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Nuclear Double Beta Decay

= Double Beta Decay is the rarest nuclear weak process
» |t takes place between two even-even isobars

(A,Z) — (A,Z+2) + 2e + (...)

= Need to find single events in a ton of isotope x year(s) of
exposure! )

If only electrons and nothing else:
= 3x 10" Bg/kg vs 15 Bg/banana !
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= We go to extreme length to limit ubiquitous radi‘dactivity

Half-life larger > 10%° yr - 1026 yr

Afterglow Light
att

a7s 00 7. Gt anes o Very hard, but the reward is great:

= Lepton number non conservation
= Creation of matter with no antimatter counterpart
= Majorana nature of neutrinos

about 400 million yrs. : = Neutrino mass scale

Big Bang Expansion

13.77 billion years




Nuclear Double Beta Decay

Events

2vBB

Sum energy spectrum of the two electrons

Qg;: energy available for the products

______________________________________________________

2vBPB : (A,Z)—(A,Z+2)+2e+2V
4 continuum with maximum at ~1/3 Q

Ovpp : (A,2)—(A,Z+2)+2e
peak enlarged only by
the detector energy resolution

Possible for 35 nuclei
Only 9 are experimentally relevant

Qg ~ 2-3 MeV for the most promising candidates
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The bolometric technique: CUORE

CUORE Te

pure thermal detector
(bolometer)

T~10mK
Heat Sink — -¢— Copper Holder
Weak Thermal -
Coupling Neutron.
Transmutation
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Absorber i NTD Ge Sensor
Crystal —————p '\. (Thermometer)
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\ TeO,crystal
Incident
Radiation
No PID

Q = 2527 keV < 2615 keV

No enrichment: 139Te |.A. ~34%




The bolometric technique: CUORE

CUORE B0Te CUORE - Cryogenic Underground Observatory for Rare Events

= Located in Gran Sasso, Italy
= Main objective: OvVpB in 139Te
= 988 TeO,crystals, 5x5x5 cm3 each

pure thermal detector
(bolometer)

T~10mK = Total mass: 742 kg TeO, (natural Te)
Heat Sink — ~«— Copper Holder = 130Te mass: 206 kg
Wil Phiersria] = Current analysed exposure: 2023 kg y
Coupling P Neutron = Ty,%>3.33x10%5yr at 90% C.1.
[ransmutation *  mpgg< 75 - 260 meV at 90% C..
Doped
Absorber NTD Ge Sensor New released results @TAUP2023
Crystal —————p (Thermometer) S — —
(TeO,) ' Ny N N\ : |
\ TeO,crystal .
Incident [ &£ g N
Radiation “ k |
No PID > o background — b~102 c/(keV kg y)

v

Q =2527 keV < 2615 keV y background — b~103 c/(keV kg y)
No enrichment: 139Te |.A. ~34%
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The bolometric technique: from CUORE to CUPIDW

CUORE Te

pure thermal detector
(bolometer)

T~10mK
Heat Sink — -¢— Copper Holder
Weak Thermal -
Coupling Neutron.
Transmutation
Doped
Absorber NTD Ge Sensor
Crystal ———p (Thermometer)
(T602) ‘ b -
\ TeO,crystal
Incident
Radiation
No PID

Q = 2527 keV < 2615 keV

No enrichment: 139Te |.A. ~34%

CUPID 109Mo
heat + light
(scintillating bolometer)

Light Detector Thermal
T~10mK Sensor (NTD Ge)
< Light
< .
- L Thermal
g Sensor (NTD Ge)
(0]
<=
=~
,f Energy
Li,Mo0, crystal Release

o Baskgound —— pID
d — Q = 3034 keV
v W > 2615 keV
Goal: b~10* c/(keV kg y)

Enrichment in 1Mo is possible on large scale




CUPID precursors

L|ght region
.. . Main crystal detector — | [2615 kev (L o
Scintillating bolometers ATV | S e | O evews
S 5 |EVENTS
S o % /
PID: « particle rejection
HEAT SIGNAL
CUPID-0 — Zn82Se = 2998 keV b=3.5x103
Qzs° LNGS - Italy

counts/(keV-kg-yr)
Useful information for the
CUPID background model

Direct proof that o/s dominate
background above 2.6 MeV

(evolution of LUCIFER  erc )
First running demonstrator
24 crystals (enriched in 82Se) — 5.28 kg 82Se

Best limit on 82Se: T, /, > 4.7x10% y betas/gammas
Energy resolution: ~23 keV FWHM S

J01t, 186 g), Bkg, ro—rb data (624 h), LSM

[

CUPID-Mo - Li,®°Mo0, Qz5= 3034keV
(evolution of LUMINEU ~ R )

Physics data taking: April 2019 — June 2020
20 crystals (enriched in 100Mo) — 2.34 kg 199Mo

LSM - France
b=2.7x103

-betas/gammas
v0) -

Light (keV)

Energy resolution: ~5-7 keV FWHM e 1 alphas -
Best limit on 1°°Mo: T,/, > 1.8x10%4 y £ In non-optimized
Full o rejection N N | | | | cryostat

Radiopure crystals: U/Th <1 uBq/kg Hea (keV)




CUPID precursors

Scintillating bolometers

PID: « particle rejection

0v2B
nght region
Main crystal detector = | [2615 kev | "
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HEAT SIGNAL

CUPID-0 - Zn32Se
(evolution of LUCIFER
First running demonstrator

24 crystals (enriched in 82Se) — 5.28 kg 82Se
Best limit on 82Se: T, /, > 4.7x10%% y

Energy resolution: ~23 keV FWHM

Q= 2998 keV
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The CUPID collaboration
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The CUPID experiment in a nutshell

CUPID pre-CDR arXiv:1907.09376 upgrade to CDR ongoing

R

Single module:
e 2xLi,’%Mo00,45%x45x45 mm — ~280g
* 2 xGe light detectors
= 57 towers of 14 floors with 2 crystals each - 1596 crystals

Ton-scale array of high-resolution
cryogenic calorimeters to search for
Ovpp and other rare events

= 240 kg of 199Mo with >95% enrichment (~1.6x10%7 100Mo atoms)
= 1710 Ge light detector (CUPID-Mo, CUPID-0 basic technology +
Neganov-Trofimov-Luke effect)

Baseline design

Gravity stacked structure ‘

(innovative approach with respect
to CUORE and CUPID precursors)
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CUPID objectives

= Energy resolution at Qg < 5 keV FWHM

= Light signal: 0.3 keV/MeV

= Light detector baseline resolution: = 100 eV RMS (for PID)
= Light detector timing resolution: < 0.17 ms (for pile-up)

= Background index: < 104 counts/(kg keV yr)

@ = OvppP half-life exclusion sensitivity (90% C.L.): 1.4x10%7 yr




Test of the tower structure

A prototype single CUPID tower was cooled down in July and October 2022 in LNGS
The tower was installed in the Cuoricino-CUOREO-CUPID-0 cryostat

= Primary goal: validate the tower structure in terms of assembly procedure, detector temperature values and distribution

= Secondary goals: Analysis of detector performance - Study of the crystal radiopurity — Dependence of detector
behavior on glue type, crystal origin, light-detector coating method

14-floor tower run

« 28 LMO crystals

« 30 Ge light detectors
The primary goal is achieved - All the channels cool
down without problems with a reasonably narrow

temperature distribution and no dependence on the
position in the tower

— The thermal scheme of the tower is validated

LMO: 7-8 keV FWHM @Qg;
LD: 180 eV median RMS
New test in the coming months

Z 8 Y - L
- . 3 . » © A ok
Lo IS % NN 3 A
i | Nt vy £ < <3
| . | s & \ K




Test of the light-detector structure

The validation of the new CUPID-baseline light-detector assembly performed

in a pulse-tube cryostat at 1JCLab (Orsay)

— Similar vibrational noise as in CUORE/CUPID cryostat

= 2 Cuframes with 2 light detectors each (0.5 mm in thickness) mounted on
top of each other (CUPID configuration)

= Check of the bolometric performance

= Baseline energy resolution 70-90 eV RMS (CUPID goal for PID met)
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CUPID background

Total

4— Projected background index: b=1x10* counts/(keV-kg-yr)

Muon veto is required and it is under design

Muons

Shields

Holders

Well-known from CUORE and CUPID precursors
(infrastructure background measured in situ by CUORE)

Validated by CUPID-Mo background model

Crystals U+Th

Most critical source
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2vBP pileup
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Random coincidence of 2v2f3 events
(T,/,>2$=7.1x10%8y — 3 mHz in a CUPID crystal)
Pulse shape discrimination to reject pile up

Exploit faster light channels

=

CUPID light-detector baseline: standard light detector with signal
enhanced x10 by Neganov-Trofimov-Luke effect (lJCLab, Orsay)
Required performance demonstrated on 8 light detectors in Canfranc
Baseline energy resolution ~ 6 eV RMS — Risetime ~ 0.5 ms

—> Correspond to pile-up resolution of ~0.17 ms (CUPID goal)
Alternative option for light detectors: TES readout (Berkeley)
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CUPID sensitivity

Energy resolution: 5 keV FWHM
Background index: 1 x 104 counts/(keV-kg-y)

Livetime:10y

L]
Parameters from NuFIT 5.0
[0 IH: Best fit NH: Best fit
IH: 30 band NH: 30 band
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CUPID sensitivity:
a phased approach CUPID-1T

[eV]
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CUPID Baseline CUPID-reach
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240 kg of 100Mo 240 kg of 100Mo 1000 kg of 1Mo % § IET
CUORE cryostat CUORE cryostat New cryostat = o
Bkg 1x10-4 ckky Bkg 2x10-5 ckky Bkg 5x10-¢ ckky 5 o
Excl. sensitivity: Excl. sensitivity: Excl. sensitivity: ©

@ Ty,>1.4%x107y Ty,>2.2x107y Ty/,>9.1x107y 16



Conclusions

» The CUPID infrastructure already exists (CUORE cryostat, LNGS, Italy)
» Scintillating bolometer Li,M00, technology demonstrated in CUPID-Mo
» Crystallization and enrichement at large scale are possible and demonstrated

» The performance of the basic tower and of the single module are under test with
promising results

» Data-driven background model indicates b~ 104counts/(keV-kg-y)

» Fully explore the inverted ordering region
— down to mMgg = 10 meV for the most favorable nuclear model

» The collaboration is working on getting ready for CUPID
» On a longer time scale, detector mass scaling and potential multi-isotope approach

= .
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