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Motivation

Next generation experiments will explore the 
whole Inverted Hierarchy, and almost all the 

1σ region of  the Normal Hierarchy.

1.4. NEUTRINOLESS DOUBLE BETA DECAY 27

1.4.1 The effective Majorana mass

The half-life of the 0⌫��, mediated by the Majorana neutrino exchange, can be written
as [43]
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where G
0⌫ is the Phase Space Factor (PSF), it can be calculated with high precision from

the Q-value of the decay and the nuclear charge in the final state, M0⌫ is the Nuclear
Matrix Element (NME), it contains the information on the nuclear structure and its value
changes depending on the adopted nuclear model; finally m�� is the effective Majorana
mass defined as a linear combination of the neutrinos masses weighted with the electronic
coefficients of the PMNS matrix,
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where the Majorana phases ↵ and � appear in the mass definition. The experimental
measure of T

0⌫
1/2 allows to estimate m�� but only combining the results from different

isotopes it is possible to overcome the NME uncertainties and obtain a trusted value. The
results combination is also able to uncover other mechanisms behind the 0⌫�� different
from the light Majorana neutrino exchange, as pointed out in [54].

The 0⌫�� has not yet been observed, only lower limits on its half-life have been
obtained, that result in an upper limits for m�� as reported in Tab. 1.8.

Table 1.8: Recent best limits on 0⌫�� decay half-life and m�� at 90% C.L. .

�� emitter T
0⌫
1/2 [y] m�� [eV] Experiment

48Ca > 2.0 · 1022 < 6-26 NEMO-3 [45]
76Ge > 8.0 · 1025 < 0.15-0.33 GERDA [55]
82Se > 2.4 · 1024 < 0.376-0.77 CUPID-0 - This work
100Mo > 1.1 · 1024 < 0.33-0.62 NEMO-3 [57]
116Cd > 1.9 · 1023 < 1.2-1.8 AURORA [58]
130Te > 1.5 · 1025 < 0.14-0.40 CUORE [59]
136Xe > 1.1 · 1026 < 0.061-0.165 KamLAND-Zen [60]
150Nd > 2.0 · 1022 < 1.6-5.3 NEMO [53]

1.4.2 Nuclear Matrix Elements

The main source of theoretical uncertain to convert a given value of T
0⌫
1/2 into a value

of m�� is the one that affects the NME. It involves the hadronic current of the weak

Neutrinoless double beta decay (0νββ) is a portal towards new physics: 
lepton number violation (ΔL =2) 
insights on neutrino mass 
possible connection with baryon asymmetry5

⌃ [eV]
10-1

|m
�
�
|[
eV

]

10-5

10-4

10-3

10-2

10-1
NH

1 �
2 �
3 �
4 �
5 �

Fig. 4 E↵ective Majorana mass as a function of the sum of
neutrino masses for the NH regime with the application of
the cosmological bound. The di↵erent colors correspond to
the 1,. . . ,5 � coverage regions.
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Fig. 5 E↵ective Majorana mass as a function of the sum of
neutrino masses for the IH regime with the application of the
cosmological bound. The di↵erent colors correspond to the
1,. . . ,5 � coverage regions.

The thresholds on ⌃ correspond to the lower bounds
mentioned above, while the horizontal shading for ⌃ >

10-1 eV comes from the cosmological bound. In NH
case, the vertical shading for ⌃ 2 [6, 7] · 10-2 eV and
|m�� | < 10-3 eV is related to the combination of the
Majorana phases, as explained in Sec. 3.

It is worth mentioning that the approach used here
does not allow to make any statement regarding the
overall probability of the NH with respect to the IH
regime. The plots are populated by generating random
numbers for �m

2
., �m

2
atm

and ⌃. If ⌃ > ⌃min, with
⌃min given by Eqs. 8 and 9, the three values are ac-
cepted and |m�� | is computed, otherwise another ran-
dom number is extracted for ⌃ until the condition is
satisfied. In his way, Figs. 4 and 5 are equally popu-
lated, and give no hint about the probability that na-
ture chose either of the two regimes.

The plot of |m�� | as a function of mmin with the ap-
plication of the cosmological bound is shown in Fig. 6.
Di↵erently from Fig. 1, it not only provides the prob-
ability distribution for |m�� | as a function of mmin,
but also the 2-dimensional probability distribution for
both parameters together. The main di↵erences with
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Fig. 6 E↵ective Majorana mass as a function of the light-
est neutrino mass with the application of the cosmological
bound. The di↵erent colors correspond to the 1,. . . ,5 � cov-
erage regions.

respect to Fig. 1 are the decreases of the distribution
formmin 2 [5·10-2, 10-1] eV, and formmin . 7·10-3 eV.
Both e↵ects are due to the cosmological bound on ⌃.
Choosing arbitrarily di↵erent values for both the mean
value and width for the Gaussian distribution of the
total neutrino mass leads to di↵erent shadings on both
sides, and induces the highly populated region around
mmin ⇠ 3 · 10-2 eV to move. In particular, a looser
bound on � would favor the degenerate mass region,
while a tighter limit would favor smaller values ofmmin,
as expected, with strong consequences for the predicted
|m�� |. With the present assumptions, values of |m�� |
close to the degenerate region are favored.

With an eye on the future experiments, the prob-
ability distribution for |m�� | only can be obtained by
marginalizing the 2-dimensional distribution of Fig. 6
overmmin. This is performed separately for three ranges
of the lightest neutrino mass:mmin 2 [10-4, 10-3],mmin 2
[10-3, 10-2] and mmin 2 [10-2, 10-1], as shown in Figs. 7,
8 and 9. In case of a small mmin (Fig. 7) the 90%
coverage is obtained for |m�� | > 1.54 · 10-3 eV and
|m�� | > 1.96 · 10-2 eV for NH and IH, respectively. In
general, for IH high values of |m�� | are favored. The
90% coverage on |m�� | for the three considered ranges
are reported in Tab. 2, together with that of the over-
all range mmin 2 [10-4, 1] eV. This case shows how a
3.32 ·10-3 eV discovery sensitivity is required for future
experiments in order to have 90% probability to mea-
sure a 0⌫�� decay signal in case of NH, or 2.14 ·10-2 eV
for IH.

The strong dependence of the result on both the
choice of the Majorana phases distribution and on the
cosmological bound should invoke some caution in the
interpretation of Figs. 6, 7, 8 and 9 as the correct prob-
ability distributions for |m�� |. It is rather important to

☞ Eur.Phys.J. C75 (2015) no.11, 563

Two are the fundamental ingredients to reach the required sensitivity: 
Increase the ββ emitter (>1027 nuclei) 
Reduce the background index (<10-4 counts/keV kg y)
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The CUORE experience

Bradford Welliver, LBNL LLWI 2020.02.12
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Exposure Accumulation - Feb 2020

2019 Analysis

CUORE Post-March 2019

• Detector calibration system upgrade in late 
2018 / early 2019 

• Major cryogenic intervention and upgrade in 
early 2019 

• Exposure increasing steadily since resumption 
of operations 

• Detector and cryostat performance stable 

• Short stops for routine checks of noise, 
detector response 

• No further long duration optimization work 
planned  

• focus on exposure!

�10

PRL 120.132501 (2018)

CUORE Preliminary

Cryogenic Maintenance
Detector Setup

Still collecting data!

Exposure: 372.5 kg yr

Leading result on 0νββ (see Benato’s Talk) 
Feasibility of  a tonne-scale experiment  
Excellent energy resolution (0.3%) 
Full understanding of  the cryogenic facility

Scientific potential of  the CUORE observatory will be soon exploited with other analysis. 

The Lesson of CUORE

Cryogenic Underground Observatory for Rare 
Events 
•  988 TeO2 crystals run as a bolometer array 

–  5x5x5 cm3 crystal, 750 g each 
–  19 Towers; 13 !oors; 4 modules per !oor 
–  741 kg total; 206 kg 130Te 
–  1027 130Te nuclei 

•  Excellent energy resolution of bolometers 
•  New pulse tube dilution refrigerator and 

cryostat  
•  Radio-pure material and clean assembly to 

achieve low background at ROI  

CUORE 

2!"" 

0!"" 

TAUP Asilomar, Sept 11 2013 2 Ke Han (Berkeley Lab) for CUORE 
L. Cardani LTD-18 Milano, July 20192

• Proved the feasibility of a tonne-scale experiment 

• Excellent energy resolution (0.3%)

Talks: I. Nutini and V. Singh

Posters: A. Campani (319), G. Fantini (330),  I. Nutini (316), S. Copello (326), 
V. Dompè (310)

Vivek Singh, UC Berkeley LTD-18, Milan 2019!17
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Phys. Rev. Lett. 120, 132501 (2018)

Limits combining CUORE with CUORE-0 and 
Cuoricino:  

• Bayesian limit @ 90% c.i. (flat prior for "!!>0):  
T1/2 > 1.5 × 1025 yr 

• Profile likelihood (“frequentist”) limit @ 90% CL: 
T1/2 > 2.2 × 1025 yr

Currently taking data. 
Upcoming physics results at  

TAUP 2019. 

• Talk: The CUORE detector and results.  
Irene Nutini, 25th July 2019, 11:15 AM  

•Poster: Lowering the energy threshold for the 
CUORE experiment.  
Alice Campani, 23rd July 2019, 5:45 PM 

•Poster: Noise reduction techniques for the CUORE 
experiment.  
Guido Fantini, 23rd July 2019, 5:45 PM 

•Poster: The CUORE data acquisition system.  
Simone Copello, 25th July 2019, 5:45 PM 

•Poster: The CUORE bolometric detectors: pulse 
shape analysis of the thermal signals. 
Irene Nutini, 25th July 2019, 5:45 PM

Last Release 
(link)

http://arxiv.org/abs/arXiv:1912.10966
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From CUORE to CUPID The Lesson of CUORE

Cryogenic Underground Observatory for Rare 
Events 
•  988 TeO2 crystals run as a bolometer array 

–  5x5x5 cm3 crystal, 750 g each 
–  19 Towers; 13 !oors; 4 modules per !oor 
–  741 kg total; 206 kg 130Te 
–  1027 130Te nuclei 

•  Excellent energy resolution of bolometers 
•  New pulse tube dilution refrigerator and 

cryostat  
•  Radio-pure material and clean assembly to 

achieve low background at ROI  

CUORE 
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TAUP Asilomar, Sept 11 2013 2 Ke Han (Berkeley Lab) for CUORE 
L. Cardani LTD-18 Milano, July 20192

• Proved the feasibility of a tonne-scale experiment 

• Excellent energy resolution (0.3%)

Talks: I. Nutini and V. Singh

Posters: A. Campani (319), G. Fantini (330),  I. Nutini (316), S. Copello (326), 
V. Dompè (310)

Vivek Singh, UC Berkeley LTD-18, Milan 2019!17
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CUORE
yr⋅Exposure: 86.3 kg

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

Limits combining CUORE with CUORE-0 and 
Cuoricino:  

• Bayesian limit @ 90% c.i. (flat prior for "!!>0):  
T1/2 > 1.5 × 1025 yr 

• Profile likelihood (“frequentist”) limit @ 90% CL: 
T1/2 > 2.2 × 1025 yr

Currently taking data. 
Upcoming physics results at  

TAUP 2019. 

• Talk: The CUORE detector and results.  
Irene Nutini, 25th July 2019, 11:15 AM  

•Poster: Lowering the energy threshold for the 
CUORE experiment.  
Alice Campani, 23rd July 2019, 5:45 PM 

•Poster: Noise reduction techniques for the CUORE 
experiment.  
Guido Fantini, 23rd July 2019, 5:45 PM 

•Poster: The CUORE data acquisition system.  
Simone Copello, 25th July 2019, 5:45 PM 

•Poster: The CUORE bolometric detectors: pulse 
shape analysis of the thermal signals. 
Irene Nutini, 25th July 2019, 5:45 PM

CUORE Upgrade with Particle IDentifi cation

GOALS: 
Increase the ββ emitter (>1027 nuclei) 
Reduce the background index (<10-4 counts/keV kg y)

STRATEGY: 
Isotopic enrichment (more isotopes in the same volume) 
Background suppression by ×100 using Particle ID 

Next generation experiment hosted in  
the same CUORE infrastructure at LNGS 

(CDR link)

CUPID-0 and CUPID-Mo (see Claudia Nones’s Talk):  
two pathfinders based on scintillating calorimeters.

http://arxiv.org/abs/arXiv:1907.09376
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Heat Sink
(Copper)

Weak Thermal Link
(PTFE)

Scintillating Crystal
(ZnSe)

Light Detector
(Ge)

Thermal Sensors

Thermal Sensors

Reflective foil
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Grown from different ββ emitters                                               
(only technique for a multi-isotope approach) 

Excellent energy resolution (<1%) 

Modular design allows for large scalability 

Qββ ~ 3 MeV for 100Mo and 82Se                                                 
(Phase Space Factor ∝ Qββ) 

LYα ≠ LYβ/γ  ➜ Particle ID

ββ emitter 
embedded 
ε ~80%

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

0νββ Signature: monochromatic peak at Qββ

ZnSe: Light Vs Energy 

Scintillating bolometers

5
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The CUPID-0 experiment

 CUPID-0 is the first pilot experiment of  CUPID  
 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) 
 82Se atoms: (3.41 ± 0.03) 1025  
 Qββ = (2997.9  ±  0.3) keV 
 Hosted in the CUORE-0 Cryostat  (LNGS, Italy)

Zn82Se

Ge-LD

PTFE 
Zn82SePTFE 

Ge-LD

Detector 
read-out

Column

Copper 
Frame

a

b

c d

a. Single module 
b. Top view 
c. CUPID-0 array 
d. Cryostat 

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

https://cupid-0.lngs.infn.it

https://link.springer.com/article/10.1140/epjc/s10052-018-5896-8
https://cupid-0.lngs.infn.it
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The CUPID-0 time-line

L. Cardani 7

Start  

cool-down

physics (PRL 2018)   

      3.44 kg x y

Commissioning  56Co calibration

2017

physics             

2.02 kg x y

2018

physics             

4.49 kg x y

This talk: full statistics acquired in ~1.5 years (phase-I): 9.95 kg x yr of  ZnSe 

At the end of  2018 detector warm-up and upgrade 

June 2019: start phase-II
physics

LTD-18 Milano, July 2019 7

The CUPID-0’s seasons

2017 2018 2019 2020

Commissioning

Physics - PRL 2018  
3.44 kg×y

2.02 kg×y 4.49 kg×y 

56Co calib
Detector  
Upgrade

Phase II 
5.2 kg×y 

Phase I - 9.95 kg×y 
PRL 2019  

Full statistics acquired in ~1.5 years (Phase-I):  9.95 kg×yr of  ZnSe  
At the end of  2018 detector warm-up and upgrade 
June 2019: Start Phase-II

Physics

The CUPID-0 time-line

L. Cardani 7

Start  

cool-down

physics (PRL 2018)   

      3.44 kg x y

Commissioning  56Co calibration

2017

physics             

2.02 kg x y

2018

physics             

4.49 kg x y

This talk: full statistics acquired in ~1.5 years (phase-I): 9.95 kg x yr of  ZnSe 

At the end of  2018 detector warm-up and upgrade 

June 2019: start phase-II
physics

LTD-18 Milano, July 2019

Physics
Maintenance

232Th Calibration
56CoCalibration

AmBe source

https://doi.org/10.1103/PhysRevLett.120.232502
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Particle Identification
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αs and β/γs feature a different pulse shape of  the 
light signal, quantified by a shape parameter  

(i.e. right-side  χ2). 

ROI

Cut optimized on the high multiplicity 
events due to muon-induced  

e.m. showers (pure sample of  β/γs)

 𝛼/𝛽 separation power: >99.9 %
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82Se 0νββ decay results
 Final Exposure (Physics Runs):  9.95 kg × y (22 Zn82Se) 
 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 

−0.9
+1.0

Selecting only particle signals: 

⇒ 3.2 × 10-2  counts/(keV kg y)  

Selecting only  β/γ: 
⇒ 1.3 × 10-2  counts/(keV kg y) 

Removing 208Tl events: 

⇒ 3.5 × 10-3  counts/(keV kg y)

Lowest background measured  
for cryogenic calorimeters

☞ Phys.Rev.Lett. 123 (2019) no.3, 032501

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.032501
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Background model

Background sources in the ROI (link) 

2νββ measurement (link) 

Limit on CPTV (link)

Background Model

L. Cardani 13
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Where does the residual (3.5x10-3 counts/keV/kg/yr) background come from?

+ higher multiplicity spectra to normalise cosmic rays
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• ~44% muons 

• ~33% contaminations ZnSe crystals 

• ~17% cryostat 

• ~6% reflecting foil and holders

LTD-18 Milano, July 2019

D. Chiesa et al 
Eur. Phys. J. C 79 583 (2019) 

Single Hit + Double Hit Events  
 Higher Multiplicity for Muons 

Bayesian fit to the experimental 

data with a linear combination of  

simulated spectra

https://doi.org/10.1140/epjc/s10052-019-7078-8
https://doi.org/10.1103/PhysRevLett.123.262501
https://doi.org/10.1103/PhysRevD.100.092002
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Region Of  Interest
Background rate in the ROI (2.8 - 3.2 MeV) after the delayed coincidences cut.

Insights for the next-generation detector design. 
CUPID-0 Phase II will validate the current model.

15

Table 5 Counting rates reconstructed in the ROIbkg (from 2.8 MeV to 3.2 MeV) for the di↵erent sources, after applying the
time veto for the rejection of 208Tl events. For each value of counting rate we quote first the statistical uncertainty and then the
systematic one. In the left column we report the total counting rates from the di↵erent components of the experimental setup,
while in the right column we provide their breakdown by source. 232Th and 238U refers the chain parts producing background
in the ROIbkg, i.e 228Ra–208Pb and 226Ra–210Pb, respectively. The counting rate quoted for Reflectors includes also the
contribution from surface contaminations of the Holder . The 232Th source limit (90% C.L.) corresponds to the maximum one
obtained from the analysis of systematic uncertainties. The contribution from 2⌫�� is produced exclusively by events with
energy < 2950 keV.

Component ROIbkg rate Source ROIbkg rate

(10�4counts/(keV kg yr)) (10�4counts/(keV kg yr))

Crystals 11.7± 0.6 +1.6
�0.8

232Th– bulk 3.4± 0.6± 0.1
232Th–surf 3.4± 0.5 +1.0

�0.7
238U–surf 4.9± 0.3 +1.3

�0.3

Reflectors & Holder 2.1± 0.3 +2.2
�1.0

232Th < 3.3
238U 1.8± 0.3 +1.4

�0.9

Cryostat & Shields 5.9± 1.3 +7.2
�2.9

232Th 3.5± 1.3 +7.4
�3.3

238U 2.4± 0.4 +4.1
�0.7

Subtotal 19.8± 1.4 +6.6
�2.7

Muons 15.3± 1.3± 2.5

2⌫�� 6.0± 0.3 (< 3⇥ 10�6 counts/(keV kg yr) in [2.95–3.05] MeV range)

Total 41± 2 +9
�4

Experimental 35 +10
�9

half of that evaluated in the reference fit. On the other
hand, the result of fit number 4, in which we choose an
equally plausible model for the distribution of contam-
inants in Reflectors is that the ROIbkg counting rate
from this source increases by ⇠50%. The fit number 5
is aimed at investigating the e↵ect of contaminations on
Holder surfaces. This background source does not have
a specific signature in the experimental data, because
most of the ↵ particles generated at Holder surfaces are
absorbed by Reflectors. However, some � particles from
238U and 232Th chains can cross the reflector foils and
produce events in the ROIbkg. Since the Holder is made
of the same NOSV copper used in CUORE-0, we exploit
the values of 232Th and 238U surface contaminations
measured with CUORE-0 detector to constrain these
sources. The result is that the reconstructed rate in the
ROIbkg increases by ⇠ 1.5 ⇥ 10�4 counts/(keV kg yr).
Particularly, the upper limit on the background due to
232Th in Reflectors and Holder becomes less stringent:
< 3.3⇥10�4counts/(keV kg yr). Similarly, in test num-
ber 6 we evaluate the systematic uncertainty a↵ecting
the ROIbkg reconstruction in the case that 232Th and
238U surface contaminations on the 50 mK shield sur-
rounding CUPID-0 tower are not negligible with respect
to the bulk contaminations of CryoInt . Also in this case,
as expected, the fit predicts a higher rate in the ROIbkg,
with an increase of ⇠ 4⇥10�4 counts/(keV kg yr) with

respect to the reference one. Finally, the fits of test
number 7 are used to investigate how the uncertainty
on location and description of sources in cryostat and
shields is propagated to the estimate of their contribu-
tion to the ROIbkg.

7 Conclusion and perspectives

In this paper we fit the CUPID-0 data using 33 radioac-
tive sources, modeled via Monte Carlo simulations. We
identify the contribution of the various background sources
to the ROIbkg counting rate and we perform an analysis
of the corresponding systematic uncertainties. Exclud-
ing the 2⌫�� decay contribution (which is negligible at
the Q-value of 82Se �� decay), we obtain that ⇠44% of
background rate in the ROIbkg is produced by cosmic
muon showers, while the remaining fraction is due to
radioactive decays in Crystals (⇠33%), in Reflectors &
Holder (⇠6%), and in Cryostat & Shields (⇠17%).
Based on these results, an upgrade of the CUPID-0 de-
tector has been scheduled in order to reduce the back-
ground level in the ROI and to further improve the com-
prehension of background sources. In CUPID-0 Phase-
II we plan to install a muon veto, which will be imple-
mented through a system of plastic scintillators in the
external experimental setup. Moreover we will investi-
gate the e↵ect of removing reflecting foils. This will also

☞ Eur.Phys.J. C 79 (2019) 7:583  (Background Model)

https://doi.org/10.1140/epjc/s10052-019-7078-8
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simulate the contaminants in different positions of the
cryostat and its shields; (ii) we remove the sources resulting
with an activity compatible with zero; (iii)we include the
90Sr=90Y contamination of ZnSe in the source list; (iv) we
use a fixed step binning for the M1β=γ spectrum
(15–50 keV); (v) we vary the threshold of the M1β=γ

spectrum (300, 400, 500, 600, 800, 900, 1000 keV); (vi) we
do not apply the α identification, thus fitting a unique M1

spectrum from 700 keV to 8 MeV; (vii) we do not apply the
energy scale correction; (viii) we use non-negative uniform
priors for all the sources.
For each class of systematic effect, we quote the

corresponding uncertainty as the maximum variation of
the 2νββ activity with respect to the reference value. We
also verified that the 2νββ activity evaluation is stable when
fitting subsets of data. Particularly, by dividing the data in
two halves corresponding to the first and second part of
data taking, or selecting different group of detectors, we
obtain results fully compatible from the statistical point of
view. We evaluate the combined systematic uncertainty
of the fit adding in quadrature all the uncertainties listed
in Table I. Finally, we include the uncertainties on the

theoretical description of the 2νββ decay (1.0% [37]),
efficiency calculation and 82Se nuclei, added in quadrature.
To investigate the compatibility of the two models with

the data, we compare the experimental counts (Nexp) in the
range between 2 and 3 MeV with the ones predicted by
the two models (NX where X ¼ SSD or HSD). We quantify
the accordance between data and model through the
parameter

tX ¼
jNexp − NXjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2exp þ σ2X

q ; ð1Þ

where σexp ¼
ffiffiffiffiffiffiffiffiffi
Nexp

p
, and σX is the statistical uncertainty of

the counts predicted by the model.
In the different fits performed to quantify the systematic

effect (Table I), tHSD spans from 6.6 to 5.5, while tSSD is
always of the order of 1. The results obtained from the fit
configuration that returns the lowest value for HSD are
reported in Table II. To investigate the sensitivity of the
experiment to reject the HSD hypothesis, we performed a
toy MC simulation in which 106 experiments have been
simulated by generating Poisson distributed experimental
counts in the [2–3] MeV range. For each simulated
experiment, we computed the value of tHSD, taking into
account the statistical and systematic uncertainties of the
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FIG. 2. Energy spectrum of the M1β=γ events collected by
CUPID-0 in 9.95 kg yr of Zn82Se exposure (black dots). Only
three γ lines are clearly visible over the continuum due to 2νββ:
65Zn at 1116 keV, 40K at 1461 keV, and 208Tl at 2615 keV. The
solid red line is the results of the Bayesian fit reconstruction with
the SSD hypothesis for the 2νββ decay. The green line represents
the 2νββ component, simulated assuming that the 2νββ is SSD.
The blue line is the sum of the background sources. In the top
panel, we show the bin-by-bin ratio between counts in the
experimental spectrum and counts in the reconstructed one.
The corresponding uncertainties at 1, 2, 3σ are shown as colored
bands centered at 1.
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experimental data in the energy region above 2 MeV, where
the difference between the models is more prominent.
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model reconstruction. The central value of the resulting
distribution of the t parameter is 6.1, and the probability to
obtain t > 3 is > 99.8%. The very high statistical signifi-
cance of this result, allows us to discover that the 2νββ of
82Se is single state dominated, ruling out the HSD hypoth-
esis. We convert the experimental value of 2νββ activity
and its uncertainty in the 82Se 2νββ half-life,

T2ν
1=2 ¼ ½8.60# 0.03ðstatÞ þ0.19

−0.13ðsystÞ' × 1019 yr: ð2Þ

This value is compatible at 1.3σ with the NEMO-3 result
[13], but the statistical and systematic uncertainties are
improved by a factor of 6 and 3, respectively. Finally, we
determine Meff

2ν for the 2νββ of 82Se to be Meff
2ν ¼

0.0763 þ0.0008
−0.0010 , calculating G2ν ¼ ð1.996# 0.028Þ ×

10−18 y−1 under the SSD model [36].
Since the 2νββ of 82Se has been not expected to be single

state dominated, the Meff
2ν calculated up to now in the

framework of different models (IBM [38], ISM [39,40],
and QRPA [41,42]) cannot be compared with our result.
This will be a useful benchmark for the nuclear models,
when Meff

2ν calculations become available.
In summary, we have performed the most precise

measurement of the 82Se 2νββ half-life, with an uncertainty
of 2.2%. Such precision level is the best ever obtained
among the 2νββ measurements of 76Ge by GERDA (4.9%
[43]), 100Mo by LUMINEU (5.8% [18]), 130Te by CUORE-0
(7.7% [35]), and 136Xe by EXO-200 (2.8% [44]). Moreover,
we have established that the 2νββ of 82Se is single state
dominated, ruling out the hypothesis that the higher states of
the intermediate nucleus participate in this nuclear transition.
Such results are based on a solid model of the CUPID-0
background [32] and are achieved operating ultrapure
scintillating cryogenic calorimeters, highly enriched in
82Se, with detailed control of the radioactive contamination
of the materials. The wide span of physics results obtained,
despite the small exposure, proves oncemore the potential of
cryogenic calorimeters, setting an important milestone for
the next-generation CUPID experiment.
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TABLE I. Systematic uncertainties affecting the 2νββ activity
measurement due to fit parametrization. For each class of test, we
calculate the maximum deviation of the 2νββ 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 efficiency and the number of 82Se
nuclei. In the last row, we quote the total systematic uncertainty,
given by summing in quadrature the listed contributions.

Systematic Source ΔA2ν

Fit Source localization þ0.36
−0.21%

Reduced sources list −0.10%
90Sr=90Y −1.57%
Fixed step binning þ0.16%
Threshold of M1β=γ þ0.15%
α identification −0.01%
Energy scale −0.39%
Prior distributions þ0.04%

Combined þ0.4
−1.6%

Detector efficiency #0.5%
82Se atoms #1.0%

Model 2νββ #1.0%

Total þ1.6
−2.2%

TABLE II. Comparison between the experimental counts of the
M1 spectrum from 2 to 3 MeV and the expected ones by the
model, assuming that 2νββ is SSD or HSD, alternatively. We
report only the results of the fit in which we choose a threshold of
900 keV, since this returns the lowest value of the t parameter for
HSD.

Spectrum Counts t [σ]

Experimental 14830# 122
Model (SSD) 14972# 57 1.1
Model (HSD) 14095# 56 5.5
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We obtain the most precise measurement of  2νββ half-life:

model reconstruction. The central value of the resulting
distribution of the t parameter is 6.1, and the probability to
obtain t > 3 is > 99.8%. The very high statistical signifi-
cance of this result, allows us to discover that the 2νββ of
82Se is single state dominated, ruling out the HSD hypoth-
esis. We convert the experimental value of 2νββ activity
and its uncertainty in the 82Se 2νββ half-life,

T2ν
1=2 ¼ ½8.60# 0.03ðstatÞ þ0.19

−0.13ðsystÞ' × 1019 yr: ð2Þ

This value is compatible at 1.3σ with the NEMO-3 result
[13], but the statistical and systematic uncertainties are
improved by a factor of 6 and 3, respectively. Finally, we
determine Meff

2ν for the 2νββ of 82Se to be Meff
2ν ¼

0.0763 þ0.0008
−0.0010 , calculating G2ν ¼ ð1.996# 0.028Þ ×

10−18 y−1 under the SSD model [36].
Since the 2νββ of 82Se has been not expected to be single

state dominated, the Meff
2ν calculated up to now in the

framework of different models (IBM [38], ISM [39,40],
and QRPA [41,42]) cannot be compared with our result.
This will be a useful benchmark for the nuclear models,
when Meff

2ν calculations become available.
In summary, we have performed the most precise

measurement of the 82Se 2νββ half-life, with an uncertainty
of 2.2%. Such precision level is the best ever obtained
among the 2νββ measurements of 76Ge by GERDA (4.9%
[43]), 100Mo by LUMINEU (5.8% [18]), 130Te by CUORE-0
(7.7% [35]), and 136Xe by EXO-200 (2.8% [44]). Moreover,
we have established that the 2νββ of 82Se is single state
dominated, ruling out the hypothesis that the higher states of
the intermediate nucleus participate in this nuclear transition.
Such results are based on a solid model of the CUPID-0
background [32] and are achieved operating ultrapure
scintillating cryogenic calorimeters, highly enriched in
82Se, with detailed control of the radioactive contamination
of the materials. The wide span of physics results obtained,
despite the small exposure, proves oncemore the potential of
cryogenic calorimeters, setting an important milestone for
the next-generation CUPID experiment.
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TABLE I. Systematic uncertainties affecting the 2νββ activity
measurement due to fit parametrization. For each class of test, we
calculate the maximum deviation of the 2νββ 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 efficiency and the number of 82Se
nuclei. In the last row, we quote the total systematic uncertainty,
given by summing in quadrature the listed contributions.

Systematic Source ΔA2ν

Fit Source localization þ0.36
−0.21%

Reduced sources list −0.10%
90Sr=90Y −1.57%
Fixed step binning þ0.16%
Threshold of M1β=γ þ0.15%
α identification −0.01%
Energy scale −0.39%
Prior distributions þ0.04%

Combined þ0.4
−1.6%

Detector efficiency #0.5%
82Se atoms #1.0%

Model 2νββ #1.0%

Total þ1.6
−2.2%

TABLE II. Comparison between the experimental counts of the
M1 spectrum from 2 to 3 MeV and the expected ones by the
model, assuming that 2νββ is SSD or HSD, alternatively. We
report only the results of the fit in which we choose a threshold of
900 keV, since this returns the lowest value of the t parameter for
HSD.

Spectrum Counts t [σ]

Experimental 14830# 122
Model (SSD) 14972# 57 1.1
Model (HSD) 14095# 56 5.5
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1600 - 2500 500 - 3000
S 6.2 ×104 2.7 ×105

B 0.4 ×104 0.7 ×104

S/B ~16 ~4
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We have a strong evidence of  Single State Dominance on 2νββ of 82Se

SSD:  χ2/ndf  = 255/254 = 1.0  
HSD: χ2/ndf  = 360/253 = 1.42 

Spectra from nucleartheory.yale.edu and Jenni Kotila

background sources. In particular, the contaminations of
crystals produce distinctive peaks in the M1α spectrum,
that constrains their activities. Moreover, we analyze the γ
lines to identify specific radioisotopes in the experimental
setup. The M2 and Σ2 spectra, in which the contribution
from 2νββ decay is negligible, are fundamental to deter-
mine the cryostat and shields contaminations, producing
double-hit events via Compton scattering or pair produc-
tion. The muon contribution is normalized on the number
of shower events that simultaneously trigger more than
three crystals. The result of such normalization is compat-
ible with the one obtainable using the muon flux at
Laboratori Nazionali del Gran Sasso [33]. We include
the information from independent measurements by means
of specific priors [25,34,35], and set non-negative uniform
priors for the sources with unknown activity. More details
about the background model construction and the list of
sources used to fit the CUPID-0 data are in Ref. [32]. The
possible presence of pure β emitters has been taken into
consideration. The sources of this type are many and,
producing a continuous spectrum without any distinctive
signature, are all substantially degenerate for the purposes
of our fit. Most of the pure β emitters with a reasonably
long half-life (> 100 days), have a Q value < 700 keV. In
order to avoid source misidentification, we performed the
fit of theM1β=γ spectrum setting an energy threshold above
700 keV, so excluding most of the pure beta emitters. The
only remaining pure β emitter to be investigated is 90Sr, a
fission product with 28.8 yr half-life that produces two
consecutive β decays 90Sr → 90Y → 90Zr with Q values of
546 keV and 2281 keV, respectively. Since there is no
indication of fission products in our data, we consider a
possible contamination of 90Sr as systematic uncertainty.
The fit interval ranges from 700 keV to 5 MeV for

M1β=γ , and from 2 MeV to 8 MeV for M1α. M2 and Σ2

spectra include couples of coincident events with energies
between 150 keV and 5 MeV. We adopt a variable step
binning to include the counts of each γ or α line in a single
bin and to avoid bins with low counting statistics. As shown
in the discussion of systematic uncertainties, the 2νββ
activity measured by the fit is practically independent of
those choices. The degrees of freedom of the global fit,
which is performed simultaneously on the four spectra,
correspond to the difference between the number of bins
(287) and the number of sources (33, i.e., 82Se 2νββ signal
and 32 background sources).
We simulate the 2νββ spectrum assuming the two

different decay mechanisms, i.e., SSD and HSD introduced
above. We calculate both spectra using exact Dirac wave
functions with finite nuclear size and electron screening as
described in Ref. [36], exploiting the closure approxima-
tion (i.e., an average higher state is chosen as the closure
energy) in the HSD hypothesis. We compare the two 82Se
2νββ spectra in Fig. 1, where they are reported as simulated
in the CUPID-0 detector. In the top panel, the bin-to-bin

ratio between the spectra shows that their percentage
difference is more pronounced in the energy range from
2 MeV up to Qββ.
We run the fit including the two 2νββmodels alternatively.

In the SSD scenario, the fit reproduces the four experimental
spectra very effectively with a global χ2=ndf ¼ 255=254
(calculated a posteriori as a quality check). In particular, we
show in Fig. 2 the excellent description of the spectral shape
of M1β=γ data, which drives the normalization of the 2νββ
component. Conversely, the HSD does not provide a satis-
factory description of the experimental data (χ2=ndf ¼
360=254). In Fig. 3 we compare the two reconstructions.
As shown in the top panel, the disagreement is more
pronounced above 2 MeV, where we expect the largest
difference between SSD and HSD models (Fig. 1).
Considering the active mass of 8.74 kg of 95% enriched
Zn82Se, we measure a 2νββ activity of [8.71" 0.03 (stat)]
mBq (SSD) and [8.74" 0.03 (stat)] mBq (HSD). The
statistical uncertainty also includes the effect of the corre-
lation among the 2νββ and the other spectra, since the 2νββ
posterior is marginalized over the nuisance parameters (i.e.,
the activities of the background sources).
We investigate the systematic uncertainty affecting the

2νββ activity performing the following fits in which: (i) we
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FIG. 1. The electrons sum spectra of 82Se 2νββ simulated
according to higher-state dominated (HSD, blue dashed line) and
single state dominated (SSD, solid red line) hypothesis. In the top
panel, we compare the percentage difference of the HSD
spectrum with respect to the SSD spectrum (black solid line)
with the statistical uncertainty of the collected data (green shaded
band) and the total uncertainty on the 2νββ counts reconstructed
in the following analysis (red shaded band). The energy region
from 2 MeV to the endpoint (Qββ) is the most sensitive to the
different spectral shape.
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simulate the contaminants in different positions of the
cryostat and its shields; (ii) we remove the sources resulting
with an activity compatible with zero; (iii)we include the
90Sr=90Y contamination of ZnSe in the source list; (iv) we
use a fixed step binning for the M1β=γ spectrum
(15–50 keV); (v) we vary the threshold of the M1β=γ

spectrum (300, 400, 500, 600, 800, 900, 1000 keV); (vi) we
do not apply the α identification, thus fitting a unique M1

spectrum from 700 keV to 8 MeV; (vii) we do not apply the
energy scale correction; (viii) we use non-negative uniform
priors for all the sources.
For each class of systematic effect, we quote the

corresponding uncertainty as the maximum variation of
the 2νββ activity with respect to the reference value. We
also verified that the 2νββ activity evaluation is stable when
fitting subsets of data. Particularly, by dividing the data in
two halves corresponding to the first and second part of
data taking, or selecting different group of detectors, we
obtain results fully compatible from the statistical point of
view. We evaluate the combined systematic uncertainty
of the fit adding in quadrature all the uncertainties listed
in Table I. Finally, we include the uncertainties on the

theoretical description of the 2νββ decay (1.0% [37]),
efficiency calculation and 82Se nuclei, added in quadrature.
To investigate the compatibility of the two models with

the data, we compare the experimental counts (Nexp) in the
range between 2 and 3 MeV with the ones predicted by
the two models (NX where X ¼ SSD or HSD). We quantify
the accordance between data and model through the
parameter

tX ¼
jNexp − NXjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2exp þ σ2X

q ; ð1Þ

where σexp ¼
ffiffiffiffiffiffiffiffiffi
Nexp

p
, and σX is the statistical uncertainty of

the counts predicted by the model.
In the different fits performed to quantify the systematic

effect (Table I), tHSD spans from 6.6 to 5.5, while tSSD is
always of the order of 1. The results obtained from the fit
configuration that returns the lowest value for HSD are
reported in Table II. To investigate the sensitivity of the
experiment to reject the HSD hypothesis, we performed a
toy MC simulation in which 106 experiments have been
simulated by generating Poisson distributed experimental
counts in the [2–3] MeV range. For each simulated
experiment, we computed the value of tHSD, taking into
account the statistical and systematic uncertainties of the
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FIG. 2. Energy spectrum of the M1β=γ events collected by
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FIG. 3. Comparison between theM1β=γ experimental spectrum
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experimental data in the energy region above 2 MeV, where
the difference between the models is more prominent.
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Detector upgrade
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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

Background partition (N.B. systematics in slide 11) 

 ~44% muons 

 ~33% contaminations ZnSe crystals  

 ~17% cryostat 

 ~6% reflecting foil and holders 

 Muon-veto surrounding the cryostat (lateral +top)  

 Removal of  reflecting foils (coincidences)  

 Addition of  internal copper shield

Upgrade (January-May 2019) 

https://cupid-0.lngs.infn.it

https://cupid-0.lngs.infn.it


Conclusions

 CUPID-0 is the first ββ-decay experiment based on scintillating cryogenic detectors 
(highly enriched) 

 It features an excellent alpha-rejection, and the lowest background among cryogenic 
calorimeter 

 We obtain the best limit on 82Se 0νββ and the precisest measurement of  2νββ

 CUPID-0 Phase II release within 2020

 15

CUORE, CUPID-0, and CUPID-Mo provide the most stringent limits on 0νββ,
and the most precise measurements of  2νββ on three different isotopes.

Solid foundations for the CUPID experiment!
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(i) both bulk and surface α sources localized in the
ZnSe crystals and in the reflective foil, since their
normalization is constrained by the M1α spectrum;

(ii) γ sources of which the normalization is determined
by the intensity of the experimental peaks;

(iii) muons, since they are normalized on the higher
multiplicity spectra.

The remaining contribution to the background model,
excluding the two 2νββ modes, is represented by ten
sources correlated to the searched signature, since they
produce a continuum in the 1500–2000 keV energy range.
Their effect on the measured coupling constant is sub-
sequently discussed.
To extract the value of a

∘ ð3Þ
of , the Γ

Exp
2ν;LV=Γ

Exp
2ν;SM ratio [see

Eqs. (2)–(4)] is computed for each sampling of the joint
posterior pdf. In Fig. 2, the experimentalM1β=γ spectrum is
shown together with the reconstruction. The experimental
data are well described by the chosen model, even with the
inclusion of the Lorentz violating 2νββ. The distribution of
fit residuals has a Gaussian shape, with average compatible
with zero and σ compatible with 1. In addition, the values
of the background sources activities present only small
variations with respect to the results reported in Ref. [17].
In particular, the 2νββ activity obtained by this fit is

ð9.8# 0.1Þ × 10−4 Bq=kg, while in the background
model, it is ð9.96# 0.03Þ × 10−4 Bq=kg.
From the posterior distribution for Γ2ν

Standard=Γ2ν
LV (R), the

distribution for a
∘ ð3Þ
of can be calculated, combining the

sampled posterior distribution with the theoretical
value for the reciprocal weight of the two decay modes
[Eqs. (2)–(4)]. The conversion factor from R to a

∘ ð3Þ
of is

calculated from Eqs. (1)–(3) as follows:

ITheo2ν;SM

10 · ITheo2ν;LV
¼ ð213.3# 0.7Þ × 10−6 GeV; ð5Þ

where the error is due to the uncertainty on the Q-value of
82Se 2νββ. We folded this uncertainty in R, using the
Gaussian distribution for ITheo2ν;SM=ð10 · ITheo2ν;LVÞ. Since no
significant evidence of the Lorentz violating 2νββ could
be detected, a 90% credible interval (CI) limit is determined
from the obtained a

∘ ð3Þ
of distribution.

V. SYSTEMATICS STUDY

The posterior pdf is affected by the correlation with the
nuisance parameters of the model, i.e., the other normali-
zation coefficients and the influence variables. The corre-
lation with other model parameters is taken into account
during the marginalization of the joint posterior distribu-
tion. The influence variables instead are arbitrary param-
eters used in the fit and have to be changed to determine
their effect on the analysis result. The bin width used to
build the spectra and the lower threshold applied to the data
have been considered as influence variables. The following
tests have been performed:

(i) Bin: —Bin values of 15, 30, and 50 keV have been
used to perform the fit.

(ii) Threshold: —Thresholds of 200, 300, and 500 keV
have been used in different fits.

Alongside the influence variables, the hypothesis on the
source location in the background model constitutes
another possible source of systematic uncertainty. In
particular, the positioning of 40K, 60Co, and 232Th=238U
has to be taken into account, since these sources produce
experimental signatures correlated to the Lorentz violating
2νββ. As reported in Ref. [17], the CUPID-0 cryostat
model is radially divided by the Roman lead shield in two
sections, one internal and one external. 40K, 60Co, and
232Th=238U can be present both inside and outside the
Roman lead shield. The 232Th=238U component can in
addition be localized in the Roman lead shield, providing
further variability. During the performed tests, each source
has been removed from one of the possible locations,
resulting in two tests (internal or external) for 40K and 60Co
and three tests for 232Th=238U (no internal, no external, and
no Roman lead). An additional influence on the limit also
comes from the presence of an unidentified contamination
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FIG. 2. CUPID-0 M1β=γ (9.95 kg × yr of ZnSe exposure)
(black dots). The red line shows the reconstruction performed
with the fit. The green dashed line is the reconstruction of the
standard 2νββ, while the orange spectrum is the 90% CI limit for
the Lorentz violating component.The blue dashed line is the sum
of all the other 32 background contributions. In the upper panel,
the residuals are reported as a function of the energy. The
agreement is good over all energies, especially around the peaks,
where the model exploits the relevant spectral features to fix its
reconstruction.

O. AZZOLINI et al. PHYS. REV. D 100, 092002 (2019)

092002-4

Search for CPT violation

 17

☞ PHYS. REV. D 100, 092002 (2019)  

has mass dimension 3, is renormalizable, and is odd under
CPT. The strength of its interaction is given by the four
independent components of the ðað3Þof Þα coefficient. The
absolute value of these components is proportional to the
intensity of LV. The three directional components are
labeled as að3Þof , while the anisotropic component is labeled

as a
∘ ð3Þ
of . The former can be studied in experiments directly

sensitive to the particle directions, while the latter can
be studied when directions are not taken into account.
The interactions of neutrinos with this operator modify

their quadrimomentum from qα ¼ ðω; qÞ to q̃α ¼ ðω; qþ
að3Þof − a

∘ ð3Þ
of q̂Þ [6,8]. In double beta-decay (2νββ) experi-

ments measuring only the energy of the two emitted

electrons, only a
∘ ð3Þ
of remains as a possible source for LV.

The standard 2νββ electrons sum spectrum [9–11] is
modified in shape, with a sizable modification parametrized

by a
∘ ð3Þ
of . In this work, we present the search for this

deformation in CUPID-0, exploiting the excellent resolu-
tion and background rejection capability of our detector to

put a limit on the value of a
∘ ð3Þ
of .

II. CUPID-0 DETECTOR

CUPID-0 is an experiment designed to search for
the neutrinoless double beta decay (0νββ) of 82Se
(Qvalue ¼ 2997.9% 0.3 keV [12]) with a calorimetric
approach, using the technique of scintillating bolometers.
The detector, described in detail in Ref. [13], is composed
by 26 ZnSe scintillating crystals (24 enriched at 95% in
82Se and two with natural isotopic abundance) acting as
bolometers and interleaved with high purity germanium
bolometric light detectors (LDs). The experiment is oper-
ating at a base temperature of 10 mK in hall A of Gran
Sasso National Laboratory (Italy). The ZnSe crystals and
LD are held in position and thermalized through a
mechanical copper structure and Teflon supports. The
crystals are surrounded by VikuityTM reflective foil, to
enhance the light collection. The dual heat/light readout
allows us to combine the excellent energy resolution of
bolometers with the background rejection capabilities of
scintillators. Indeed, CUPID-0 reached the lowest back-
ground ever measured in a 0νββ bolometric detector,
setting the most stringent limits in the search of the 82Se
0νββ to the fundamental and excited states of 82Kr [14–16].
A comprehensive background model has also been devel-
oped for CUPID-0 [17], evaluating and localizing all
the possible sources of background for the detector. The
understanding of the experimental data obtained with this
model allowed us to exploit the high number of 2νββ events
for detailed studies on this process. CUPID-0 is therefore a
suitable candidate with which to perform the study of the

2νββ spectral shape to evaluate the a
∘ ð3Þ
of parameter.

III. LORENTZ VIOLATION IN DOUBLE
BETA DECAY

The inclusion of Lorentz violating 2νββ changes the
energy spectrum of the two emitted electrons with an
additive term parametrized by a

∘ ð3Þ
of . The differential spec-

trum can be expressed with

dΓ
dE

¼ C · FðZ; t1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t1ðt1 þ 2Þ

p
ðt1 þ 1Þ

· FðZ; E − t1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E − t1ðE − t1 þ 2Þ

p
ðE − t1 þ 1Þ

· ½ðQ − EÞ5 þ 10 · a
∘ ð3Þ
of ðQ − EÞ4Þ'

¼ C ·
"
dITheo2ν;SM

dE
þ 10 · a

∘ ð3Þ
of

dITheo2ν;LV

dE

#
; ð1Þ

where t1 is the energy of one of the two emitted electrons, E
is the sum of the two emitted electrons kinetic energy, Q is
the Q-value of the 2νββ, C is the factor taking into account
the nuclear matrix element and normalization constants

[8,18], F is the Coulomb correction [19], and
dITheo2ν;SM
dE and

dITheo2ν;LV
dE are the SM and LV terms of the decay amplitude. The

LV is represented as an additive term, characterized by a
different spectral shape and the weight of which is given by
a
∘ ð3Þ
of . In Fig. 1, the simulations of the two 2νββ modes for

82Se are reported. These simulations take into account all
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FIG. 1. Comparison between standard (black) and Lorentz
violating (red) 2νββ simulated electron spectra for 82Se. The
simulation is based on exact phase space calculation for 2νββ [10].
The emitted electrons are propagated in the detector geometry, and
the bremsstrahlung emission is also implemented. The spectra are
normalized to the same integral. In the upper panel, the ratio of the
two spectra is reported as a function of the energy.
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has mass dimension 3, is renormalizable, and is odd under
CPT. The strength of its interaction is given by the four
independent components of the ðað3Þof Þα coefficient. The
absolute value of these components is proportional to the
intensity of LV. The three directional components are
labeled as að3Þof , while the anisotropic component is labeled

as a
∘ ð3Þ
of . The former can be studied in experiments directly

sensitive to the particle directions, while the latter can
be studied when directions are not taken into account.
The interactions of neutrinos with this operator modify

their quadrimomentum from qα ¼ ðω; qÞ to q̃α ¼ ðω; qþ
að3Þof − a

∘ ð3Þ
of q̂Þ [6,8]. In double beta-decay (2νββ) experi-

ments measuring only the energy of the two emitted

electrons, only a
∘ ð3Þ
of remains as a possible source for LV.

The standard 2νββ electrons sum spectrum [9–11] is
modified in shape, with a sizable modification parametrized

by a
∘ ð3Þ
of . In this work, we present the search for this

deformation in CUPID-0, exploiting the excellent resolu-
tion and background rejection capability of our detector to

put a limit on the value of a
∘ ð3Þ
of .

II. CUPID-0 DETECTOR

CUPID-0 is an experiment designed to search for
the neutrinoless double beta decay (0νββ) of 82Se
(Qvalue ¼ 2997.9% 0.3 keV [12]) with a calorimetric
approach, using the technique of scintillating bolometers.
The detector, described in detail in Ref. [13], is composed
by 26 ZnSe scintillating crystals (24 enriched at 95% in
82Se and two with natural isotopic abundance) acting as
bolometers and interleaved with high purity germanium
bolometric light detectors (LDs). The experiment is oper-
ating at a base temperature of 10 mK in hall A of Gran
Sasso National Laboratory (Italy). The ZnSe crystals and
LD are held in position and thermalized through a
mechanical copper structure and Teflon supports. The
crystals are surrounded by VikuityTM reflective foil, to
enhance the light collection. The dual heat/light readout
allows us to combine the excellent energy resolution of
bolometers with the background rejection capabilities of
scintillators. Indeed, CUPID-0 reached the lowest back-
ground ever measured in a 0νββ bolometric detector,
setting the most stringent limits in the search of the 82Se
0νββ to the fundamental and excited states of 82Kr [14–16].
A comprehensive background model has also been devel-
oped for CUPID-0 [17], evaluating and localizing all
the possible sources of background for the detector. The
understanding of the experimental data obtained with this
model allowed us to exploit the high number of 2νββ events
for detailed studies on this process. CUPID-0 is therefore a
suitable candidate with which to perform the study of the

2νββ spectral shape to evaluate the a
∘ ð3Þ
of parameter.

III. LORENTZ VIOLATION IN DOUBLE
BETA DECAY

The inclusion of Lorentz violating 2νββ changes the
energy spectrum of the two emitted electrons with an
additive term parametrized by a

∘ ð3Þ
of . The differential spec-

trum can be expressed with

dΓ
dE

¼ C · FðZ; t1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t1ðt1 þ 2Þ

p
ðt1 þ 1Þ
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where t1 is the energy of one of the two emitted electrons, E
is the sum of the two emitted electrons kinetic energy, Q is
the Q-value of the 2νββ, C is the factor taking into account
the nuclear matrix element and normalization constants

[8,18], F is the Coulomb correction [19], and
dITheo2ν;SM
dE and

dITheo2ν;LV
dE are the SM and LV terms of the decay amplitude. The

LV is represented as an additive term, characterized by a
different spectral shape and the weight of which is given by
a
∘ ð3Þ
of . In Fig. 1, the simulations of the two 2νββ modes for

82Se are reported. These simulations take into account all
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FIG. 1. Comparison between standard (black) and Lorentz
violating (red) 2νββ simulated electron spectra for 82Se. The
simulation is based on exact phase space calculation for 2νββ [10].
The emitted electrons are propagated in the detector geometry, and
the bremsstrahlung emission is also implemented. The spectra are
normalized to the same integral. In the upper panel, the ratio of the
two spectra is reported as a function of the energy.
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has mass dimension 3, is renormalizable, and is odd under
CPT. The strength of its interaction is given by the four
independent components of the ðað3Þof Þα coefficient. The
absolute value of these components is proportional to the
intensity of LV. The three directional components are
labeled as að3Þof , while the anisotropic component is labeled

as a
∘ ð3Þ
of . The former can be studied in experiments directly

sensitive to the particle directions, while the latter can
be studied when directions are not taken into account.
The interactions of neutrinos with this operator modify

their quadrimomentum from qα ¼ ðω; qÞ to q̃α ¼ ðω; qþ
að3Þof − a
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of q̂Þ [6,8]. In double beta-decay (2νββ) experi-

ments measuring only the energy of the two emitted

electrons, only a
∘ ð3Þ
of remains as a possible source for LV.

The standard 2νββ electrons sum spectrum [9–11] is
modified in shape, with a sizable modification parametrized

by a
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of . In this work, we present the search for this

deformation in CUPID-0, exploiting the excellent resolu-
tion and background rejection capability of our detector to

put a limit on the value of a
∘ ð3Þ
of .

II. CUPID-0 DETECTOR

CUPID-0 is an experiment designed to search for
the neutrinoless double beta decay (0νββ) of 82Se
(Qvalue ¼ 2997.9% 0.3 keV [12]) with a calorimetric
approach, using the technique of scintillating bolometers.
The detector, described in detail in Ref. [13], is composed
by 26 ZnSe scintillating crystals (24 enriched at 95% in
82Se and two with natural isotopic abundance) acting as
bolometers and interleaved with high purity germanium
bolometric light detectors (LDs). The experiment is oper-
ating at a base temperature of 10 mK in hall A of Gran
Sasso National Laboratory (Italy). The ZnSe crystals and
LD are held in position and thermalized through a
mechanical copper structure and Teflon supports. The
crystals are surrounded by VikuityTM reflective foil, to
enhance the light collection. The dual heat/light readout
allows us to combine the excellent energy resolution of
bolometers with the background rejection capabilities of
scintillators. Indeed, CUPID-0 reached the lowest back-
ground ever measured in a 0νββ bolometric detector,
setting the most stringent limits in the search of the 82Se
0νββ to the fundamental and excited states of 82Kr [14–16].
A comprehensive background model has also been devel-
oped for CUPID-0 [17], evaluating and localizing all
the possible sources of background for the detector. The
understanding of the experimental data obtained with this
model allowed us to exploit the high number of 2νββ events
for detailed studies on this process. CUPID-0 is therefore a
suitable candidate with which to perform the study of the

2νββ spectral shape to evaluate the a
∘ ð3Þ
of parameter.

III. LORENTZ VIOLATION IN DOUBLE
BETA DECAY

The inclusion of Lorentz violating 2νββ changes the
energy spectrum of the two emitted electrons with an
additive term parametrized by a
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of . The differential spec-

trum can be expressed with
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where t1 is the energy of one of the two emitted electrons, E
is the sum of the two emitted electrons kinetic energy, Q is
the Q-value of the 2νββ, C is the factor taking into account
the nuclear matrix element and normalization constants

[8,18], F is the Coulomb correction [19], and
dITheo2ν;SM
dE and

dITheo2ν;LV
dE are the SM and LV terms of the decay amplitude. The

LV is represented as an additive term, characterized by a
different spectral shape and the weight of which is given by
a
∘ ð3Þ
of . In Fig. 1, the simulations of the two 2νββ modes for

82Se are reported. These simulations take into account all
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FIG. 1. Comparison between standard (black) and Lorentz
violating (red) 2νββ simulated electron spectra for 82Se. The
simulation is based on exact phase space calculation for 2νββ [10].
The emitted electrons are propagated in the detector geometry, and
the bremsstrahlung emission is also implemented. The spectra are
normalized to the same integral. In the upper panel, the ratio of the
two spectra is reported as a function of the energy.
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We present the search for Lorentz violation in the double beta decay of 82Se with CUPID-0, using an
exposure of 9.95 kg × yr. We found no evidence for the searched signal and set a limit on the isotropic

components of the Lorentz violating coefficient of a
∘ ð3Þ
of < 4.1 × 10−6 GeV (90% credible interval). This

results is obtained with a Bayesian analysis of the experimental data and fully includes the systematic

uncertainties of the model. This is the first limit on a
∘ ð3Þ
of obtained with a scintillating bolometer, showing the

potentiality of this technique.
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I. INTRODUCTION

The development of a coherent theory capable of
unifying quantum mechanics and general relativity is a
central goal of contemporary particle physics. Different
solutions to this problem hypothesize the existence of
unconventional physical phenomena at the Planck scale
(approximately 1019 GeV), violating the fundamental sym-
metries of nature. In particular, several models include the
breakdown of Lorentz and charge-parity-time reversal
(CPT) symmetries for the sake of a consistent quantum

gravity description [1]. Since this new phenomenology
arises at unreachable energies, a direct observation cannot
be performed. Nevertheless, such new physics can impact
the Standard Model (SM) predictions as an effective theory
characterized by Lorentz symmetry violation (LV) [2],
producing sizeable effects in low energy processes like
double beta decay. The Standard Model extension (SME)
[3–5] is the framework where these effective quantum field
operators are described, including both LV and CPT-odd
operators. LV is included with background fields with
nonzero vacuum expectation values, resulting in the spon-
taneous breaking of space-time symmetry [6]. Neutrino
physics is an ideal benchmark to test SME prediction, as
many operators affect macroscopic phenomena such as
neutrino oscillations [7]. In particular, there exists a
countershaded operator with no impact on neutrino veloc-
ities, that cannot be investigated in neutrino oscillations or
time-of-flight measurements. The countershaded operator
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simulate the contaminants in different positions of the
cryostat and its shields; (ii) we remove the sources resulting
with an activity compatible with zero; (iii)we include the
90Sr=90Y contamination of ZnSe in the source list; (iv) we
use a fixed step binning for the M1β=γ spectrum
(15–50 keV); (v) we vary the threshold of the M1β=γ

spectrum (300, 400, 500, 600, 800, 900, 1000 keV); (vi) we
do not apply the α identification, thus fitting a unique M1

spectrum from 700 keV to 8 MeV; (vii) we do not apply the
energy scale correction; (viii) we use non-negative uniform
priors for all the sources.
For each class of systematic effect, we quote the

corresponding uncertainty as the maximum variation of
the 2νββ activity with respect to the reference value. We
also verified that the 2νββ activity evaluation is stable when
fitting subsets of data. Particularly, by dividing the data in
two halves corresponding to the first and second part of
data taking, or selecting different group of detectors, we
obtain results fully compatible from the statistical point of
view. We evaluate the combined systematic uncertainty
of the fit adding in quadrature all the uncertainties listed
in Table I. Finally, we include the uncertainties on the

theoretical description of the 2νββ decay (1.0% [37]),
efficiency calculation and 82Se nuclei, added in quadrature.
To investigate the compatibility of the two models with

the data, we compare the experimental counts (Nexp) in the
range between 2 and 3 MeV with the ones predicted by
the two models (NX where X ¼ SSD or HSD). We quantify
the accordance between data and model through the
parameter

tX ¼
jNexp − NXjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2exp þ σ2X

q ; ð1Þ

where σexp ¼
ffiffiffiffiffiffiffiffiffi
Nexp

p
, and σX is the statistical uncertainty of

the counts predicted by the model.
In the different fits performed to quantify the systematic

effect (Table I), tHSD spans from 6.6 to 5.5, while tSSD is
always of the order of 1. The results obtained from the fit
configuration that returns the lowest value for HSD are
reported in Table II. To investigate the sensitivity of the
experiment to reject the HSD hypothesis, we performed a
toy MC simulation in which 106 experiments have been
simulated by generating Poisson distributed experimental
counts in the [2–3] MeV range. For each simulated
experiment, we computed the value of tHSD, taking into
account the statistical and systematic uncertainties of the
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solid red line is the results of the Bayesian fit reconstruction with
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FIG. 3. Comparison between theM1β=γ experimental spectrum
(black dots) and the background model resulting from the fit,
assuming the 2νββ is SSD (red line) or HSD (blue line),
alternatively. In the top panel, we show the cumulative χ2 of
the fits, calculated from 700 keV adding the pull squares of each
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that SSD model provides a much better description of the
experimental data in the energy region above 2 MeV, where
the difference between the models is more prominent.
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model reconstruction. The central value of the resulting
distribution of the t parameter is 6.1, and the probability to
obtain t > 3 is > 99.8%. The very high statistical signifi-
cance of this result, allows us to discover that the 2νββ of
82Se is single state dominated, ruling out the HSD hypoth-
esis. We convert the experimental value of 2νββ activity
and its uncertainty in the 82Se 2νββ half-life,

T2ν
1=2 ¼ ½8.60# 0.03ðstatÞ þ0.19

−0.13ðsystÞ' × 1019 yr: ð2Þ

This value is compatible at 1.3σ with the NEMO-3 result
[13], but the statistical and systematic uncertainties are
improved by a factor of 6 and 3, respectively. Finally, we
determine Meff

2ν for the 2νββ of 82Se to be Meff
2ν ¼

0.0763 þ0.0008
−0.0010 , calculating G2ν ¼ ð1.996# 0.028Þ ×

10−18 y−1 under the SSD model [36].
Since the 2νββ of 82Se has been not expected to be single

state dominated, the Meff
2ν calculated up to now in the

framework of different models (IBM [38], ISM [39,40],
and QRPA [41,42]) cannot be compared with our result.
This will be a useful benchmark for the nuclear models,
when Meff

2ν calculations become available.
In summary, we have performed the most precise

measurement of the 82Se 2νββ half-life, with an uncertainty
of 2.2%. Such precision level is the best ever obtained
among the 2νββ measurements of 76Ge by GERDA (4.9%
[43]), 100Mo by LUMINEU (5.8% [18]), 130Te by CUORE-0
(7.7% [35]), and 136Xe by EXO-200 (2.8% [44]). Moreover,
we have established that the 2νββ of 82Se is single state
dominated, ruling out the hypothesis that the higher states of
the intermediate nucleus participate in this nuclear transition.
Such results are based on a solid model of the CUPID-0
background [32] and are achieved operating ultrapure
scintillating cryogenic calorimeters, highly enriched in
82Se, with detailed control of the radioactive contamination
of the materials. The wide span of physics results obtained,
despite the small exposure, proves oncemore the potential of
cryogenic calorimeters, setting an important milestone for
the next-generation CUPID experiment.
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TABLE I. Systematic uncertainties affecting the 2νββ activity
measurement due to fit parametrization. For each class of test, we
calculate the maximum deviation of the 2νββ 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 efficiency and the number of 82Se
nuclei. In the last row, we quote the total systematic uncertainty,
given by summing in quadrature the listed contributions.

Systematic Source ΔA2ν

Fit Source localization þ0.36
−0.21%

Reduced sources list −0.10%
90Sr=90Y −1.57%
Fixed step binning þ0.16%
Threshold of M1β=γ þ0.15%
α identification −0.01%
Energy scale −0.39%
Prior distributions þ0.04%

Combined þ0.4
−1.6%

Detector efficiency #0.5%
82Se atoms #1.0%

Model 2νββ #1.0%

Total þ1.6
−2.2%

TABLE II. Comparison between the experimental counts of the
M1 spectrum from 2 to 3 MeV and the expected ones by the
model, assuming that 2νββ is SSD or HSD, alternatively. We
report only the results of the fit in which we choose a threshold of
900 keV, since this returns the lowest value of the t parameter for
HSD.

Spectrum Counts t [σ]

Experimental 14830# 122
Model (SSD) 14972# 57 1.1
Model (HSD) 14095# 56 5.5
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simulate the contaminants in different positions of the
cryostat and its shields; (ii) we remove the sources resulting
with an activity compatible with zero; (iii)we include the
90Sr=90Y contamination of ZnSe in the source list; (iv) we
use a fixed step binning for the M1β=γ spectrum
(15–50 keV); (v) we vary the threshold of the M1β=γ

spectrum (300, 400, 500, 600, 800, 900, 1000 keV); (vi) we
do not apply the α identification, thus fitting a unique M1

spectrum from 700 keV to 8 MeV; (vii) we do not apply the
energy scale correction; (viii) we use non-negative uniform
priors for all the sources.
For each class of systematic effect, we quote the

corresponding uncertainty as the maximum variation of
the 2νββ activity with respect to the reference value. We
also verified that the 2νββ activity evaluation is stable when
fitting subsets of data. Particularly, by dividing the data in
two halves corresponding to the first and second part of
data taking, or selecting different group of detectors, we
obtain results fully compatible from the statistical point of
view. We evaluate the combined systematic uncertainty
of the fit adding in quadrature all the uncertainties listed
in Table I. Finally, we include the uncertainties on the

theoretical description of the 2νββ decay (1.0% [37]),
efficiency calculation and 82Se nuclei, added in quadrature.
To investigate the compatibility of the two models with

the data, we compare the experimental counts (Nexp) in the
range between 2 and 3 MeV with the ones predicted by
the two models (NX where X ¼ SSD or HSD). We quantify
the accordance between data and model through the
parameter

tX ¼
jNexp − NXjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2exp þ σ2X

q ; ð1Þ

where σexp ¼
ffiffiffiffiffiffiffiffiffi
Nexp

p
, and σX is the statistical uncertainty of

the counts predicted by the model.
In the different fits performed to quantify the systematic

effect (Table I), tHSD spans from 6.6 to 5.5, while tSSD is
always of the order of 1. The results obtained from the fit
configuration that returns the lowest value for HSD are
reported in Table II. To investigate the sensitivity of the
experiment to reject the HSD hypothesis, we performed a
toy MC simulation in which 106 experiments have been
simulated by generating Poisson distributed experimental
counts in the [2–3] MeV range. For each simulated
experiment, we computed the value of tHSD, taking into
account the statistical and systematic uncertainties of the
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FIG. 2. Energy spectrum of the M1β=γ events collected by
CUPID-0 in 9.95 kg yr of Zn82Se exposure (black dots). Only
three γ lines are clearly visible over the continuum due to 2νββ:
65Zn at 1116 keV, 40K at 1461 keV, and 208Tl at 2615 keV. The
solid red line is the results of the Bayesian fit reconstruction with
the SSD hypothesis for the 2νββ decay. The green line represents
the 2νββ component, simulated assuming that the 2νββ is SSD.
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The corresponding uncertainties at 1, 2, 3σ are shown as colored
bands centered at 1.
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FIG. 3. Comparison between theM1β=γ experimental spectrum
(black dots) and the background model resulting from the fit,
assuming the 2νββ is SSD (red line) or HSD (blue line),
alternatively. In the top panel, we show the cumulative χ2 of
the fits, calculated from 700 keV adding the pull squares of each
bin to the ones of the previous bins. The χ2 vs energy points out
that SSD model provides a much better description of the
experimental data in the energy region above 2 MeV, where
the difference between the models is more prominent.
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Fit Results: M1 - α
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Fit Results: M2
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Fit Results: Σ2
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Fig. 7 (Color online) Correlation matrix among the recon-
structed activities. The source indexes are from Table 4.
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Fig. 8 Pull distribution obtained from the reference fit resid-
uals of all bins. The Gaussian fit to the pull distribution gives
µ=0.00±0.07 and �=1.11±0.06, with �2/dof = 18.4/15.

6.1 Analysis of 0⌫�� ROI and systematics644

To analyze the background in the region of interest645

around the 82Se 0⌫�� Q-value (2997.9±0.3 keV [33]),646

we define a 400 keV interval from 2.8 MeV to 3.2 MeV647

(hereinafter referred to as ROIbkg). The energy range648

chosen for ROIbkg is much wider with respect to the649

(23±0.6) keV FWHM energy resolution at Q-value [4],650

in order to include enough experimental counts to be651

used as a benchmark for background model predictions.652

In Figure 9, we show the reconstructed M1�/� spectra653

of di↵erent groups of sources, and their contribution to654

the ROIbkg counting rate.655

The counts predicted by the background model in the656

ROIbkg are 50.5 ± 1.3. This is perfectly compatible657

with the 52 counts experimentally observed. Most part658

of ROIbkg events are due to 208Tl decays inside the 659

Crystals . This radioisotope belongs to the lower part 660

of 232Th chain and decays via �/� with a Q-value of 661

about 5 MeV. Based on the background model results, 662

the 228Ra–208Pb source in the bulk of Crystals pro- 663

duces (8.4± 0.3)⇥ 10�3counts/(keV kg yr). The same 664

contaminant on the surfaces of Crystals results in a rate 665

of (7.8±1.2)⇥10�4counts/(keV kg yr). These rates cor- 666

respond to a total amount of ⇠37 counts in the ROIbkg. 667

Nevertheless, since the 208Tl half-life is relatively short 668

(3.05 min), the 208Tl events can be rejected by exploit- 669

ing the time coincidence with its parent, 212Bi [19]. For 670

each event in the ROIbkg, we check if it is preceded 671

by a 212Bi-like ↵ event in the same crystal. By ap- 672

plying a 7⇥T1/2 window time veto to the simulations 673

of 228Ra–208Pb sources, the predicted counting rates in 674

the ROIbkg become (3.4±0.6)⇥10�4counts/(keV kg yr) 675

and (3.4± 0.5)⇥ 10�4 counts/(keV kg yr) for bulk and 676

surface contaminations of Crystals , respectively. Hence 677

the model predicts the rejection of 34 ± 1 counts. In the 678

experimental data we observe the rejection of 38 events. 679

We ascribe the higher event rejection in the experimen- 680

tal data to random coincidences in the time veto win- 681

dow. 682

Nonetheless, after applying the time veto, the back- 683

ground model predicts 16.5 ± 0.8 counts in ROI, which 684

is still well compatible with the 14 measured ones. 685

In Table 5, we report the counting rates reconstructed 686

in the ROIbkg through the background model for the 687

di↵erent sources after applying the time veto to reject 688

208Tl events. We sum the contributions from surface 689

contaminations at di↵erent depths, and from the di↵er- 690

ent components of cryostat and shields, thus reducing 691

the e↵ect of anti-correlation a↵ecting these sources. As 692

shown in Figure 9, the spectra of background sources in 693

the ROIbkg exhibit either a flat or a decreasing trend, 694

with no significant peaking structures. Since the ROIbkg 695

is symmetrical around 82Se �� Q-value, the counting 696

rate in the ROIbkg is a good approximation of the ex- 697

pected rate in the narrower region where the 0⌫�� 698

signature is searched. This is true for all background 699

components except for the 2⌫�� one, because its spec- 700

trum has the endpoint at the Q-value of 82Se �� de- 701

cay. The contribution from 2⌫�� source reported in 702

Table 5 is produced exclusively by events with energy 703

< 2950 keV, while the expected counting rate from 704

2⌫�� in a 100 keV range centered at 82Se Q-value is 705

< 3⇥ 10�6counts/(keV kg yr). 706

In order to study the systematic uncertainties of the 707

background reconstruction in the ROIbkg, we perform 708

some fits in which the sources are modeled in a di↵erent 709

way with respect to the reference fit. Particularly, we 710

performed the following tests: 711

2νββ
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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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64 3. ZnSe scintillating bolometers
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Figure 3.16. Left: decay scheme of 214Bi. The short life of its daughter, 214Po, causes
the superimposition of the — emitted by 214Bi and the – particle produced by 214Po.
Right: decay scheme of 208Tl. The delayed coincidence with the – particle produced by
its mother, 212Bi, allows to suppress this background source.

Summarizing, the internal contaminations of 214Bi and 208Tl do not represent a
dangerous problem for the achievement of a background of 10≠3 counts/keV/kg/y,
which is the goal of the LUCIFER experiment. In any case, purification techniques
are under study in order to reduce bulk contaminations of the crystals.

3.3.5 Low energy study

To conclude this chapter, we report a preliminary result which is of particular
interest for experiments aiming at the detection of Dark Matter interactions. These
experiments need to disentangle the signal produced by nuclear recoils below 30 keV
(following the hypothesis that Dark Matter is made of WIMPs [122, 123]) from
the background induced by —/“s. We analyzed the recoils following the – decay of
210Po. The analysis showed that this isotope is mainly deposited on the surface. As
a consequence the – particle can escape without releasing energy, while the nuclear
recoil is absorbed in the crystal. We observe events centered at 139.6 ± 0.6 keVee in
the ZnSe, i.e. 35% more energy than the nominal value (103 keV). The accuracy
of the calibration function has been checked down to 511 keV, where it shows a
deviation less than 1%. The extrapolation at lower energies is expected to maintain
or reduce this deviation. From the fit in Fig. 3.17, we evaluate the light emitted by
nuclear recoils as < 14 eV at 90% C.L., corresponding to LYnr < 0.140 keV/MeV at
90% C.L. We evaluate the light emitted in the range 10 ≠ 30 keVnr as < 1 ≠ 4 eV at
90% C.L. for nuclear recoils, and 90 ≠ 260 eV for —/“s.

In this test the energy threshold was not optimized and set at 70 keVee (≥ 50 keVnr,
assuming the 35% mis-calibration), while to be competitive with present experiments
it should be below 10 keVnr. Given the baseline fluctuation (2.4 keVee = 1.7 keVnr
) the required threshold could be reached with a trigger based on the optimum
filter [124]. However, to obtain a DP between —/“s and nuclear recoils at least larger
than 3, light detectors with baseline noise less than 20 eV RMS are needed. The light
detectors currently being used are far from this value (see Tab. 3.1) and obtaining

Cascade in 208Tl decay: 
2615 (100%) + 583 (86%) = 3198 keV

After an α-event whose energy falls in the interval 2-6.5 MeV a veto of  9.2 
minutes is activated to remove Tl event. 

Lower limit of  the energy for α-selection is chosen to include also surface 
contaminations.
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Table 5.4: Contaminations from different isotopes of the 238U and 232Th decay-chains derived
from the analysis of the ↵-region for most clean, most dirty crystals and the whole CUPID-0
array. Isotopes with long half-lives, that can break the secular equilibrium, are highlighted in
bold type. 210Pb is treated as bulk contamination, summing both the line at Q-value= 5407 keV
and the ↵-line at 5300 keV.

Contaminants ZnSe - most clean ZnSe - most dirty CUPID - 0
[µBq/kg] [µBq/kg] [µBq/kg]

232
Th < 0.54 8.6 ±1.2 2.5 ± 0.2

228
Th 2.3 ±0.8 26.9 ± 2.2 13.6 ± 0.4

224Ra 2.1 ±0.6 23.1 ± 2.0 10.9 ± 0.3
212Bi <3.7 24.2 ± 3.5 12.2 ± 0.6
238

U < 1.2 12.7 ± 1.5 5.1 ± 0.2
234

U 1.0 ± 2.0 14.7 ± 4.3 5.3 ± 0.8
230

Th < 2.4 16.4 ± 1.7 5.3 ± 0.2
226

Ra 3.8 ± 0.9 18.4 ± 1.8 17.0 ± 0.4
218Po 3.4 ± 0.6 19.8 ± 1.9 17.4 ± 0.4

210
Pb (bulk+surf) - - 18.8 ± 0.6

5.3 Preliminary background study

The collected statistics is not yet enough to allow for a detail background reconstruction.
Comparing CUPID-0 with CUORE-0 there are three main factors that increase the
complexity of the background model development. First, the enrichment in 82Se makes
the 2⌫�� decay the dominant contribution in the spectrum below 3 MeV. Therefore a
quite higher statistics is needed to identify any background peaks in this region. Second,
the lower Z reduces the detection efficiency for � radiation. Finally the reflecting foil,
but also the cylindrical shape of the crystals and the subsequence low compactness of
the detector, spoil the capability to tag surface contaminations by studying coincidence
among close crystals. A detailed background model of CUPID-0 will be possible in
the future by increasing the available statistics and exploiting the knowledge of the
cryostat contaminations achieved thanks to CUORE-0. Furthermore the knowledge of
the internal contaminations reported above and the preliminary study here introduced
are the fundamental starting point for the background reconstruction.

The lack of background model of course does not prevent to calculate the BI by
integrating the experimental spectrum in the region of interest. Nevertheless defining the
region of interest itself without a detailed model could be in general a chancy procedure,
but this is not the case. Three are the background contributions close to the Q�� of
the 82Se: pileup in 208Tl decay, high energy �s and �s of 214Bi and eventually muon
induced shower that produce single hit events. A good motivated choice for the ROI
to estimate the background is 2800–3200, since the 208Tl pileup is due to the sum of
2615 keV and 583 keV �-lines (i.e. 3198 keV) while the high energy �/�s of 214Bi are

From the first batch of  crystals to the last one,  
the radiopurity improves by a factor of  ten.

Crystal radiopurity



CUPID: CUORE Upgrade with Particle ID 
Mission: To discover 0νββ if  mββ > 10 meV (T1/2(100Mo) > 1×1027 yrs)

CUORE Achievements: 
• Ton-scale bolometric detector is technically feasible. 
• Analysis of  1000 bolometers demonstrated 
• Reliable data-driven background model constructed.  
• Infrastructure for next-generation experiment exists.

Scintillating Bolometer R&D by CUPID-0 and CUPID-Mo 
• Demonstrated large-scale enriched crystal production capability 
• Internal radio-purity targets met 
• Demonstrated active background rejection 
• Energy resolution ~5 keV demonstrated. 
• Total background of  ~10-1 cnts/ton-keV-yr achievable

CUORE to CUPID

 27



Conservative, Mature, Data Driven 
Baseline Design

CUPID Conceptual Design
• Re-use CUORE cryogenic infrastructure at LNGS 

• Li2100MoO4 scintillating crystals 

• ~1500 crystals for 270 kg of  100Mo 

• Active background rejection using light/heat 

• Options for multiple isotopes possible. 

• TDR and construction readiness in 2021
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