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Bolometric technique in CUORE
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‣ Cubic natTeO2 crystals: 130Te  source 
embedded in the detector

‣ NTD-Ge thermistor:  

‣ Resolution @0νββ energy: ~0.2% FWHM 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DETECTOR PRINCIPLE
‣ 750 g (5x5x5 cm3) crystal 

‣ �T ~ 100 %K for 1 MeV energy deposit 

‣ NTD-Ge thermistor read out  

R(T) ~ R0 exp [ (T0/T)1/2 ] 
(large sensitivity at low T) 

‣ Energy response calibrated using known gamma 
sources 

‣ Note: 

Signal ➛ thermal channel only 

No active background rejection
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• 988 natTeO2 bolometers 
19 towers, 13 floors.

• Active mass: 742 kg.

• Isotope mass: 206 kg 130Te.

• 130Te abundance ~34%

• Qββ=2528 keV 

• Expected background:  
10-2 cts/keV/kg/year

• Sensitivity to 0νββ in 5yr  
T1/2 = 9x1025 yr @90% C.L.

• Sensitivity to mββ in 5yr 
56 - 160 meV @90% C.L.

Cryogenic Underground Observatory  
for Rare Events
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LNGS Laboratory 
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120 km from Rome

~ 3600 m.w.e. deep

μ flux: ~ 3x10-8/(s cm2)

γ flux: ~ 0.73/(s cm2)

neutrons: 4x10-6 n/(s cm2) below 10 MeV
Mitigation of external background

Underground location: 3 · 10�8 µ/cm2/s
Polyethilene and H3BO3 neutron
shieldings
70 tons of external lead shielding
6.5 tons of Roman Pb inside the cryostat
Copper cryostat absorbs Pb X-rays
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Minus-K isolators

Support columns

External lead shield 
(~70 t)

Concrete walls

Seismic isolators

Y beam

Main Support Plate

Cryostat

H3BO3 panels

Polyethylene

Screw jacks

Movable platform

• Three-story building
• Hosting the cryostat supporting structure

Underground Laboratory



CUORE cryostat

• Goals: Cool down ~1 ton detector to ~10 mK. Large duty cycle and long term stability. 
Mechanically decoupled for extremely low vibrations. Low background environment. 

• Cryostat total mass ~30 tons. Mass to be cooled < 4K: ~15 tons. Mass to be cooled < 50 mK: 
~3 tons (Pb, Cu and TeO2).

• Minimum base temperature of 6.3 mK reached, detector optimal performance @ 10-15 mK.
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CUORE Assembly Line
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Cabling

Gluing

Bonding

Figure 7: Gluing photos for Crystal 80736, Tower 11, position: 2-FIORI
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Science runs
• Apr 17: first physics data

‣ Working T set at 15 mK
‣ Dataset 1: 37.6 kg yr of TeO2 
‣ Optimization Campaign
‣ Dataset 2: 8.7 kg yr of TeO2 
‣ TeO2 exposure: 86.3 kg yr

• Operational perfomances

• 984/988 bolometers are operational

• Rate in physics runs: 6 mHz / bolometer

• Energy resolution at Qββ~7.7 FWHM

• Signal efficiency~ 80% 
�8

First science run

Apr. 17: first physics data
Working T set at 15 mK
Dataset 1: 3 weeks
Further optimization campaign
Dataset 2: 5 weeks
Exposure: 86.3 kg·yr

Operational performance
99.6% of channels operative (984/988)
Energy resolution at Qbb: 7.7 keV (FWHM)
Signal efficiency: ⇠ 80%

G. Benato MEDEX’19 22



0νββ analysis
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CUORE: 0"$$ RESULTS
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Limits combining CUORE with CUORE-0 and 
Cuoricino:  

• Bayesian limit @ 90% c.i. (flat prior for '$$>0):  
1.5 × 1025 yr  

• Profile likelihood (“frequentist”) limit @ 90% CL: 
2.2 × 1025 yr

• Region of interest : [2465..2575] keV 
• Overall efficiency : (75.7 ± 3.0)%                                  

                                (83.0 ± 2.6)%  
• ROI background index: (1.49–0.17+0.18) × 10−2 counts/(keV⋅kg⋅yr)  

                                      (1.35–0.18+0.20) × 10−2 counts/(keV⋅kg⋅yr)                          
• Events in the ROI : 155 
• Best fit for 60Co mean : (2506.4 ± 1.2) keV 
• Best fit decay rate: [−1.0−0.3+0.4 (stat.) ± 0.1 (syst.)] × 10−25 yr-1
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CUORE Background model
Maximise use of available information

‣ Split data into inner and outer layers

‣ Split data into Multiplicity 1 (M1), 
Multiplicity 2 (M2), Multiplicity 2 Sum 
(Σ2)

�10

Building the CUORE background model

Maximize use of available information
Split the data into inner and outer layers
Split data into Multiplicity 1 (M1), Multiplicity 2 (M2), Multiplicity 2 Sum (S2)

Background model
Geant4 simulation of contaminants in different cryostat components
(⇠ 60 independent fit parameters)
Bayesian fit using a MCMC Gibbs sampler (JAGS)
Flat priors for all parameters except muons
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CUORE Background Model

MONTE CARLO
• ~60 independent simulations of sources/location in the setup
• full radioactive chains and single isotopes
• the different energy spectra (inner/outer, M1/M2,M2sum) of each source/
location are generated with Geant4 based simulation implementing a 
detailed geometry of the setup (detector, cryostat, shields)

Background Model

‣ Geant4 simulation of ~60 source/
locations in setup 

‣ Simultaneous Bayesian fit using 
MCMC Gibbs sampler (JAGS)

‣ Priors from material screening, 
assays and cosmogenic analysis



CUORE Background model
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Building the CUORE background model
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Why separate spectra?
Inner layer very sensitive to signal (lower
background)
Outer layer sensitive to external backgrounds
M2 and S2 spectra constrain a subset of the
backgrounds
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Inner layers very sensitive to signal 
(lower background)

Outer layers sensitive to external 
background

M2 and Σ2 spectra constrain a 
subset of backgrounds

Building the CUORE background model

Reconstructed Energy (keV)
1000 2000 3000 4000 5000 6000 7000

Co
un

ts/
ke

V

1−10

1

10

210
CUORE Preliminary

yr⋅Exposure: 86.3 kg

Data (M1)

Fit Reconstruction

Multiplicity 1 - Inner Layer

Reconstructed Energy (keV)
1000 2000 3000 4000 5000 6000 7000

D
at

a/
M

od
el

 ra
tio

0
0.5

1
1.5

2
2.5 Data/Model σ2 

σ1 σ3 

Reconstructed Energy (keV)
1000 2000 3000 4000 5000 6000 7000

Co
un

ts/
ke

V

1

10

210

CUORE Preliminary
yr⋅Exposure: 86.3 kg

Data (M1)

Fit Reconstruction

Multiplicity 1 - Outer Layer

Reconstructed Energy (keV)
1000 2000 3000 4000 5000 6000 7000

D
at

a/
M

od
el

 ra
tio

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 Data/Model σ2 

σ1 σ3 

Why separate spectra?
Inner layer very sensitive to signal (lower
background)
Outer layer sensitive to external backgrounds
M2 and S2 spectra constrain a subset of the
backgrounds

Reconstructed Energy (keV)
1000 2000 3000 4000 5000 6000 7000

Co
un

ts/
ke

V

1−10

1

10

210
CUORE Preliminary

yr⋅Exposure: 86.3 kg

Data (M2)

Fit Reconstruction

Multiplicity 2

Reconstructed Energy (keV)
1000 2000 3000 4000 5000 6000 7000

D
at

a/
M

od
el

 ra
tio

0
0.5

1
1.5

2
2.5

3
3.5 Data/Model σ2 

σ1 σ3 

G. Benato MEDEX’19 26

Building the CUORE background model
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2νββ decay analysis
Almost all events in 1-2 MeV range are 2νββ events (20% in CUORE-0)

‣  T2ν1/2 =[7.9 ± 0.1(stat) ± 0.2(syst)]・1020 yr (preliminary)

‣ CUORE-0 T2ν1/2 [8.2 ± 0.2(stat) ± 0.6(syst)]・1020 yr

‣ NEMO T2ν1/2 =[7.0 ± 0.9(stat) ± 1.1(syst)]・1020 yr

�12

2nbb decay analysis

Results
Almost all events in 1-2 MeV range are 2nbb events
(compare to ⇠ 20% in CUORE-0)
T 2n

1/2
= [7.9± 0.1(stat)± 0.2(syst)] · 1020 yr

(PRELIMINARY)
CUORE-0: T 2n

1/2
= [8, 2± 0.2(stat)± 0.6(syst)] · 1020 yr

NEMO: T 2n
1/2

= [7.0± 0.9(stat)± 1.1(syst)] · 1020 yr

Systematics
Primary systematic from geometric splitting
No dependence on fit threshold over the range 100-750 keV
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Systemstics

‣ Primary systematics from 
geometry splitting

‣ No dependence on fit 
threshold over the range 
100-750 keV 
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2νDBD
2νDBD spectrum is one of the ingredients in the background model

CUORE:
~ 100% of counts in 1-2 MeV region
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Beyond CUORE
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CUORE Background Model
DATA
• 86.3 kg yr of TeO2, same data used for 0νDBD analysis
• split data into inner and outer (2 crystals thick) layers

• outer layers more sensitive to external backgrounds
• split data into Multiplicity 1, Multiplicity 2 and Multiplicity 2 Sum

• different multiplicities are sensitive to different types of backgrounds

TeO2 TeO2 

Cu Lesson learned from CUORE

• background at Qββ  dominated by degraded                                                          
αs from TeO2 & Cu surface 



Beyond CUORE
Lesson learned from CUORE

• background at Qββ  dominated by degraded                                                          
αs from TeO2 & Cu surface 

• need α/β discrimination

⇒ use a scintillating  bolometer + light detector
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TeO2 TeO2 

Cu 

Thermistor 

CrystalEnergy Release
Heat + Light

Light 
absorber

The environmental � flux represents one of the main sources of background for most of the present327

experiments. As mentioned above, the highest energy-relevant � line in natural radioactivity is the328

2615 keV full-energy peak of 208Tl, belonging to the 232Th decay chain. The energy region above ⇠329

2.5 MeV is dominated by ↵ events induced by surface radioactive contaminants, as shown by the results330

of Cuoricino, CUORE-0, and CUORE [36]. Exploiting the luminescence of some detector materials, it is331

possible to distinguish between ↵ events and signal-like events. As the light yield for energy depositions332

induced by ↵ and � particles of the same energy is di↵erent, the simultaneous detection of light and333

heat, and the comparison of the respective signal amplitudes, leads to an e↵ective rejection of the ↵334

background (Fig. 4). This approach was extensively studied and proved successful in many independent335

demonstrator experiments [28, 34, 37], and is the method chosen for CUPID. Particle IDentification336

(PID) is only possible with the installation of a light detector, which in the CUPID design is also a337

bolometer facing the main crystal (Sec. 5). Medium-scale demonstrators like CUPID-0 [15, 29] and338

CUPID-Mo [16, 26], involving tens of scintillating bolometers, show that this technique is viable, robust339

and reproducible.340

Figure 4: Left: the main elements of a scintillating bolometer consist of two phonon sensors. The heat
signal is read from the crystal containing the 0⌫�� candidate, and the light signal from the optical
bolometer collecting the scintillation light. Right: concept of ↵particle rejection exploiting the simul-
taneous measurement of heat and light for the same event. Top-right: the common situation where ↵s
produce less scintillation light than �s and have a Quenching Factor (QF) < 1. This is an example case
of Li2MoO4 and CdWO4 crystals. Bottom-right: the opposite case with QF > 1. The only crystal known
to follow this behavior is ZnSe.

The material selection for the CUPID crystals is based on the extensive experience collected by the341

previous projects MIBETA, Cuoricino, CUORE, BOLUX, LUCIFER, ISOTTA, and LUMINEU. The342

copious results achieved so far on more than 10 compounds, joined with the preliminary results from the343

CUORE background model (Sec. 7), indicate that the optimal choice for CUPID is lithium molybdate344

(Li2MoO4) [12, 38], containing the candidate 100Mo with Q��= 3034 keV (Fig. 3). Section 4 describes the345

enrichment, the purification, and the crystallization methods allowing the development of Li2100MoO4346

crystals with the required features. The Li2MoO4 light yield is compatible with the desired ↵-background347

rejection, while the demonstrated radiopurity of the crystals, which are grown from enriched materials,348

satisfies the CUPID requirements.349

In its baseline design, CUPID will consist of an array of more than 1500 Li2MoO4 crystals, grown350

from molybdenum enriched at � 95% in 100Mo. The single-crystal mass will be approximately 300 g,351

corresponding to a total 100Mo mass of about 247 kg. CUPID will be housed in the present cryogenic352

facility of CUORE, located in the Laboratori Nazionali del Gran Sasso of INFN, Italy, and will benefit353

from its infrastructure and operation procedures (see Sec. 3). The expected background index (BI) is354

about 10�4 counts/(keV·kg·yr) in the 100Mo region of interest (ROI) (see Sec. 7). These parameters will355

allow CUPID to fully explore the IO region of the e↵ective Majorana neutrino mass (see Fig. 2) and356
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Beyond CUORE
Lesson learned from CUORE

• background at Qββ  dominated by degraded                                                          
αs from TeO2 & Cu surface 

• need α/β discrimination

⇒ use a scintillating  bolometer:   Li2100MoO4 + light detector
Qββ > 2615 keV  ⇒  bkgd ~10-4 cts/(keV kg yr) with CUORE infrastructure
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CUPID: CUORE Upgrade with PID
Mission: discovery 0νββ if mββ >10meV

CUORE achievements
‣ Ton scale detector in data taking
‣ 1000 channels analysis demonstrated
‣ Infrastructure for next generation                                                    

experiment exist
‣ Reliable data driven background                                                       model 

constructed

Scintillating bolometers (CUPID-0, Lumineu, CUPID-Mo)
‣ Demonstrated large-scale enriched crystals production capability
‣ Internal radio-purity target met
‣ Demonstrated active background rejection and energy resolution
‣ Background 10-4 cts/(keV kg yr) within reach 

�16

LEGEND meeting - LNGS - 27 May 2019 !16

CUPID
Next-generation bolometric ton-scale experiment at LNGS 

Mission: Discover 0!"" if m"" > 10 meV  

Mature concept based on:

CUORE Achievements 

• Ton-scale bolometric detector is technically feasible 

• Operation and analysis of 1000 bolometers demonstrated 

• Reliable data-driven background model constructed  

• Infrastructure for next-generation experiment exists

Scintillating Bolometer R&D by CUPID-0 & CUPID-Mo 

• Demonstrated large-scale enriched crystal production capability 

• Demonstrated active background rejection 

• Total background of ~0.1 counts/(ton*keV*year) achievable
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Figure 1: (Left) Graphical schematic of a proposed CUPID crystal: as well as providing a bolometric
signal, light detectors would read out either scintillation or Cherenkov light in order to distinguish
the ↵ background from the �� signal. (Right) The observed spectrum in CUORE (black) and the
projected impact of removing the ↵ background (red). FIXME Can we overlay your ROI on this
figure?? Also, need better quality figs please.
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Figure 2: (Left) Projected contribution of different background event types to the ROI in the SNO+
liquid scintillator detector in the first year of data taking. Background is dominated by the directional
8B solar neutrinos, thus a directional detector such as THEIA can expect to reduce this background
dramatically and, thus, improve signal sensitivity. (Right) Projected sensitivity for CUPID and THEIA
experiments.
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CUPID: Conceptual design
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Re-use CUORE infrastructure

Li2100MoO4 scintillating crystals

‣ Enrichment >95%

‣ ~1500 crystals for a for ~250 kg of 100Mo

‣ ΔEFWHM ~ 5 keV at Qββ~3034 keV

Active background rejection

‣ LY ~0.75 keV/MeV

‣ Ge light detectors

Option for Multi-isotope possible

TDR and construction readiness for 2021

Conservative, mature, data driven baseline design

Figure 44: Geometry of the CUPID de-
tector array with cylindrical crystals
implemented in the CUORE Geant4
simulation software.

Figure 45: Breakdown of the
CUPID �/� counting rate
predicted by the BM in the
100Mo ROI. Here, the base-
line configuration is consid-
ered. As discussed in the
text, the substitution of the
reflective foil with a reflective
coating on Li2MoO4 crys-
tals would dramatically re-
duce both the U and Th con-
tributions of crystals (here
dominated by surface con-
taminants) and that of the
reflector itself.
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CUPID Collaboration
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CUPID-0 demonstrator 
0νββ candidate: 82Se 
‣ Q-value ~2998 keV 

Zn82Se bolometers:
‣ enrichment: 8.7% ⇒ 95%
‣ no long-living cosmogenic activated isotopes

Light Detector (LD) bolometer
‣ Ge disk (∅=44.5mm, h=0.17mm) with 60nm 

SiO2  anti-reflective coating

Thermal sensor: NTD Ge thermistor                                       
for both ZnSe & LD

�19



CUPID-0
24 Zn82Se bolometers + 2 ZnSe in 5 towers + 31 Light Detectors

‣  Total mass: 10.5 kg

‣  82Se mass: 5.17 kg ⇒ 3.8·1025 ββ nuclei

�20

Vikuiti 3M
Reflector

PTFE 
clamps

Ge-LD

Ge-NTD
detector read-out

Copper structure

ZnSe 
crystal

Installed in former CUORE-0 cryostat



CUPID-0 Data Taking (Phase 1)

�21

CUPID-0 DATA TAKING (PHASE I)

Bari, Italy - June 07, 2019

6

Davide Chiesa – University and INFN of Milano-Bicocca

74%

1%

12%

10%

3%

bb physics

ZnSe exposure: 
9.95 kg×yr

82Se exposure: 
5.29 kg×yr

Neutron calibration 
(characterization of 𝛽/𝛾

shape parameters at RoI)

System maintenance

232Th Energy Calibration

56Co Energy Calibration

| Data taking started on March 17th, 2017

| Data presented here collected between June 2017 and December 2018

    
        

Data taking started on March 17th, 2017

This talk: full statistics collected between June 2017 and Dec 2018

     arXiv: 1904.10397 accepted by EPJC arXiv: 1906.05001 accepted by PRL



Data Analysis
Reject “non-particle-like” events through pulse shape of thermal pulses

Reject αs through pulse shape of light pulses

Tag both internal and surface 212Bi thanks to PID

�22Energy [keV]
500 1000 1500 2000 2500 3000

[c
ou

nt
s/

ke
V

/k
g/

y]

3−10

2−10

1−10

1

10

210

[c
ou

nt
s/

8 
ke

V
]

1−10

1

10

210

310

410

Final Heat Spectrum
Rejectionα+ 

+ Delayed Coincidences Veto Time [ms]
0 50 100 150

A
m

pl
itu

de
 [A

.U
.]

3−10

2−10

1−10

1
γ/βlight 

αlight 



0νββ result
Exposure: 5.29 kg yr of 82Se

Energy resolution at Qββ: (20.0 ± 0.3) keV 

Efficiency (trigger + data selection + ββ containment): (70 ± 1)%

• Perform a UEML fit in the signal region

�23τ1/2(82Se—>82Kr) > 3.5·1024 yr (90% C.I.)

bkg = (3.5+1.0-0.9)·10-3 cts/(keV kg yr)
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Background model
Use CUORE-like tool 

Model 33 sources

�24

| CryoInt: 50mK and 600mK cryostat internal shields & holder bulk

| IntPb: ancient roman lead shield

| CryoExt: IVC, OVC, superinsulation, main bath & External 
Lead shield

BACKGROUND MODEL: SOURCES

Bari, Italy - June 07, 2019

16

Davide Chiesa – University and INFN of Milano-Bicocca

Background model uses 33 sources: 
• different contaminants (232Th and 238U decay 

chains, 40K, cosmogenic activation, …)
• different positions in the experimental setup
• Muons

BACKGROUND SOURCES

Internal/near 
sources to fit 

M1a spectrum

External 
sources

| Crystals: bulk / shallow surface 
O (10nm) / deep surface O (10mm) 

| Reflectors & Holder surface: 
shallow surface O (10nm) / deep 
surface O (10mm) 

Bulk Surface: 
exponential 

profile

       

BACKGROUND MODEL: BAYESIAN FIT

Bari, Italy - June 07, 2019

17

Davide Chiesa – University and INFN of Milano-Bicocca

| We perform a simultaneous Bayesian fit to M1a, M1b/g, M2, and S2 spectra to 
determine source activities (i.e. MC normalizations)

| We use Markov Chain MC to sample the Joint PDF of fit parameters

| Priors are exploited to include additional information from previous 
experiments/radioassay measurements and from special analyses of CUPID-0 
data:

➢ Muons → normalized to M>3 events

➢ Analysis of a-a delayed coincidences to get information about positions of 
crystal contaminations.

238U CHAIN 232TH CHAIN
Given a parent event @ Q-value 
(PQ), the probability to observe a 
time-correlated daughter event 
@ Q-value (DQ):

P(DQ | PQ)
depends on source position (bulk 
vs surface). 

BACKGROUND MODEL: BAYESIAN FIT

Bari, Italy - June 07, 2019

17

Davide Chiesa – University and INFN of Milano-Bicocca

| We perform a simultaneous Bayesian fit to M1a, M1b/g, M2, and S2 spectra to 
determine source activities (i.e. MC normalizations)

| We use Markov Chain MC to sample the Joint PDF of fit parameters

| Priors are exploited to include additional information from previous 
experiments/radioassay measurements and from special analyses of CUPID-0 
data:

➢ Muons → normalized to M>3 events

➢ Analysis of a-a delayed coincidences to get information about positions of 
crystal contaminations.

238U CHAIN 232TH CHAIN
Given a parent event @ Q-value 
(PQ), the probability to observe a 
time-correlated daughter event 
@ Q-value (DQ):

P(DQ | PQ)
depends on source position (bulk 
vs surface). 

Exploit α-α delayed coincidences to access position contamination



Background model results
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BACKGROUND MODEL: FIT RESULT M2 AND S2

Bari, Italy - June 07, 2019

20

Davide Chiesa – University and INFN of Milano-Bicocca

M2 S2

| Peaks and continuum are well 

modelled

| Some differences in BiPo pile-up 

events, due to imperfect energy 

reconstruction

| Distribution of fit residuals 

compatible with a Gaussian 

with μ = 0 and σ = 1.

BACKGROUND MODEL: FIT RESULT M1 a

Bari, Italy - June 07, 2019

19

Davide Chiesa – University and INFN of Milano-Bicocca

BACKGROUND MODEL: FIT RESULT M1 b/g

Bari, Italy - June 07, 2019

18

Davide Chiesa – University and INFN of Milano-Bicocca

Use 4 spectra accordingly to particle type & multiplicity



Background model (M1β/γ)

�26

• 2νββ is the dominant 
contribution

• Delayed coincidence not 
applied in this plot
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Fig. 8 Sources contributing to M1�/� reconstruction, grouped by source and component. The ROI is dominated by the
�/�-events of 208Tl, belonging to the 232Th decay chain.

Table 5 Counting rates reconstructed in the ROI for the di↵erent sources. 232Th and 238U refers the chain parts producing
background in the ROI, i.e 228Ra–208Pb and 226Ra–210Pb, respectively. In the third column we quote the range of systematic
uncertainty.

Source Rate (counts/(keV·kg·y)) Systematics

2⌫�� (6.0± 0.3)⇥ 10�4

Crystals bulk – 232Th (3.4± 0.6)⇥ 10�4

Crystals surf – 232Th (3.4± 0.5)⇥ 10�4 [2.2� 4.7]⇥ 10�4

Crystals surf – 238U (5.3± 0.4)⇥ 10�4 [5� 7]⇥ 10�4

Reflectors – 232Th < 7⇥ 10�5

Reflectors – 238U (1.8± 0.3)⇥ 10�4 [1� 3]⇥ 10�4

Cryostat & Shields – 232Th (4.0± 1.3)⇥ 10�4 [0.7� 11]⇥ 10�4

Cryostat & Shields – 238U (2.2± 0.4)⇥ 10�4 [1.5� 2.6]⇥ 10�4

Muons (1.53± 0.13)⇥ 10�3 [1.3� 1.8]⇥ 10�3

Total (4.2± 0.2)⇥ 10�3 [4.1� 4.8]⇥ 10�3

only reflector sources which are left free to fit this con-696

tinuum. In fit number 3, we investigate the scenario697

in which Reflectors are contaminated only by 210Pb–698

206Pb. The result is that the experimental counts in699

the [7–7.5] MeV range of M1↵ spectrum are not recon-700

structed by the model and we get a 5� disagreement701

in that bin. We conclude that a contribution from the702

226Ra–210Pb source in Reflectors is needed to preserve703

the fit quality and we estimate that its activity (and704

thus its counting rate in the ROI) must be at least half705

of that evaluated in the reference fit. On the other hand,706

the result of fit number 4 is that the ROI counting rate707

from this source increases by +50% if we choose a dif-708

ferent way to model the distribution of contaminants in709

Reflectors.710

Finally, the fits of test number 5 are used to investi-711

gate how the uncertainty on location and description712

of sources in cryostat and shields is propagated to the 713

estimate of their contribution to the ROI. 714

7 Conclusion and perspectives 715

In this paper we fit the CUPID-0 data using 33 radioac- 716

tive sources, modeled via Monte Carlo simulations. We 717

identify the origin of ROI counting rate, which is pro- 718

duced by cosmic muon showers (⇠37%), and by radioac- 719

tive decays in Crystals (⇠14% from 2⌫�� and ⇠29% 720

from 232Th/238U contaminations), in Reflectors (⇠5%) 721

and in Cryostat & Shields (⇠15 %). 722

Based on these results, an upgrade of the CUPID-0 de- 723

tector has been scheduled in order to reduce the back- 724

ground level in the ROI and to further improve the com- 725

prehension of background sources. In CUPID-0 Phase- 726

We can improve understanding of  our background thanks 
to CUPID-0 Phase II

Background rate in the ROI (2.8 - 3.2 MeV) after the delayed coincidences cut.

• Muons represent  44% of 
the background

• In Phase 2:
• Muon veto
• Reflector removed



82Se 2νββ Half Life measurement 
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FIG. 2. Energy spectrum of the single-hit events collected
by CUPID-0 in 9.95 kg⇥yr of Zn82Se exposure (black dots).
Only three �-lines are clearly visible over the continuum due
to 2⌫��: 65Zn at 1116 keV, 40K at 1461 keV, and 208Tl at
2615 keV. The solid red line is the background model recon-
structed through the Bayesian fit. The green line represents
the 2⌫�� component, simulated assuming that the 2⌫�� is
single state dominated. The blue line is the sum of the other
sources. In the top panel, we show the bin-by-bin ratio be-
tween counts in the experimental spectrum and counts in the
reconstructed one. The corresponding uncertainties at 1, 2, 3
� are shown as colored bands centered at 1.

where N(82Se) is the number of 82Se decaying isotopes266

and A2⌫ the 2⌫�� activity resulting from the fit. The267

final result,268

T 2⌫
1/2 = [8.62± 0.03(stat.) +0.10

�0.12(syst.)]⇥ 1019 yr, (2)269

is compatible at 1.3 � with the previous result of NEMO-270

3, T 2⌫
1/2 = [9.39 ± 0.17(stat.) ± 0.58(syst.)]⇥1019 yr [16],271

but the statistical and systematic uncertainties are im-272

proved by a factor of five and four, respectively. From273

the half-life, we determine the NME for the 2⌫�� of274

82Se through the relation275

(T 2⌫
1/2)

�1 = G2⌫(Q�� , Z)g4
A
M2

2⌫ , (3)276

where G2⌫ and gA are the phase-space factor of277

82Se 2⌫�� and the axial coupling constant respectively.278
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FIG. 3. Comparison between the M1 experimental spectrum
(black dots) and the background model resulting from the fit,
assuming the 2⌫�� is single state (red line) or higher state
(blue line) dominated, alternatively. In the top panel, we
show the cumulative �2 of the fits, calculated from 1.5 MeV
adding in quadrature the pull of each bin to the ones of the
previous bins. The �2 vs. Energy points out that SSD pro-
vides a much better description of the experimental data in
the energy region above 2 MeV, where the di↵erence between
the models are more prominent.

TABLE I. Systematic uncertainties a↵ecting the 2⌫�� activ-
ity measurement due to fit parameterization. For each class of
test, we calculate the maximum deviation of the 2⌫�� activity
with respect to the reference value. We obtain the combined
value by summing in quadrature the results of each class.
We also quote the uncertainty on the selection e�ciency and
number of 82Se nuclei. In the last row we quote the total sys-
tematic uncertainty, given by the sum in quadrature of the
listed contributions, i.e. taken as uncorrelated.

Systematic Source �A2⌫

Fit Source localization +0.74
�0.23 %

Reduced sources list �0.11 %

Fixed step binning +0.22 %

Threshold of M1
+0.18
�0.06 %

↵-identification +0.01 %

Prior distributions +0.02 %

Combined +0.8
�0.3 %

Detector E�ciency ±0.5 %
82Se atoms ±1.0 %

Total
+1.4
�1.2 %
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FIG. 2. Energy spectrum of the single-hit events collected
by CUPID-0 in 9.95 kg⇥yr of Zn82Se exposure (black dots).
Only three �-lines are clearly visible over the continuum due
to 2⌫��: 65Zn at 1116 keV, 40K at 1461 keV, and 208Tl at
2615 keV. The solid red line is the background model recon-
structed through the Bayesian fit. The green line represents
the 2⌫�� component, simulated assuming that the 2⌫�� is
single state dominated. The blue line is the sum of the other
sources. In the top panel, we show the bin-by-bin ratio be-
tween counts in the experimental spectrum and counts in the
reconstructed one. The corresponding uncertainties at 1, 2, 3
� are shown as colored bands centered at 1.
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FIG. 3. Comparison between the M1 experimental spectrum
(black dots) and the background model resulting from the fit,
assuming the 2⌫�� is single state (red line) or higher state
(blue line) dominated, alternatively. In the top panel, we
show the cumulative �2 of the fits, calculated from 1.5 MeV
adding in quadrature the pull of each bin to the ones of the
previous bins. The �2 vs. Energy points out that SSD pro-
vides a much better description of the experimental data in
the energy region above 2 MeV, where the di↵erence between
the models are more prominent.

TABLE I. Systematic uncertainties a↵ecting the 2⌫�� activ-
ity measurement due to fit parameterization. For each class of
test, we calculate the maximum deviation of the 2⌫�� activity
with respect to the reference value. We obtain the combined
value by summing in quadrature the results of each class.
We also quote the uncertainty on the selection e�ciency and
number of 82Se nuclei. In the last row we quote the total sys-
tematic uncertainty, given by the sum in quadrature of the
listed contributions, i.e. taken as uncorrelated.

Systematic Source �A2⌫

Fit Source localization +0.74
�0.23 %

Reduced sources list �0.11 %

Fixed step binning +0.22 %

Threshold of M1
+0.18
�0.06 %

↵-identification +0.01 %

Prior distributions +0.02 %

Combined +0.8
�0.3 %

Detector E�ciency ±0.5 %
82Se atoms ±1.0 %

Total
+1.4
�1.2 %

Evidence of  Single State Dominance  
SSD:  χ2/ndf  = 253/233 = 1.1 (p-value =0.18) 
HSD: χ2/ndf  = 360/233 = 1.55 (p-value <0.00001) 
Spectra from nucleartheory.yale.edu and Jenni Kotila

Compatible at 1.3 σ with the recent 
NEMO-3 results

1600 - 2500 500 - 3000
S 6.2 ×104 2.7 ×105

B 0.4 ×104 0.7 ×104

S/B ~16 ~4 5

Calculating G2⌫ = 1.996 ⇥ 10�18 y�1 under the SSD279

hypothesis, we find280

Meff

2⌫ = g2
A
M2⌫ = 0.0762 + 0.0005

� 0.0006, (4)281

where the uncertainty includes both statistical and sys-282

tematic, summed in quadrature.This result can be used283

to test nuclear structure models, and extract the associ-284

ated values of gA in 82Se 2⌫��. In the SSD framework285

the NME is M2⌫ = |MGT | = 1.098, leading to an ef-286

fective value of geff
A

(82Se) = 0.263. Finally, we run an-287

other fit, replacing the SSD 2⌫�� with the HSD one. In288

contrast to the former model, the latter hypothesis does289

not provide a satisfactory description of the experimental290

data (�2/ndf = 360/233). As shown in Fig. 3, the dis-291

agreement is more pronounced above 2 MeV, where we292

expect the largest di↵erence between SSD and HSD mod-293

els (Fig. 1). To rule out the HSD model, we investigate if294

the fluctuations of the background sources in the system-295

atic tests could compensate for the discrepancy between296

model and data. For this analysis, we focus on the region297

between 2 and 3 MeV to maximize the discrimination298

power. In this interval, we compare the experimental299

counts (Nexp) with the ones predicted by the two models300

(NSSD(HSD)), quantifying the accordance between data301

and model through the parameter,302

t =
|Nexp �NSSD(HSD)|q

�2
exp

+ �2
SSD(HSD)

, (5)303

where �exp =
p

Nexp, and �SSD(HSD) is the statistic304

uncertainty of the counts predicted by the model. In305

the di↵erent systematic tests the t-parameter spans from306

7.6 to 5.5. The results obtained from the fit configuration307

that returns the lowest value are reported in Tab. II. The308

very high statistical significance of this result, allows to309

discover that the 2⌫�� of 82Se is single state dominated,310

ruling out the HSD hypothesis.311

TABLE II. Comparison between the experimental counts of
the M1spectrum from 2 to 3 MeV and the expected ones by
the model, assuming that 2⌫�� is SSD or HSD, alternatively.
We report only the results of the fit in which we turn o↵
the ↵-identification, since this returns the lowest value of the
t-parameter.

Spectrum Counts t

Experimental 15025± 123(stat.)

Model (SSD) 15106± 60(stat.) 0.6 �

Model (HSD) 14264± 65(stat.) 5.5 �

In summary, we have performed the most precise mea-312

surement of the 82Se 2⌫�� half-life, with an uncertainty313

of 1.4 %. Such precision level is the better ever obtained314

among the 2⌫�� measurements of 76Ge by GERDA315

(4.9% [47]), 100Mo by LUMINEU (5.8% [30]), 130Te by316

CUORE-0 (7.7 % [45]), 136Xe by EXO-200 (2.8% [48])317

and KamLAND-Zen (3.3% [13]). Moreover, we have es-318

tablished that the 2⌫�� of 82Se is single state dominated,319

ruling out the hypothesis that the higher states of the in-320

termediate nucleus participate to this nuclear transition.321

Such results are based on a solid model of the CUPID-0322

background [43] and are achieved operating ultra-pure323

scintillating cryogenic calorimeters, highly enriched in324

82Se, with detailed control of the radioactive contami-325

nations of the materials. The wide span of physics re-326

sults obtained, despite the small exposure, proves once327

more the potential of cryogenic calorimeters, setting an328

important milestone for the next-generation CUPID ex-329

periment.330
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Energy resolution
2615 keV 208Tl γ peak

Resolution FWHM in Physics 
runs:

• Dataset 1: (8.3 ± 0.4) keV

• Dataset 2: (7.4 ± 0.7) keV 

• Weighted avg: (7.7 ± 0.5) keV

Line shape per bolometer 

Triple gaussian (a)

+ multi compton (b)+ linear background (d)

+ Te X-ray escape peak (c) + sum peak (e)

 M. Biassoni - Revealing the history of the universe with underground particle and nuclear research

CUORE

                              Tohoku University, Japan - March 7-9, 2019 �20

Energy resolution

@ 2615 keV
ds3018: 9.0 keV FWHM
ds3021: 7.4 keV FWHM

effective (exposure-weighted): 
8.0 keV FWHM
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Calibration resolution at 2615 keV

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

@ Q-value
ds3018: (8.3 ± 0.4) keV FWHM
ds3021: (7.4 ± 0.7) keV FWHM

effective (exposure-weighted): 
(7.7 ± 0.5) keV FWHM
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CUORE

Line Shape
• Model the 208Tl 2615 keV line 

• Most prominent peak from 
232Th calibration 

• Present in background 
spectrum 

• Near the 0νββ Q-value for 
130Te 

• Complex shape 

• Fit performed tower-by-tower
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a. Triple gaussian for main peak
b. Step-wise multi-Compton background
c. X-ray escape peak (~30 keV)
d. Linear background
e. 2687 (2615 + 583 - 511) keV peak

• Combination of channel-dataset and global parameters 

• Photopeak is unique to each channel-dataset pair 

• Yields pdf for each channel-dataset pair

Fit for 2615 keV summed over all channels



Crystals
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Radio-purity control protocol to limit bulk & surface contaminations in crystal 
production 

Benchmarked in dedicated runs at LNGS

J. Crys.Growth 312 (2010) 2999-3008

Bulk(90% C.L. U.L.) Surface(90% C.L.U.L)

238U 5·10-14 g/g 1·10-9 Bq/cm2

232Th 2·10-13 g/g 2·10-9 Bq/cm2

210Pb 3.3·10-6 Bq/kg 9.8·10-7 Bq/cm2

210Po 0.05 Bq/kg

Astropart. Phys. 35 (2012) 839–849



Copper Cleaning
Bolometers: fully-active detectors, slow (~few sec)

‣ Reduce near 232Th bkgd: 2615+583 keV γ lines

‣ Reduce detector counting rate: pile-up
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•  Pre-cleaning: lubricant removal from machining

•  Tumbling: abrasion + smoothening
‣ removal 1.2 um (0.06 um/h)

•  Electropolishing: smoothening+contaminants 
dissolution
‣ removal 100 um (12 um/h)

•  Chemical etching: SUBU+passivation
‣removal 10 um (120 um/h)

•  Plasma etching: desorption
‣0.2 um (1um/h)

Copper surface

T

E

C
P

Surface (90% 
C.L.U.L)

238U 7·10-7 Bq/cm2

232Th 7·10-8 Bq/cm2

210Po 9·10-7 Bq/cm2



CUPID-0 Phase 2

Data taking already started
�32

Detector upgrade

16/17

• μ are the main residual background
– Installation of μ-veto

Phase II upgrade

No reflective foil
– Sensitivity to 

M2 α events

New clear Cu Shield
– Thermalization
– Additional shielding

NOW 
COOLING

 11

CUPID-0 PhaseII data-taking is going to start!



Detector assembly (II)
Performed in ~2 weeks inside a low-Rn underground clean room @ LNGS
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#1 LD installation

#2 ZnSe and light reflector installation

#4 LD installation

#3 Fixing of ZnSe

#5 Tower completed



 ZnSe Crystal Production
Complex process in extreme conditions: 20 bar in Ar & T~1500C

‣  Synthesis + growth yield 85%

‣  Manufacturing yield 60% 
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 Radio-pure material selection

Zn82Se test run Eur. Phys. J. C76 (2016) 7, 364
Eur. Phys. J. C (2015) 75:591

Crystal as grown Crystal ready to be used

metal Znmetal 82Se

J Crys. Growth 475 (2017) 158



Starting material: HP-Zinc

 with HP-Ge GeMPI4

Producer: National Science Center KITP (Ukraine)

Internal radioactive and chemical contaminations measured @ LNGS

238U and 232Th contaminations below the 
detector sensitivity.

No lines over 1 month of measurement

N
ot dangerous for bkg

low
 Q

-value
and/or short half-life

@ 25 OCT 2014

} 56Co:
β- Q:4566 keV

but T1/2=77 days

Live Time 830 h
65Zn

65Zn

10 kg of zinc on a HP-Ge 
detector
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 with ICP-MS

Cd      < 2.3 ppm 
others < 0.2 ppm

Limits @ 90%CL

J Crys. Growth 475 (2017) 158



Starting materials: 82Se
15 kg of 82Se from URENCO 

(Netherlands)

Internal radioactive and chemical contaminations measured @ LNGS

 with ICP-MS

S        130÷250 ppm 
others <0.5 ppm

centrifuge cascade
(dedicated line)

chemical conversion:
SeF6 gas to 82Se metal

82Se metal:
➜ @ 95% enrichment
➜ @ 99.5% chemical purity

Natural SeF6

Selenium isotopic abundance
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 with HP-Ge GeMPI4

@ 8 OCT 2014

Limits @ 90%CL

76Se(n,2n)75Se has a rather 
large neutron interaction 
cross section: 979 ± 90 mb 
for 16 MeV neutrons

Eur. Phys. J. C (2015) 75:591
J Crys. Growth 475 (2017) 158



Energy Calibration (I)
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DETECTOR CALIBRATION WITH 232TH

Bari, Italy - June 07, 2019

7

Davide Chiesa – University and INFN of Milano-Bicocca

| 232Th sources are periodically deployed beside the cryostat for calibration 
of heat and intercalibration of light detectors

e+-e-

208Tl 228Ac
208Tl-DE

208Tl

208Tl-SE
82Se

Cross-check with 56Co calibration (Q-
value ~ 4.57 MeV, T1/2 ~ 77 d

Periodical calibration with 232Th 
sources

DETECTOR CALIBRATION WITH 56CO

Bari, Italy - June 07, 2019

8

Davide Chiesa – University and INFN of Milano-Bicocca

82Se

| check the goodness of 

energy reconstruction

| evaluate the energy 

resolution at 82Se Qbb

We performed a calibration run with a 56Co source to:

The exposure-weighted harmonic 

mean FWHM energy resolution
at 82Se Qbb is equal to:

(20.05 ± 0.34) keV

DETECTOR CALIBRATION WITH 56CO

Bari, Italy - June 07, 2019

8

Davide Chiesa – University and INFN of Milano-Bicocca

82Se

| check the goodness of 

energy reconstruction

| evaluate the energy 

resolution at 82Se Qbb

We performed a calibration run with a 56Co source to:

The exposure-weighted harmonic 

mean FWHM energy resolution
at 82Se Qbb is equal to:

(20.05 ± 0.34) keV

ΔEFWHM at Qββ: (20.0 ± 0.3) keV 



Delayed coincidences
208Tl internal β/γ decay (Qvalue ~5 MeV) produces background

It decays with τ1/2 ~3 min following a 212Bi α decay

Veto events occurring after a 212Bi decay in ΔT= 7 τ1/2

We can tag both internal and surface 212Bi thanks to the Particle ID

Global Data Selection Efficiency: (93 ± 2)% �38

Tag
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Efficiency on heat channel
Fit of the most prominent peak (65Zn). Cross check on 40K peak and 
double coincident events
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Efficiency on light channel
Select electromagnetic showers induced by muons interactions,

‣ Signals in 5 or more ZnSe crystals 

Set the cut to have 100% efficiency on these events
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