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e CUPID is an upgrade to the
successful CUORE experiment.

e Discovery sensitivity (30):
o T7% > 1.0%x 10 yrs
o mygs=(13—-"21) meV
e CUPID can probe the IH region.

* New technology to decrease
backgrounds and increase
sensitivity.
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The CUPID Collaboration
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CUPID builds on CUORFE’s success
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CUPID builds on CUORFE’s success

B Nature 604,53 (2022)

First tonne-scale
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CUPID builds on CUORFE’s success
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Demonstrated low background for Mo-100
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Demonstrated low background for Mo-100
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e Exploit the scintillating nature of crystals.

* Exploration of dual readout for heat and
light signals:

* Bolometer coupled to light detector (Ge wafer
linked to thermometer)

e Different light-yield for alphas and betas

e Discrimination based on bivariate cut on
light and heat signals.

e Build demonstrators to validate new
technology.

NWZ Wright

Light signal

Mitigating alpha backgrounds
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Successful 10 kg-scale demonstrators

Zn%%Se crystals, 95% enrichment 82Ge Li%OOMoO4 crystals, 95% enrichment 100Me
(5.17 kg) at LNGS (ltaly) (2.34 kg) at LMS (France)

a-rejection efficiency > 99.9% a-rejection efficiency > 99.9%

Background index: 3.5 X 107> ckky* Background index: 2.7 X 107> ckky*

AE =21.8 keV @ Oy (2998 keV) AE =74 keV @ QO (3034 keV) dbidbidh

Physics results Hhll Physics results

Bkg studies Y AR Bkg studies

B PRL 129, 111801 (2022) A Y T AR .q B Eur Phys.).C (2022) 82, 1033

* Cts/keV kg yr
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Successful 10 kg-scale demonstrators

Zn%%Se crystals, 95% enrichment 82Ge Li%OOMoO4 crystals, 95% enrichment 100Me
(5.17 kg) at LNGS (ltaly) (2.34 kg) at LMS (France)

a-rejection efficiency > 99.9% a-rejection efficiency > 99.9%

Background index: 3.5 X 107> ckky* Background index: 2.7 X 107> ckky*
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The CUPID baseline: what we can build now.

e Use CUORE’s infrastructure

Ve o
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e |596 Li%OOMoO4 crystals (45x45x45 mm3) . .
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e 240 kg of '"’Mo (enrichment > 95%) W=

PTFE pieces

Copper structure

e |710 Ge wafer light detectors

* a—rejection efficiency demonstrated to be o o o
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o Energy resolution: FWHM <5 keVat Oy 3" Y
(]L) _
c I +
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* Light yield: 0.3 keV/MeV R
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Production of enriched LMO crystals is feasible

* Ongoing pre-production in China (SICCAS)

* Enriched MoO; powder to be produced in
China.

e Tests at Gran Sasso to validate performance/
radio purity and assess contamination.

e Strategies to improve crystal surface cleaning,
and thus reach CUPID’s bkg goal, being
developed.

* Full production at large scale for CUPID is
viable and currently under negotiation.

LMO crystals by SICCAS

M Wright
4nE Laboratory
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Light collection optimization and detector validation

Performed studies with Ge wafer with
anti-reflective SiO coating and NTD
readout for CUPID baseline.

Performed in a pulsetube cryostat at
|JCLab.

Baseline energy resolution 70-90 eV RMS.

Also studies on reflecting foil and light
detector position optimization.

Results show that CUPID baseline
meets hecessary a-rejection

capabilities, but saturates pile-up bkg
constraint.

<
/8

-

B Eur Phys.J. C (2022) 81:104
By Eur Phys.).C (2022) 82:810
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Improved light-detectors

o Relatively fast 203 decay of '"“Mo:
T =7.1x10"%yr

* Slow pulses from heat readout cause random
bkg coincidences in ROI.

e Goal: 0.5 X 10™* ckky, rely on light detectors

* Ways to address this issue:

* Increase SNR: NTDs with Neganov-Trofimov-Luke
(NTL) effect. (Baseline)

* Shorten rise-time: Transition edge sensors (TES)

* New technologies demonstrate to
reach needed B.l. level goals.

t‘;;ght Jorge Torres, 2024 Lake Louise Winter Institute




Validated CUPID’s projected background index

e ROI Background Index (B.l.) goal: ~ 107
cts/(keV kg yr) [vs. CUORFE’s 1072 ckky] CUPID baseline

e Upper limits and measurements from
predecessor experiments.

. CUPID preliminary :

: .. . & |
e Well-defined mitigation strategies: W E
8@ From CUORE : %

X

e Muon veto. o :g
X0 F = —f
| | - JO tom CUORE/CUORE-0 15
* Material selection, cleaning, shielding. o & IS

> = I

o | PSP From CUPID-Mo |

* Delayed coincidence cuts (U/Th chains). & \%QX |

L . . Q@é@ & '

* Lower noise, higher bandwidth electronics. N - T —— i
N 106 10-5 10~

* Improved light-detector timing resolution/SNR Background Index [cts/(keV kg yr)]
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CUPID and beyond

— 10°
% Inverted Hierarchy Range

UPID preliminary -

I(I-)IIIII

30 discovery sensitivity on mggs |

> @ @
. 2 2
Wy %
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CUPID =

baseline, what

we know we

can build now

1

=
)
=

3o discovery SGHSitin."y on mgag |

CUPID and beyond

102

E Inverted Hierarchy Range

& & &
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% % %
\(% \/\7}
K&
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baseline, what|
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CUPID and beyond

— 10°
GE) Inverted Hierarchy Range

& & &
S N
% % %
\(% \\/\7}
K&

Jorge Torres, 2024 Lake Louise Winter Institute

CUPID-Reach = B.I.
reduced to

~ 2% 107 cts/
(keV kg yr)



CUPID and beyond

= 107
% Inverted Hierarchy Range
CUPID-Reach = B.I.
reduced to
~ 2% 107 cts/

(keV kg yr)

baseline, what|
we know we Hia

can build now

o discovery Sensitiv?i:y on mgg |

CUPID [|-Ton: 1000

100 : O
6 (% /\7}
BI Y 5 X 10_ CI(I(), C?%
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Summary
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CUPID will be an
upgrade to the
successful CUORE

experiment.

Summary
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CUPID will be an
upgrade to the
successful CUORE

experiment.

Summary

e CUPID will build upon

previous experiments
knowledge/
infrastructure.
* Adding particle ID +
other techniques to
reduce B.l.

0vBB3 ROI

Light signal

Heat signal
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Summary

e CUPID will build upon

previous experiments
knowledge/
infrastructure.
* Adding particle ID +
other techniques to
reduce B.l.

0vBB3 ROI

Light signal

Heat signal
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 Experiment moving forward.
* Planning to take data by end
of decade.
CUPID will be among the
world-wide suite of Ovf)
decay experiments with
discovery potential.

LI II 1 1 rmrrri

Parameters from NuFIT 5.0

] IH: Best fit NH: Best fit
IH: 30 band NH: 30 band

E CUORE sensitivity (lISUTO)T /

[ CUPID sensitivity ("Mo)]




Thanks!

U.S. DEPARTMENT OF

ENERGY"

More questions?/Want to hear more?
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Backup slides
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N Wright
2N Laboratory

Tower optimization/validation

e Goals:

* Validate assembly procedure, thermalization, and
mechanical structure

e Study of glue type effects on NTD thermistor

* Validate performance of LMOs and light-detectors

AR

> > > - ' - E
{ 5 s |8 . (O § g .
=1 | ‘-.‘ -k \.y' S '9 “-‘ 1'

=

e TJests on vibrations

L
“ “» «» “»
Lo b e b
- - e . L o

* |4 floors, 28 crystals, 30 LDs, 2 runs so far.

y

; ?_’,,! -

e Future tests in 2024:

Ay

e Tests with NTL LDs

’._L ¥y

=== =]

fy

 Reduction of copper
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Neutrinoless double beta (Ovff) decay

Observation of Ovff decay implies that
neutrinos are Majorana.

Decay rate proportional to effective
Majorana mass

Ovpf signal is a peak at Q-value.

Sensitivity limited by backgrounds (inverse
square root).

Experiments currently taking data, next
generation being planned

Double Neutrinoless double
beta decay beta decay
e’ Le' »)e‘
C <
\ / e c

Antineutrinos

_---» Mass:

”

Abundance <~ - R

Sy
~

~

Time exposure

\
Sov < @@
' \ B - - -» Energy resolution:

-

Efficiency <«---

Background:

Jorge Torres, 2024 Lake Louise Winter Institute



Projected Sensitivity

CUPID will be among the world-wide suit of Ovff decay experiments with discovery potential

—_
-
(N

Inverted Hierarchy Range

30 discovery sensitivity on mgs |meV]
>
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Current limits

103 - | | | | P 11 II | | | | P 11 II | | | | P 11 I: =
- Parameters from NuFIT 5.0 - -
N I TH: Best fit | NH: Best fit : : 182 I 00
- TH: 30 band NH: 3¢ band 1 A Se Mo 4
A
102 = — 76Ge 130Te L
= CUORE sensitivity (*YTe) .
— i __136Xe
> /_ _
) - _
= CUPID sensitivity (1““Mo)
- F ]
§l = _ _
= 3 q %2Se: CUPID-0 (2023)
C - 1 | *%Mo: CUPID-Mo (2023)
i 1 1 /139Te: CUORE (2022)
_ - 4 P9Xe: KamLAND-Zen (2022)
_1 | | | 1 1L 1 II | | | | 1L 1 11
10 1 1 2 | |
10 10 10 100 150
Mightest (me\/) Atomic number
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o, (cm?)

Counts/(keV kg yr)

CUPID science program

W

e A
l@/ =

Events

Ovpp

A

Energy

Qpp "

— 2vpp
— 2vpp CPT

Counts/(keV kg yr)

Threshold 5 keV, bkg 0.01 c/keV/kg/d
Threshold 1 keV, bkg 0.01 c/keV/kg/d

—2vpp
2vpp

—2vpp

NN =

Ll
00

3000 35
Energy|keV]|

-
-\ ——————————————————————

- i L R
o e N

B TR

1 10

m,, (GeV)

Search for Ov3 decay
Precision two-neutrino double beta decay

2v55 and 0v55 decays to excited states

Majoron-emitting decays
Tests of Lorentz invariance and CPT violation

Tests of fundamental principles
Electric charge conservation

Verification of the Pauli exclusion principles
Tri-nucleon decay and baryon number conservation
Light dark matter searches

Supernova neutrino searches

Solar axion searches

Millicharged particles

Jorge Torres, 2024 Lake Louise Winter Institute
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Neutrinos as backgrounds

 Neutrino Charged Current Interaction
v+ ""Mo — Tc +e™ + ~(s) (1)
9T 5 Ru4e " +7 (Q=3.2 MeV,t; /5 = 155) (2)

— Ejirt and Elliott (2017) use a similar procedure as de Barros & Zuber to
estimate the rates for all solar v sources:

- Backgrounds from (2) contribute ~1x10-6 counts/(keV - kg - yr)
- Backgrounds from (1) are 2-3 orders of magnitude below (2)

— Delayed coincidence cuts to reduce this further

Jorge Torres, 2024 Lake Louise Winter Institute
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CU,,,D ‘Neganov- -Trofimov-Luke LD

* Ge wafer provided with Al electrodes on its surface

* When applying voltage across these electrodes an electric field
Is establish

* The absorption of photons produces electron-hole pairs

* The electric field drifts the charges and it prevents their
recombination

 Carriers collide with the lattice during the drift, increasing the
temperature

* This means signal amplification that is read by a thermistor
(NTD)

H. Khalife — TeVPa2023 CUPID: a next generation Ovpp bolometric experiment

Jorge Torres, 2024 Lake Louise Winter Institute
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Cryostat

 Cryogen-free cryostat
* Cools down ~1 ton detector to ~10 mK

* Nominal cooling power: 4 yW @ 10mK
* Cryostat total mass ~30 tons

*Mass at T < 4K: ~15 tons

*Mass at T < 50 mK: ~3 tons (Pb, Cu and TeO2)

K. Alfonso — Latest results from the CUORE experiment

* Mechanically decoupled for extremely low vibrations
* PT to cool down to ~4K
* Dilution refrigerator down to operating temperature ~10 mK

— August 29, 2023

‘ TAUP
VIENNA 2023

Pulse tubes ‘
I Dilution unit j I
300K » - T
o -
40K ——»
4K ——>
800 MK —»

50mK —»

100mK ——»

Modern
lead

1m Detector

T A A
3

ERSGEOENEEERAE

faReg e pafop ) R ]

Roman
lead

Jorge Torres, 2024 Lake Louise Winter Institute

24



\\\[I// %

\{i
| 7
N / _
N\W/ZZ
|

Wright

7 Lab

210

Phys. At. Nucl. 69 (2006) 2109

TN
r 4 \-rl‘]
]

v

100% decays
of 228Th

212R;

T=060.6 m

Q= 6207 keV

\ 4

- l'
100% decays
of 226Ra :
\ 4
‘HBi 1=199m
o .02% +Y 99.98%
Q=5617 keV Q=3272 keV
11 T Hpo 1=0.163 ms
o 100%
Q= 7833 keV,
2pp 1=223y
v

a\

B

284 =
““TI 1=3.05m

-
208 1,

[5+Y 64"%
Q= 2254 keV

\ 4

22po T =299 ns

stable

o 100%
Q= 8954 keV,

For DBD bolometers with particle ID:
= BiPo events (mixed B+a decays with a total E > ~8 MeV) negligible contribute to ROI

= Delayed events of 210.208T] g's can be rejected by an off-line gate after 214.212Bj ¢'s

* PB’s of 212.214Bj subchains (Q; > ;) detected without o’s contribute significantly to ROI

Q*
=

— vl vt

— ey

o ey l j' MC
N 238()
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SNR [Post OF]

—— Bl = 0.5 10~*ckky

103

-
-
N

Pileup Background Index vs SNR vs T

Standard LD
Standard LMO
NL LSC

TESs

109 101

T [MS]
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Pileup ROI Background [10~%ckky]
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SNR [Post OF]

Pileup Background Index vs SNR vs T

— Bl = 0.5 10~ %ckky
Standard LD
Standard LMO

NL LSC

TESs

103

-
o
N
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Pileup ROI Background [10~%ckky]
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SNR [Post OF]

Pileup Background Index vs SNR vs T

— Bl = 0.5 10~ %ckky
Standard LD
Standard LMO

NL LSC

TESs

-
o
N
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Pileup ROI Background [10~%ckky]
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Counts/keV/kgly
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o
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—
o

CUPID:

CUORE:
= 130Te Oy %Mo Qs P+ +u
2528 keV 3034 keV — Q
= CUORE Preliminary
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1000 2000 3000 4000 5000 6000 7000 8000 9000
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CUORE tnfrastructure beyond 2025

Planned upgrades in view of CUPID

Cryogenic upgrades Muon tagger system
- new pulse tubes
- new thermalisation

Aluminum 6N connection

40K stage

Monica Sisti - NPB 2024

Top Veto Array

>

Side Veto Array

Bottom Veto
Array

p >

™~
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