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Neutrino mass scale 
■ Neutrinos are massive 
■ Mass scale is 6 orders below the mass of other leptons 

Two theories - Majorana versus Dirac 
■ Majorana - Allows Lepton Number Violation 

Allows neutral leptons to be their own anti-particle 
Potential to explain Baryogenesis through Leptogenesis  
matter generation 
Potential to explain smallness of neutrino mass scale
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Neutrino - Majorana/Dirac particle?

Majorana phasesMajorana neutrino phenomenology - Pontercorvo-Maki-Nakagawa-Sakata (PMNS) Matrix:

"Teoria simmetrica dell'elettrone  
e del positrone".  
Il Nuovo Cimento. 14 (1937)
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Neutrinoless double beta decay 
Light Majorana neutrino exchange
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Observables 
• L = 2, lepton number violation 
• Majorana nature of neutrino? 

Δ
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See also Heiko’s talk 

Furry 1939
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Probe a process with a half-life larger > 1025 yr  - 1026 yr

The experimental challenge

x x  105  yr

Next generation experiments: 
 
Need to find single events in a ton of isotope x year(s) of exposure! 
Or search for an activity at the level of 3 x 10-14 Bq/g 
We go to extreme length to limit ubiquitous radioactivity

15 Bq / 
banana

5



BORMIO’24, 25 January 2024 Benjamin Schmidt, CUORE & CUPID 6

Cryogenic Underground Observatory for Rare Events 
CUORE collaboration 

27 institutions from 4 
different countries 
(Italy, US, France, China)

https://cuore.lngs.infn.it/ 

https://cuore.lngs.infn.it/
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Cryogenic calorimeters in a nutshell

CUORE 
750g TeO2 
crystals 
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Source = Detector 

—> high efficiency

Example: CUORE

7



BORMIO’24, 25 January 2024 Benjamin Schmidt, CUORE & CUPID

At LNGS ~ 3600 m.w.e.  
 
External shielding:  
25 cm Pb, 
18 cm PET + 2 cm H3BO3 
 
Internal shields:  
6 tons of lead < 4 K 

Detector 
988 TeO2 crystals: 
742 kg of TeO2,  
206 kg of 130Te, 
 
 

8

Current cryogenic flagship experiment CUORE
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CUORE - Operations & Data taking

Operational performance 
Analysis selection: 
On avg. 934 / 984 channels (95) % (1TY analysis) 
Exposure accumulation: ~ 50 kg yr / month 
Goal: 3000 kg yr  

Highly efficient:  
~80% science operation,  
~14% optimisation (noise -  environmental monitoring) 
~6% maintenance/down time
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64.4 %

13.9 % 11.5 %

7.5 %

2.1 %0.6 %

Background Calibration
Down Time NPulses
Setup Test

CUORE Run Time Breakdown
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CUORE - Data
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Overall analysis efficiency 93.2% 

New: Denoising in signal processing arXiv:2311.01131
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CUORE - Detector response
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 result - 2nd TY0νββ
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Avg.  counts/keV/kg/yrBI = (1.30 ± 0.03) ⋅ 10−2
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 result - 1st + 2nd TY0νββ
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TAUP23: 2023 kg yr total 
Combination of posteriors:

Outlook/Ongoing: Fully reprocess 1st TY with denoising to provide improved analysis of full exposure

mββ < (75 − 255) meV
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CUPID collaboration

140 collaborators from 7 countries 
https://cupid.lngs.infn.it/ 

https://cupid.lngs.infn.it/
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CUPID - CUORE upgrade with particle identification
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 discrimination through dual readout: heat & light 
Higher Q-value target 100Mo reduces  background 
α

γThermometers)

Light)

Energy)
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Light)Detector)

Figure 3: Operating principle of a scintillating bolometer. The release of energy inside a
scintillating crystal follows two channels: light production and thermal excitation.

A scintillating bolometer functions by operating a scintillating crystal as a281

cryogenic bolometer (as described above) and coupling it to a light detector, as282

shown in Fig. 3. As it is for other large mass bolometers, the device works only283

at extremely low temperatures (⇠10 mK).284

When a particle traverses the scintillating crystal and interacts with the285

lattice, a large fraction of the energy is transferred into the crystal as heat,286

raising the internal energy, thus inducing the already mentioned temperature287

rise. A small fraction of the deposited energy produces scintillation light that288

propagates as photons outside the crystal. These are then detected by a separate289

light detector facing the crystal. The light detectors used so far for scintillating290

bolometers are bolometers themselves and consist of germanium wafers, kept291

at the same temperature as the main bolometer. Scintillation photons deposit292

heat into the wafer and induce a temperature rise, which is then measured by293

a second thermistor.294

The signals registered by the two thermistors are conventionally named heat295

(the one generated in the main bolometer) and light (the one induced in the296

light detector). Although they have the same nature (temperature rises), they297

originate by di↵erent processes.298

An interesting feature of scintillating bolometers is that the ratio between the299

light and heat signals depends on the particle mass and charge. Indeed, while300

the thermal response of a bolometer has only a slight dependence on the particle301
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Bolometer

CUPID-MO  
EPJ-C 80:44 (2020)

α

β/γ

CUORE: 
130Te  
2528 keV

Qββ

CUPID: 
100Mo  
3034 keV

Qββ
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CUPID-0 | CUPID-Mo two demonstrators for CUPID

EPJ-C 80:44 (2020)ZnSe dual heat+light readout 
1st quantitative results for  identification & rejection 
> 99.9 %  rejection 

E = 21.8 keV @  (2998 keV) 
Background: 4 x 10-3 counts/keV/kg/yr  
(Muons, Crystals, Shields)

α
α

Δ Qββ

Li2MoO4 dual heat+light readout 
> 99.9 %  rejection 

E = 7.4 keV @  (3034 keV) 
Background: 2.7 x 10-3 counts/keV/kg/yr 
(Cryostat & close components, reflectors)

α
Δ Qββ

Phys. Rev. Lett. 129, 111801 (2022)
Eur. Phys. J. C 82:1033 (2022)
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CUPID in a nutshell

Design: 

• CUORE cryostat & shielding,  

• 1596 Li2100MoO4 detector modules (light & heat) 

• 240 kg of 100Mo  
(>95% enrichment) 

• Additional muon-veto system & neutron shields 

Objectives: 

• Energy resolution 
5 keV FWHM at 3034 keV 

• Bg index: 10-4 counts/keV/kg/yr 

•  exclusion sensitivity after 10 years: 1.4 x 1027 yr 0νββ

Step-wise validations: 
JINST 18 P06033 (2023) 
Eur. Phys. J C82, 810 (2022) 
Eur. Phys. J. C81, 104 (2021)
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CUPID BG projection

CUPID BG simulation
Phys. Rev. Lett. 126, 171801 (2021)

Work in progress (2024)

EPJ-C  83, 675 (2023)
Phys. Rev. Lett. 131, 162501 (2023)

EPJ-C 79, 583 (2019)
Phys. Rev. Lett. 131, 222501 (2023)
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CUPID BG projection - Improvements

CUPID BG simulation Improvements to be evaluated: 

■ New simplified mechanical tower design 

■ —> Less machining & handling 

■ Contact-less production with laser cutting 

■ —> Improved radiopurity during construction & 
storage 
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Newly adopted NTL light detectors ->Pile-up can be reduced to less than 5 x 10-5 counts/keV/kg/yr

CUPID BG simulation

CUPID - Improvements: NTL light detectors

NIM A 940, 320 (2019)
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Conclusions & Outlook

Stay tuned!

CUPID, 240 kg 100Mo, 10 yrs 
Target: 1.0 x 10-4 counts/kev/kg/yr 240 kg 100Mo, 

2 x 10-5 counts/kev/kg/yr

1 t 100Mo, 
 5 x 10-6 counts/kev/kg/yr 

CUPID discovery senstivity to  
 (13-21 meV) 

mββ

Single modules & technologies validated 
Full tower tests in preparation at LNGS 

Enriched Li2MoO4 crystal pre-production is ongoing & scalable 
Bg model indicates sensitivity to fully cover inverted hierarchy for favourable NME!


