ is exce”en ¢ - Dilstribution of 90% Trigger Efficiency Thresholds 90
e e I R analysis threshold 30 -
g 60 90% trigger efficiency threshold Og Dataset 2
. - 710 ] -
» Trigger rate per bolometer o CUORE - F Aug - Sep 2017 (48.7 kg-yr)
— > 60
= Dataset 2 &D =
hysi HOF E 50;_ Maintenance and
P YSIGS. 6 mHz 30F 2 4();_ optimization
20F E 30
o . - . - 20E Dataset 1
Calibration: 50 mHz of i Mo Jum 2017 (37.6 Ke-ye]
O: TN I PR (1 FYTTEN MU | P B B gl | | I | | |
+ 984/988 bolometers functional O A A e evy. May-2017 Jul-2017 Aug-2017
2017
* (99.6% of detector) May
47.8 %
* Thresholds from 20 keV - few June
hundreds of keV 4
w054 July
247 % - — - — N N .
* Each dataset starts and ends with August
. . [ ] Physics [ ] Calibration
CCIIIbI'CIi'IOﬂ B Other [ ] Setup
[ ] Test September
* More exposure than all of CUORE-O! , , Test, runs
Bradford Welliver, LBNL 19 VCI 2019.22.02 6
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Observed Spectra

——— Physics spectrum
—— Normalized calibration spectrum

212Pp (239 keV)

228Ac (338, 911, 969 keV)
et/e- annihilation

208T] (583, 2615 keV)

54Mn

GOCO 4
40K

214Bi

* 1811 channel-dataset
pairs utilized

1.
2.
3.
4.
S.
6.
7.
8

e 92% of active channels

' 8
4
* Energy spectrum from umju '
97 SpeCt CUORE
sum of all active channels Exposure: 86.3 ka-yr

o -3 =
used in OvfBp search 10 500 1000 1500 2000 2500
Reconstructed Energy (keV)

Physics: Consistent with expectations for background

Counts / (keV kg yr)

Calibration: 232Th source strings deployed into cold space near detector

Bradford Welliver, LBNL 20 VCI 2019.22.02 6
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Energy Resolution

Resolution at 2615 keV gamma peak

------ 7.4 keV - Dataset 2
------ 9.0 keV - Dataset 1

g; CUORE
%

240
220

* Energy resolution key for 2%
9y y 20
separation of spectral features 160
140

. 120
» Exposure weighted average 100

resolution of 8.0 keV FWHM 80

60
40 ...................................

* Dataset 1 - 9.0 keV FWHM 2WE L ] L

Phys. Rev. Lett. 120, 132501 (2018)

Channels

. Dataset 2 - 7.4 keV FWHM FWHM (keV)

Dataset 2 occurred after a period of detector optimization, including
the first use of the active noise cancellation technique

Bradford Welliver, LBNL 21 VCl 2019.22.02 6 _—




Ener ReSOI utiOn Fit to 2615 keV in Physics Data
gy .
(IR ST TPt Y T R PN 11
; ‘;lﬂ*h**lluI : M:{H{ ii; LTI
1001 CUORE
- Exposure: 86.3 kg-yr
- 80—
* Resolution in physics data at Q-value 2 |
slightly better £ s
e
o ° ° — ++ +
Exposure Welghted average resoluhon 055570 2580 2500 2600 2610 2620 2630 2640 3650 2660

(]I' Q-yqlue of 7.7 i 0.5 kev FWH M Reconstructed Energy (keV)

10
- — Dataset 1
= 9 | — Dataset 2
S F
* Dataset 1 -8.3 + 0.4 keV FWHM T SE B o3k
 Dataset 2-7.4 * 0.7 keV FWHM 2 s
35...|....|....|....|..
1000 1500 2000 2500
Reconstructed Energy (keV) 6 _
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Slinding

* Performed via saltin S0 - 208
J = EEE Blinded 5 Tl [
. Select some fraction of events from - | —— Unblinded '
within 20 keV of the 2615 keV line 60 CUORE
% —  Exposure: 86.3 kg yr
: : , 2 50
» Likewise select some fraction of ~ F
events near Qgg E 40 2
S 30F
* Swap these two populations 0 - .
- 2141 : 60 o
e . — Bi1 Co -
* Produces artificial peak around the 10 |- X
Q-value while hiding real OvBp rate ot ol e L i A TP .
in physics data 2400 2450 2500 2550 2600 2650 2700
Energy (keV)
+ After all analysis cuts and steps are
defined and frozen, undo blinding
Bradford Welliver, LBNL 23 VCI 2019.22.02 ﬁ




Half Life Limit 20

- CUORE
I3 - | — — - CUORE-0
16 e Cuoricino
14 :_ CUORE + CUORE-0 + Cuoricino
- : 12F CUORE
Limit Computation 112E i pore: 86.3 keryr
= 10 Phys. Rev. Lett. 120, 132501 (2018)
Profile likelihood SF
. 6
integrated over the W
physical region (I'> 0) E |
O | ]t e Y gy P H‘-A-H-T—T-T—I—-I--I‘—-I-T‘-I-T‘-Illlll
-0.1 -0.05 0 0.05 0.1 0.15 02 0.25 0.3
Decay rate (10* yr!)
130Te Half-life limits (90% C.L., including systematics)
CUORE Half-life limit (90% C.L): 17}, > 1.3 x 10%°y Rolke: 77/, > 2.1 x 10%°y
CUORE + CUOREO + Cuoricino Half-life limit (90% C.L): 77/, > 1.5 x 10*°y Rolke: 77}, > 2.2 x 10%°y
Bradford Welliver, LBNL Phys. Rev. Lett. 120, 132501 24 VCI 2019.22.02 6 n/:>|ﬁ




10

Mg (meV)

107"

T N A G U o e s ey~ O ey

Combined mgg Limit

|
>

A

Cuoricino + CUORE-0
+ CUORE limit (Te), PRL 120, 132501 (2018)

CUORE sensitivity (Te)

Inverted hierarchy

Normal hierarchy

5>

AR "I?'
5~

Other isotopes

Xe

107"

1 10

Miightest (MEV)

10°

Half-life limits

130Te: 1.5 x 1025 yr from PRL 120, 132501 (2018)
76Ge: 8.0 x 1025 yr from PRL 120, 132503 (2018)

136Xe: 1.1 x 1026 yr from Phys. Rev. Lett. 117, 082503 (2016)
100Mo: 1.1 x 1024 yr from Phys. Rev. D 89, 111101 (2014)

82Se: 2.4 x 1024 yr from Phys. Rev. Lett. 120, 232502 (2018)
CUORE sensitivity: 9.0 x 1025 yr

Effective Majorana Mass

Phase Space l

(TOVBB)_l _ Qo (Qtﬁa 7Z) ‘Mou|2 <m66>2

2

Nucl. Matrix Element

Nuclear Matrix Elements

JHEPO2 (2013) 025

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. Lett. 105, 252503 (2010)
Phys. Rev. Lett. 111, 142501 (2013)

II.IO mev < mpp < 520 mev - NME dependenf Phys. Rev. Lett. 120, 132501

Bradford Welliver, LBNL
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Low Threshold Searches N
C N\
3 AN CUORE, 5 y (75% duty) [3-28] keV
107 '\ =
» Noise decorrelation in Optimal Filter to improve energy resolution - \ \ -
= 104E S N\ | =
* Current detector thresholds range from 20 - 150 keV .@.— E \ LA E
» Efforts to lower these under investigation ol 1075 ; oL \\ ;
* Filtering to improve SNR i \ s
’ 0—6 90% DAMA positive signal
= interpretation from =
* Trigger based off of Optimal Filter under development s \ 30 anirlg:)e4?2|(())(?9)r(())1n(]) -
— \ 50 -
—7 ] ] ] 1 1 13 1 | ] ] ] L1oaa ] ] ] L1 1 11
Distribution of 90% Trigger Efficiency Thresholds 10 2 3
o 70 1 10 10 10
s VB, [ analysis threshold £ 3 keV signal m,, [GeV/c?]
s - 5 20 9 w
S 60 90% trigger efficiency threshold S D
O : EQ) 0 ft- [y v
_ CUORE DS 2 < [ M I
50— -20 °
- Phys. Rev. Lett. 120, 132501 (2018) - Sensrhvrlly II.O WI M Ps
40F “F ibl
- - pPOssIDIe
30F o |
- _80;_ Raw Data
20F 100f- Filtered Data » Lower thresholds would
— cvoo by b e ey b by
- 0 100 200 300 400 500 600 .
10 . improve such searches
G ( ) sample index
- 0, .
= e bl o b Hw) = e ot
0 100 200 300 400 500 600 700 800 N(O))
Energy (keV) _
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Conclusions

Operation of world’s largest ton-scale cryogenic
bolometric array

Largest and most powerful cryogen free dilution
refrigerator

e Detector resolution improved from 9 keV to 7.5 keV via
optimization campaign

e Further detector optimization technigues under
development such as optimal triggering, decorrelation

e 2v[33 analysis with 2018 data nearing completion
e Other analyses (other isotope, dark matter) possible
e First result from CUORE

e Strongest limit on 1307e Ov3(3 decay to date after 2
months (>1.5 x 102% yr)

 CUORE detector is robust and powertul tool for probing

interesting physics

e Stay tuned for more results!
Bradford Welliver, LBNL
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Multiplicity 1 -- Inner Layer

2 D 10 = 2vp Reconstruction
V B B ecay - g{gg}e{% Eﬁg}lylrmme?ry K in TeO,
- 5 . Data (M1) |
° an place Iimi.l. on ,I.his decqy E .......
> -
2 B 5
° Background model Consll-rucll-ed é f_/ R s St
+ Use multiplicity of events to isolate L .
signal from background - | W Hﬂh
» Geometrical split into inner and outer 00 000 e Elfg;gy eV 2000 2500

layers

» Analysis with 2018 data wrappingup ~ CUORE: T1/2 = [7.9 £ 0.1(stat) £ 0.2(syst)] - 1020 yr
CUORE-0: T1/2 =[8.2 + 0.2(stat) £ 0.6(syst)] - 1020 yr
NEMO: T1/2 =[7.0 £ 0.9(stat) £ 1.1(syst)] - 1020 yr

Bradford Welliver, LBNL 30 VCI 2019.22.02 6 rrrrrrr
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CUORE vs CUORE-O

10°

5
=
> 1
B
* digni e s 2 107
Significant reduction in § CUORE .,
gamma spectrum compc¢ © | Ph”’{i?éﬁ? (;20,132501 (2018)
to CUORE-O — CUORE
107

500 1000 1500 2000 2500
Reconstructed Energy (keV)
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Calibration Spectra

10
= 1. 212Pb (239 keV)
= - ) 2. 2Ac (338, 911, 969 keV)
: = 12 4 2 o, =TI (503, 2615 keV)
 Multiple spectral peaks present = 10°L{ | 3 | | 4
>
=’
* Allows for setting channel > 102 “ 4
=
dependent energy scale S M
O
10 ;
. CUORE
e 2615 keV peak most prominent Phys. Rev. Lett. 120, 132501 (2018)
R AR R A N TR NN TN NN TR WO AN SN NN TR SO S S N WA S SR SN W
CII‘ICI CIOSGSi‘ to 130Te Q-VCIIUG 500 1000 1500 2000 2500
Reconstructed Energy (keV)
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Fit for 2615 keV summed over all channels

it
i Efl l h“&lg b il

1 J.ii

Line Shape

* Model the 208T| 2615 keV line 0

10° = CUORE
Exposure: 86.3 kgyr

Phys. Rev. Lett. 120, 132501 (2018)

ifé

O\ooel\)-lkO\
IE|III‘III‘II
HOH
o
@+
9l

Triple gaussian for main peak
. Step-wise multi-Compton background
X-ray escape peak (~30 keV)

* Most prominent peak from

=N Y

. . —~ . Li back d
232Th calibration > 10" |- 26r;e7a(r26?(5:fr5%l113n-511)keVpeak
S
Present in background £ 0k
spectrum S 2

[
-
(\O)

Near the OVBB Q-value for
A R RS AN S AR S SRS S AR it T A
]3OTe 2540 2560 2580 2600 2620 2640 2660 2680 2700
Reconstructed Energy (keV)
 Combination of channel-dataset and global parameters

+ Complex shape
 Photopeak Iis unigue to each channel-dataset pair

Fit Perfcrmed tower_by-tcwer * Yields pdf for each channel-dataset pair 6
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Cuts

* Base cuts are simple CICIi'(.J quality 4sE- ——
cuts, removal of bad periods of 10E- Base Cuts + PSA
detector performance, and pile- 15E- Base Cuts + PSA + M
up rejection  30ECUORE
b= - Exposure: 86.3 kg-yr
g 25 :_Phys. Rev. Lett. 120, 132501 (2018)
* PSA - pulse shape cutsuse a 6D O ,,E
Mahalanobis distance 15E-
distribution based on 6 pulse 10E-
shape parameters 5F

N E

e e o 2% 0 2400 2450 2500 2550 2600 2650 2700
* M1 refers to multiplicity-1, Energy (keV)

imposing a constraint that no
events are seen in other detector

channels within 10 ms
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CUORE ROI Fit

* Once analysis finalized fit for decay rate in the ROl performed
* ROI: 2465 - 2575 keV
» Simultaneous unbinned extended maximum likelihood fit

* Dataset dependent flat background

* 60Co sum peak

* Qpg peak - fixed position, floating rate

* Peaks are channel dependent - derived from line shape determined from
calibration data

Background Index

t
Bl = (1.49 0.18 10_2 CNn
Dataset 1 (1.49%015) x i
Dataset 2 BI = (1.35703%) x 1072 cnt
-99_0.18 keV - kg - yr

Best Fit Signal Decay Rate
it — (—1.0753 (stat.) £ 0.1 (sys.)) x 10~ *°yr~*

Bradford Welliver, LBNL Phys. Rev. Lett. 120, 132501 35

Residual (o)

Counts / (2.5 keV)

Residual (0)

Counts / (2.5 keV)
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CUORE
Exposure: 86.3 kg-yr

S 2

Blinded peak

, , L | L , | , | :
2500 2520 2540 2560

Reconstructed Energy (keV)

W}{;;H(irﬁimm;h{h%ﬁhﬂkm

LTI 1
2480

— CUORE
— Exposure: 86.3 kg yr
—— Phys. Rev. Lett. 120, 132501 (2018)
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BeyOnd CUORE Background Limited Background Free

— g Naane | MT S o YAGNE o
+ CUORE background goals met Mot V bAE Mol

CUPID CUORE
* Degraded «’s pose problem - . .
TeO,: natural radioactivity : o
NOSYV Cu: natural radioactivity ::: .?rom Cu towers
° B O I om ei'l‘i C 'I'ec h n iq ue p rOVi d es NOSYV Cu: cosmogenic activation
on Iy ‘I C h ann el fo r ene rgy - NO TeO,: cosmogenic activation

. OFE Cu: natural radioactivity
particle ID

Roman Pb: natural radioactivity

Modern Pb: natural radioactivity

¢ C U O R E U p g rd d e Wi'l'h PCI r"l'i C I e I D Superinsulation: natural radioactivity ::: o]
(C U PI D) Stainless steel: natural radioactivity e E

Environmental muons l-:-'

Environmental neutrons | ] E ;0% CL Limat
* Aims to dramatically improve bmironmental gammas E . vae
background discrimination 10 10 10+ 0.001 001 01
counts/(keV kg yr)

European Physical Journal C 77, 543 (2017)

° Pdl‘ﬁCle ID via |Igh|' del'ecl'ion Note: For 1°0Mo B and y bkg. decreases x20
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BeyOnd CUORE Background Limited Background Free

Naane | MT N aane
e § o DAGT § o = T pmT
+ CUORE background goals met Mot V DAL mol
103: 0
- T Mo
* Degraded o’s pose problem F ? cuoricino + CUORE-0 _ﬂj\f
I + CUORE limit (Te), PRL 120, 132501 (2018) T L
Ge
o o o o 102__ —
Bolometric technique provides - Xe

only 1 channel for energy - no
particle ID

Inverted hierarchy

10 CUPID goal

» CUORE Upgrade with Particle ID
(C U PI D) Normal hierarchy

* Aims to dramatically improve
background discrimination

Other isotopes

1 10 10°
Miighiest (MeEV)

107"

—h
<

» Particle ID via light detection
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Paths to CUPID
* Multiple different isotopes

* Enrichment possible for all Al Film
Surface o/B Scintillating Foil

» Different light detection |
strategies under R&D . é”\&
(\,

L

Surface Effects

Cherenkov Neganov-Luke Effect
Scintillation \
MKID
sorface/Bulk o« IR

e
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