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Grown from different ββ emitters 

Excellent energy resolution (<1%) 

Modular design allows for large scalability 

Q-value > 2.6 MeV 

LYα ≠ LYβ/γ  ➜ Particle ID

ββ emitter 
embedded 
ε ~80%

Scintillating crystals operated at ~10 mK 
Particle interaction ➜ T increasing 

0νββ Signal: monochromatic peak at the 
Q-value of  the reaction.

ZnSe: Light Vs Energy 

Scintillating bolometers
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CUPID-0 detector 

 24 95%-enriched Zn82Se crystals + 2 natural ones  
 31 Ge light detectors 
 Reflective foil Vikuiti™ to increase the light collection 
 Total Mass: 10.5 kg (ZnSe)  -  5.17 kg (82Se) 
Qββ = (2997.9  ±  0.3) keV 
 Hosted in the CUORE-0 Cryostat  (LNGS, Italy)
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a. Single module 
b. Top view 
c. CUPID-0 array 
d. Cryostat 

☞ Eur. Phys. J. C (2018) 78:428  (Detector Paper)

https://link.springer.com/article/10.1140/epjc/s10052-018-5896-8
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CUPID-0 livetime

Start: March 2017  
Stop: December 2018
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Performances and results
 Final Exposure (Physics Runs):  9.95 kg × y (22 Zn82Se) 
 82Se atoms: (3.41 ± 0.03) 1025  
 Resolution at Qββ:  (20.05  ±  0.34) keV 
 Background: 3.5        × 10-3  counts/(keV ×  kg × y ) 
 T1/2 (0νββ 82Se) > 3.5 × 1024 y (90% C.I. Limit) 
T1/2 (0νββ 82Se) >  5.0 × 1024 y (Median Sensitivity) 
 mββ < (311 - 638) eV 
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Background model overview
In order to measure the 2νββ activity and identify the background 
sources, we perform a Bayesian fit to the experimental data with a linear 
combination of  simulated spectra.

 33 BACKGROUND SOURCES 

• ZnSe crystals bulk / surf_O(10μm) / surf_O(10nm) contaminations 
• Reflective foil surf_O(10nm) 
• Cryostat (bulk only): 

 Internal shields (Holder + 600 mK + 50 mK) 
 Roman Lead 
 External shields (IVC + OVC)  
 External Lead  

• Muons (normalized to high multiplicity events M>3)

Thickness of  VM foils: 70 μm  
Range of  a particles ~50 μm

☞ arXiv:1904.10397v1 (Background Model)

https://arxiv.org/abs/1904.10397


L. Pagnanini MEDEX 19!7

Background Components (β/γ)
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2νββ is the dominant contribution! 
Caveat: Delayed coincidence cut is not applied in this plot.

☞ arXiv:1904.10397v1 (Background Model)

https://arxiv.org/abs/1904.10397
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Region Of  Interest

13

500 1000 1500 2000 2500 3000 3500
Energy (keV)

3−10

2−10

1−10

1

10

210

310

410

C
ou

nt
s /

 5
 k

eV  Experimentalγ/β1M
ββν2

Th)232Crystals (
U)238Crystals (

Crystals (others)
Reflectors
Cryostat & Shields
Muons

 

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.



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



Double β-decay into the excited states of  82Kr
HPGe measurement with 2.5 kg of  enriched 82Se 

(2νββ + 0νββ)

CUPID- 0 measurement of  0νββ

☞ Eur. Phys. J. C (2018) 78:888

☞ Eur. Phys. J. C (2015) 75:591

8.11 × 1022  y

1.11 × 1023  y

8.40 × 1022  y

591 Page 6 of 7 Eur. Phys. J. C (2015) 75 :591
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Fig. 3 Energy spectrum of ββ decay candidates in enriched 82Se
(data points) and the best-fit model from the binned extended maxi-
mum likelihood analysis (solid blue line). The red arrows point at the
three best fit Gaussian functions for the three regions of interest: a for
82Se →82 Kr0+1

, c 82Se →82 Kr2+1
and d for 82Se →82 Kr2+2

scatter events produced by high energy γ ’s (e.g. 40K, 208Tl
and 214Bi) and three gaussian functions, with fixed central
value (µ) and width (σ ), for the (a), (c) and (d) transitions:

p.d. f. = Nbkg

Ntotal
· f lat (E)

+ Na

Ntotal
· Gaussian(E, µa, σ )

+ Nc

Ntotal
· Gaussian(E, µc, σ )

+ Nd

Ntotal
· Gaussian(E, µd , σ ).

The energy resolution of the detector, which is represented
by σ , is assumed to be constant over the narrow ROI, its
value is 0.61 keV. This is evaluated on the 609 keV peak, the
closest visible peak to the ROI, and it is produced by natu-
ral 214Bi contaminations in the experimental set-up. The flat
background assumption is verified by comparing the count-
ing rate in the ROI and in adjacent regions at higher and lower
energies.

The fit result is shown in Fig. 3. Since no signal for any ββ

decay of 82Se on exited levels is observed, a Bayesian lower
limits at 90 % C.L. on the three decay rates, $s, is set. These
limits are evaluated marginalizing the profile negative log
likelihood function over nuisance parameters, assuming a flat
prior on the $s when they assume physical values: π($) = 1
if $ ≥ 0, π($) = 0 otherwise. The limits evaluated for the
decay rates are:

$0+1
< 2.0 × 10−23 y−1 (5)

$22
1
< 5.3 × 10−23 y−1 (6)

$2+2
< 6.7 × 10−23 y−1. (7)

The counting rate in the ROI is (9.6 ± 0.5) c/keV/y, which
is 2 σ compatible with the one measured in background con-
ditions, (11.3 ± 1.0) c/keV/y, when no 82Se sample was on
the detector. Most likely, the background in the ROI is caused
by detector internal contaminations [32].

The corresponding lower limits on the partial half-lives,
calculated as Tlimit = ln(2)/$limit are:

T ββ
1/2(

82Se →82 Kr0+1
) > 3.4 × 1022 y (8)

T ββ
1/2(

82Se →82 Kr2+1
) > 1.3 × 1022 y (9)

T ββ
1/2(

82Se →82 Kr2+2
) > 1.0 × 1022 y (10)

Since the systematic uncertainties on the efficiency and live-
time are at the level of their contribution do not affects the
computed values significantly.

The evaluated lower limit on the half-life of 82Se double-
beta decay on the excited levels of daughter nuclei are the
most stringent limits up-to-date. Our sensitivity surpasses the
one of other works reported in literature [39,40] by about one
order of magnitude. Furthermore the limit set for the decay
to 2+1 state contradicts the theoretical calculations reported
in [2].

7 Conclusions

The goal of next-generation ββ decay experiments is to
explore the inverted hierarchy region of neutrino mass. In
order to further enhance their sensitivity, future experiments
should strive for a highly efficient background reduction,
possibly to a zero level, and large mass ββ sources, at the
tonne-scale. These must exhibit low levels of radioactive
contaminations in order to suppress the background in the
region of interest. Furthermore, if the bolometric technique
is adopted, low concentrations of chemical impurities in the
source materials are also needed, given the fact that the detec-
tor performances depends on the quality of the materials used
for the detector manufacturing.

In this work we have investigated the purity of 96.3 %
enriched 82Se metal for the production of scintillating
bolometers for the LUCIFER project, which amounts to
15 kg. Out of the total, 2.5 kg were analyzed by means of γ

spectroscopy and ICP-MS analyses for the evaluation of the
internal radioactive and chemical impurities.

The exceptional purity of the source, which shows
extremely low internal radioactive contamination, at the level
of tens of µBq/kg and high chemical purity with an intrinsic
overall contamination of few hundreds of 10−6 g/g, allowed
us to investigate also ββ decay of 82Se. We established the
most stringent limits on the half-life of 82Se ββ decay to the
excited levels 0+1 , 2+1 and 2+2 of 82Kr. Previous limits are
improved by one order of magnitude for all the investigated
transitions. The technique used in this work does not allow
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Soon also 2νββ on exited states 
from CUPID-0

 21

https://doi.org/10.1140/epjc/s10052-018-6340-9
https://doi.org/10.1140/epjc/s10052-015-3822-x


Conclusions

 CUPID-0 is the first experiment for ββ-decay based on highly enriched 
scintillating calorimeter 
 An excellent Alpha rejection has been demonstrated 
 Lower background cryogenic calorimeters 
 Best limit on 82Se 0νββ 
 Best measurement of  82Se 2νββ 
 Single State Dominance proved  
 CUPID-0, together with CUORE and CUPID-Mo, is laying the foundation for   

the next generation CUPID experiment.  
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