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0νββ interplays

  

0νββ
experiments

Theoretical inputs:
g

A

2νββ decays decays decays ℳ
G

0ν

Majorana 𝜈
Lepton number violation}

β decays

mββ

1 / 26



CUPID

CUORE Upgrade with Particle IDentification

Next generation bolometric ton-scale
experiment in CUORE infrastructure

Discovery sensitivity:
T1/2(

100Mo) > 1027 y
mββ < 20 meV
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The detection concept

CUORE 130Te
Bolometers

Heat

No γ/β - α identification

CUPID 100Mo
Scintillating bolometers

Heat and Light

γ/β - α identification
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CUORE Background
see also K. Vetter talk

The main background comes from α particles (from surface
contaminations close to the crystals) → flat continuum

  

γ/β cryostat and shields cryostat cryostat and shields and cryostat and shields shields cryostat and shields   
Q

ββ
 130Te

CUORE Preliminary  (TeO
2
)

Subdominant contributions :

• cosmogenic muons

• γ’s from cryostat and shields

• γ’s from holders
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From CUORE to CUPID

  

γ/β cryostat and shields cryostat cryostat and shields and cryostat and shields shields cryostat and shields   
Q
ββ
 cryostat and shields 130Te

CUORE Preliminary  (TeO
2
)

Q
ββ cryostat and shields 

100Mo   

Disposition : Titre et contenu 

8 

CUPID precursors 

CUPID-­‐0	
  –	
  Zn82Se	
  	
  	
  	
  	
  	
  	
  	
  Q2β =	
  2998	
  keV	
  
(evolu%on	
  of	
  LUCIFER 	
  )	
  
First	
  running	
  demonstrator	
  
24	
  crystals	
  (enriched	
  in	
  82Se)	
  –	
  5.28	
  kg	
  82Se	
  
Best	
  limit	
  on	
  82Se:	
  T1/2	
  >	
  4.7×1024	
  y	
  
Energy	
  resolu%on:	
  ∼23	
  keV	
  FWHM	
  

alphas	
  

betas/gammas	
  

Q2β=	
  3034	
  keV	
  

Main	
  crystal	
  
Light	
  

detector	
  ScinCllaCng	
  bolometers	
  

PID: α parCcle	
  rejecCon	
  

alphas	
  

betas/gammas	
  
CUPID-­‐Mo	
  –	
  Li2100MoO4	
  
(evolu%on	
  of	
  LUMINEU 	
  )	
  
Physics	
  data	
  taking:	
  April	
  2019	
  –	
  June	
  2020	
  
20	
  crystals	
  (enriched	
  in	
  100Mo)	
  –	
  2.34	
  kg	
  100Mo	
  	
  
Energy	
  resolu%on:	
  ∼ 5-­‐7	
  keV	
  FWHM	
  

b	
  =	
  3.5	
  ×	
  10-­‐3	
  
LNGS	
   –	
   Italy	
   counts/(keV·∙kg·∙yr)	
  	
  
Useful	
   informaCon	
   for	
   the	
  	
  
CUPID	
  background	
  model	
  

Direct	
  proof	
  that	
  α’s	
  dominate	
  
background	
  above	
  2.6	
  MeV	
  

LSM	
  –	
  France	
  

b	
  =	
  2.7	
  ×	
  10-­‐3	
  

counts/(keV·∙kg·∙yr)	
  	
  

In	
  non-­‐opCmized	
  
cryostat	
  

	
  

Best	
  limit	
  on	
  100Mo:	
  T1/2	
  >	
  1.8×1024	
  y	
  
Full	
  α rejecCon	
  	
  
Radiopure	
  crystals:	
  U/Th	
  ≤ 1	
  µBq/kg	
  

• Qββ (100 Mo) = 3034 keV, above γ background from natural
radioactivity

• Heat and light detection allows α rejection
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CUPID collaboration

NRC KI-ITEP

7 countries
∼ 180 members

Yury Kolomensky, UCB/LBNL CUPID CDR Reviews 14

Collaboration
A strong, international collaboration
builds on Italian-US partnership

INFN Sezione di Milano - Bicocca 

https://cupid.lngs.infn.it/

iv

Experiment and Project Milestones

Figure 9: Major annual milestones of the CUPID experiment and project. EVH: Updated Version
Needed

Figure 10: CUPID science collaboration overview. It currently consists of 33 institutions
(including 13 US institutions) and 170 collaborators (46 from US). EVH: The list at right
only includes primary authorship counts.

17

6 / 26



CUPID demonstrators: CUPID-Mo
L. Imbert talk• First demonstrator using

Li2
100MoO4 enriched in 100Mo

• 20 Li2
100MoO4 crystals

• At Laboratoire Souterrain de
Modane in Edelweiss cryostat

Performances close to CUPID goals
reached

• α rejection at 99.9%

• Excellent radiopurity of crystals

• Energy resolution ∼ 7 keV
FWHM at 3034 keV
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CUPID-Mo limit on 0νββ half-life

EPJC 82, 1033 (2022)

• After unblinding 0 events
observed in ROI

• Leads to a limit:

T 0ν
1/2(

100Mo) > 1.8× 1024 yrs 90% c.i.

• Under light Majorana neutrino
exchange model:

⟨mββ⟩ < 280− 490 meV
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CUPID-Mo Decays to excited states

Phys.Rev.C 107 (2023) 2, 025503

T1/2(2ν → 0+1 ) = 7.5± 0.8 (stat.)+0.4
−0.3 (syst.) × 1020 yrs

T1/2(2ν → 2+1 ) > 4.4× 1021 yrs (90% c.i.)

T1/2(0ν → 0+1 ) > 1.2× 1023 yrs (90% c.i.)

T1/2(0ν → 2+1 ) > 2.1× 1023 yrs (90% c.i.)

New measurement and most stringent limits on other processes

9 / 26



CUPID demonstrators: CUPID-0
L. Pagnanini talk

• Zn82Se crystals

• 5.5 kg 82Se

• At LNGS

Scintillating cryogenic calorimeters

Scintillating calorimeters operating at 
cryogenic temperature ~10 mK ➝ double 
read-out via heat & light 

• Source = detector ➝ High efficiency 

• Excellent energy resolution (<1%) 

• Modular design ➝ large scalability 

• Possibility to study different isotopes 

• LYα ≠ LYβ and shape parameters allow 
Particle identification

2

Heat Sink
(Copper)

Weak Thermal Link
(PTFE)

Absorber 
Scintillating Crystal

(ZnSe)

Absorber Light 
Detector

(Ge)

Thermal Sensors
2.8 x 3 x 1 mm3

(Ge-NTD thermistor)

Thermal Sensors
2.8 x 2 x 0.5 mm3

(Ge-NTD thermistor)

Light Reflector
(Vikuiti 3M®)

36 3. Analisi dati in CUPID-0
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Figura 3.7. Confronto tra lo sviluppo temporale degli impulsi di luce di particelle – e
—/“. La forma dell’impulso a destra del massimo è molto di�erente nei due casi perciò è
ragionevole usare il TVR come parametro discriminante.

65Zn) e sul fondo (le sidebands vicine al picco) viene studiata in funzione del numero
di MAD a cui viene e�ettuato il taglio. Per determinare il taglio ottimale, quello che
massimizza sia l’e�cienza sul segnale che la soppressione degli eventi spuri, si calcola
il rapporto r = ‘S/

Ô
‘BKG e si sceglie il taglio che rende tale rapporto massimo.

La procedura con cui viene calcolata l’e�cienza sul picco dello 65Zn verrà meglio
illustrata nel capitolo successivo, nel paragrafo 4.2.2.

Applicando questi tagli nella regione di interesse (ROI) dello 0‹——, ovvero
l’intervallo di 400 keV centrato al Q-valore del 82Se, e richiedendo che ciascun
impulso sia registrato in un singolo cristallo, si ottiene un indice di fondo pari a
(3.6 ± 0.5) ◊ 10≠2 conteggi/(keV·kg·anni), con un’e�cienza di ‘ = (95 ± 2)%.

3.3.2 Parametri di forma degli impulsi di luce

Dopo la selezione fatta sugli impulsi di calore, si sfrutta l’informazione fornita dai
rivelatori di luce. Si richiede per prima cosa che a ciascun impulso nello ZnSe sia
associato un impulso nel rivelatore di luce la cui ampiezza sia maggiore del livello di
rumore nello stesso rivelatore di luce. Per la discriminazione degli eventi – da quelli
—/“ si usa il parametro TVR degli impulsi di luce. Si potrebbe usare l’ampiezza
dei segnali, che come mostrato in figura 3.3 permette di distinguere i due tipi di
particella, tuttavia si è osservato che lo sviluppo temporale dei segnali, in particolare
il TVR, è molto più sensibile a tale scopo, come si può osservare in figura 3.7.

L’andamento del TVR della luce in funzione dell’energia rilasciata nello ZnSe
è mostrato in figura 3.8: questo mostra che si può chiaramente distinguere la
popolazione di eventi – da quella di eventi —/“.

Per studiare l’e�etto di un taglio su questi parametri si seleziona un campione
puro di eventi —/“: gli eventi corrispondenti a sciami elettromagnetici prodotti
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• Demonstrator of dual read-out
technique

• Direct proof that αs dominate
backg above 2.6 MeV
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The CUPID detectors

• Cubic crystals 45 x 45 x 45 mm3

• Enrichment > 95%

• 1596 crystals → 240 kg 100Mo

• 1710 Ge light detectors

  

Light detectors

  
Li

2
MoO

4
crystals

PTFE pieces

Copper structure

NTD

Yury Kolomensky, UCB/LBNL CUPID CDR Reviews 13

CUPID Detector
Single module: Li2100MoO4, 45x45x45 mm, 280 g 
Detector: 57 towers of 14 floors with 2 crystals 
each, 1596 crystals 
~240 kg of 100Mo with >95% enrichment 
~1.6.1027 100Mo atoms  
Ge light detector as in CUPID-Mo, CUPID-0

Gravity stacked structure 
Crystals thermally interconnected

Tower

Tower 
Arrangement

Detector Module

Opportunity to deploy multiple isotopes,  
phased deployment
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Baseline design prototype tower

• First single tower cooled down in
July and October 2022 at LNGS

• 14 floors
• 28 LMOs
• 30 Ge light detectors

• Validation of assembly
procedures

• Validation of thermal scheme.
All channels cool down with
reasonable temperature
distribution and no dependence
on position in the tower.

Detector Structure - BDPT
Validation of the detector design: BDPT (Baseline 
Design Prototype Tower)

● preliminary proof-of-principle on small scale 
(2 floors) successfully deployed 

● validation of assembly procedures completed 
on full scale (14 floors)

22La Thuile 2023 - Les Rencontres de Physique de la Vallée d'Aoste March 5-11th, 2023

10.1140/epjc/s10052-022-10720-3New tests in the coming months
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Physics reach

• Sensitivity T 0ν
1/2 ∼ 1027 y, sufficient to exclude the Inverted Ordering

regime or make a discovery in mββ ∼ [10 – 20] meV.

Requires:

• Background index, BI = 10−4 counts/(keV·kg·yr)
• Energy resolution, FWHM, ∼ 5 keV at Qββ (3034 keV)

• Livetime: 10 years
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Background estimations

• Dedicated MC simulations with
CUPID detectors design

• Data driven background budget,
inputs from CUPID-Mo,
CUORE-0 and CUORE
background models

• Measurements, limits already
existing for all materials
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Background estimation
Crystals

Probability density functions of activities from CUPID-Mo bckg model

• 226Ra/228Th bulk (2.9 ± 1.1) × 10−6 cts/(keV·kg·y)
• 226Ra/228Th surface (2.2 ± 0.7) × 10−5 cts/(keV·kg·y)

Cosmogenics: assume 90 days at sea level and 1 yr cooling-down →
2.3 × 10−6 cts/(keV·kg·y)

6−10 5−10 4−10

Bkg index [cts/keV/kg/yr]

Cosmogenic

Bulk

Surface

Crystal Total
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Background estimation
Close components (copper, PTFE, cables)

Probability density functions of
activities from CUORE-0 bkg
model

Leading contribution: surface
copper frames

Total: 4.1+0.5
−0.4 × 10−5 cts/(keV·kg·y)

can be reduced by improvements on
surface contaminations by

• more effective cleaning

• extreme controlled storage
conditions

• cleaner machining practices
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Background estimation
Infrastructure

Cryostat and shields

• Prob. density functions of
activities from CUORE bkg
model

• Contaminations in cryogenic
infrastructure and shields well
understood

Total 1.4 × 10−5 cts/(keV·kg·y)

• Muons are expected to give a non-negligeable bckg in CUPID →
muon veto will be added → bckg from muons ∼ 10−6 cts/(keV·kg·y)

17 / 26



2νββ pile-up

• Due to the relatively fast rate of 100Mo 2νββ, T1/2 ∼ 7 × 1018 yr,
the random coincidence in time of two 2νββ decays may cause an
important background

• Mitigate by pulse shape discrimination
• Exploit faster light channels

• Standard light detectors, LD: Ge wafers with NTD readout
• CUPID LD baseline: standard with signal enhanced x10 by
Neganov-Trofimov-Luke effect.

Required performance demonstrated on 8 LDs

Baseline energy resolution ∼6 eV RMS
Risetime ∼0.5 ms
Corresponds to pileup resolution ∼0.17 ms

Capable to achieve bckg from pile-up ∼ 5 × 10−5counts/(keV·kg·yr)
Alternative option for light detectors: TES readout
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CUPID Background estimation

6−10 5−10 4−10

Background index [cts/keV/kg/yr]

Total

Pile-up

Muons

Cryostat & Shields

Close components

Crystal

• Using past experiments achievements: 1.36 × 10−4 cts/(keV·kg·y)
• Plan to reach BI baseline = 10−4 counts/(keV·kg·yr) by:

Further reduction of surface contaminations
Pile-up rejection improvements

19 / 26



Reconstructed background spectrum
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Sensitivity to exclusion on 0νββ

• Bayesian and Frequentist
frameworks.

• Pseudo experiments
generated for:

CUPID parameters:

• Total mass = 472 kg,
100Mo mass = 253 kg

• ∆E 5 keV FWHM at Qββ

• 10 years livetime

• BI= 10−4 cts/(keV·kg·yr)

With flat prior on the decay rate or
equivalently m2

ββ :

T 0ν
1/2 limit, Bayesian at 90% c.i =

1.6 × 1027 y
↓ limit on mββ
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Sensitivity to discovery on 0νββ

T 0ν
1/2 discovery, Frequentist at 3 σ = 1.0 × 1027 y

↓
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(discovery: value at 50 % probability)

• CUPID can rule out the Inverted Ordering of neutrino masses in a
majority of nuclear models.

• A discovery is very likely for the most favorable nuclear models for the
smallest mββ values in the Inverted Ordering.
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Conclusions

• CUPID will cover the Inverted Ordering down to ∼ 10 meV

• Based on successful precursors CUPID-Mo, CUPID-0 and CUORE

• The collaboration has operational experience at LNGS for ton-scale
bolometric experiment and utilizes the existing CUORE infrastructure

• Data driven background model reaches BI ∼ 10−4 cts/(keV·kg·yr)
• CUPID is proceeding towards construction
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Back-up slides
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Detector structure

Baseline design:Detector Structure - from CUORE to CUPID

● “gravity assisted” - no 
vertical constraint, stack 
of crystals and light 
detectors sitting one on 
top of the other (vs. rigid, 
fixed height structure in 
CUORE)

● tunable spring at the top 
for vibration damping and 
extra rigidity during 
transport

● easy and safe assembly - 
no screws, self-aligning 
structure

● loose tolerances - cost 
effective, easy cleaning

21La Thuile 2023 - Les Rencontres de Physique de la Vallée d'Aoste March 5-11th, 2023

• Gravity stacked structure

• Innnovative approach with
respect to CUORE and CUPID
demonstrators

• Reduction of copper mass wrt
CUORE and demonstratorsDetector Structure - BDPT

Validation of the detector design: BDPT (Baseline 
Design Prototype Tower)

● program of validation of thermal and 
vibrational characteristics ongoing

● fast iterative process (build → run → analyze 
→ modify) for design optimization ongoing

23

Run 1 (spring loaded) July - Aug 22 → assess thermalization, assess LMO 

performance, study LD performance and excess noise w.r.t previous setups

Run 2 (spring unloaded) Sep - Oct 22 → test effect of the spring, study 

floor-to-floor noise correlation

Run 3 (loose omegas, bottom floors thermalization) ongoing → test 

hypothesis on LD excess noise origin

La Thuile 2023 - Les Rencontres de Physique de la Vallée d'Aoste March 5-11th, 2023
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Nuclear models used for mbb
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