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Neutrinoless double beta decay

Why to search for 0νββ? 

• Lepton Number Violation process (ΔL = 2), 
not conserving the B-L symmetry of the 
SM;  

• Validation of the see-saw mechanism; 

• Neutrinos coincide with their antiparticles 
(Majorana particles); 

• Limits on neutrinos absolute mass scale: 
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14 1. New Physics searches in neutrino sector

to its average value me+Q/2, the half-life can be written in a much simpler way:
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G2‹ is the lepton phase-space integral, which depends on the Q-value of the decay
and on the charge of the final state nucleus. This term can be calculated very
precisely, provided that the description of the nuclear Coulomb e�ect on the emitted
electron is accurate enough.

M2‹ is the nuclear matrix element (NME), containing all the nuclear structure
e�ects. As explained in the next section, several methods based on di�erent ap-
proximations have been developed for the calculation of the NME. However, these
methods are characterized by a large error and the comparison between them is still
a delicate issue.

1.4.2 The 0-neutrino mode

The most interesting decay mode for DBD processes was discussed by Furry in 1937
in the form of [29]:

(Z, A) æ (Z + 2, A) + 2e
≠ (0‹DBD)

This decay, which does not conserve the lepton number (�L = 2), is not allowed by
the SM and, up to now, has never been observed.

In order to compare this decay with the 2‹DBD, we report their Feynman graphs
in Figure 1.4.
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Figure 1.4. Feynman graph for 2-neurinos (a) and neutrinoless (b) double beta decay.

Assuming that no right-handed current is present in the weak interaction, we can
describe the 0‹DBD as two subsequent steps (called “Racah Sequence”) in which a
right-handed anti-neutrino is emitted at the first vertex and a left-handed neutrino
is absorbed at the second one:

(Z, A) æ (Z + 1, A) + e
≠ + ‹e

2ν mode:  

• Allowed in SM; 

• Already observed for 
several nuclei; 

• Half-lives of the order 
~ 1018 - 1021 y;

0ν mode: 

• Not allowed in SM; 

• Never observed; 

• Limits on the Half-life: 
T1/2 > 1025 - 1026 y;
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Experimental search

3

Main experimental signature: 

Monochromatic peak centered at Qββ 
over the 2νββ tail; 

Two body decay:
(A, Z) → (A, Z + 2) + 2e−

Experimental sensitivity: 

 

• : detection efficiency; 

• : source mass [kg]; 

• : measure time [y]; 

• : background rate [counts/keV/kg/y]; 

• : experimental resolution [keV]; 

At zero background limit: 

S0ν ∝ ϵ
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The CUORE experiment
• Ton-scale: 998 TeO2 crystals; 

• Total 130Te mass: 206 kg; 

• Qββ(130Te) = 2530 keV;
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sample. The latter method profits from higher statistics
for most � lines, but it requires background substrac-
tion and only allows for an e�ciency determination at a
handful of energies. We choose the PSA e�ciency as the
average of the e�ciencies obtained from these two sam-
ples (92.6±0.1%) and treat the di↵erence between them
as a systematic e↵ect, adding a scaling parameter com-
mon to all datasets in the final fit (±0.7%). Given the
limited statistics of the physics data, the anticoincidence
and PSA e�ciencies can only be extracted for an entire
dataset, and have larger uncertainties than the e�cien-
cies obtained from heater data. The exposure-weighted
average e�ciencies are reported in Tab. I.
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FIG. 3. The CUORE spectrum after applying the base cuts
to remove heater events and periods a↵ected by baseline or
noise instabilities (gray), after the anticoincidence cut (red),
and after the PSA cut (blue).

We extract the detector response function in the
ROI for each calorimeter in each dataset by fitting the
2615 keV 208Tl line in the calibration spectrum [51, 52].
To evaluate possible systematic shifts in the energy scale
and the energy dependence of the detector energy res-
olution, we use the detector response function obtained
from the 208Tl calibration peak, with the addition of a
linear function to model the background, to fit the 5–
7 most prominent � lines of the physics spectrum. We
keep as free parameters the peak position, the peak am-
plitude, and the ratio of the energy resolution in physics
and calibration data. We extract the energy calibration
bias – defined as the di↵erence between the reconstructed
peak position and its nominal value – and energy res-
olution, parameterize them quadratically as a function
of energy, and interpolate them to Q�� . The exposure-
weighted harmonic average of the energy resolution at
Q�� in the physics data is 7.0±0.4 keV, while the energy
bias is  0.7 keV. A summary of relevant quantities for
the 0⌫�� decay analysis is given in Tab. I.

The CUORE physics spectrum (Fig. 4) around Q��

features a flat distribution with ⇠ 90% of the events
coming from degraded ↵ particles, as obtained by ex-

TABLE I. Relevant quantities and e↵ective parameters of the
analysis. The FWHM of calibration data is the exposure
weighted harmonic average over all calorimeters and datasets,
which is projected to Q�� in the physics data. The contain-
ment e�ciency is from MC simulations, while all other e�-
ciencies correspond to the exposure weighted means.

Number of datasets 7
Number of valid calorimeters (min–max) 900–954

TeO2 exposure 372.5 kg·yr
FWHM at 2615 keV in calibration data 7.73(3) keV

FWHM at Q�� in physics data 7.0(4) keV
Reconstruction e�ciency 95.802(3)%
Anticoincidence e�ciency 98.7(1)%

PSA e�ciency 92.6(1)%
Total analysis e�ciency 87.5(2)%
Containment e�ciency 88.35(9)% [49]

trapolating from the flat ↵ background in the energy
region above the 2615 keV 208Tl line, and ⇠ 10% from
2615 keV � events undergoing multiple Compton scatter-
ing [53, 54]. The closest expected peak to Q�� is the 60Co
sum peak at 2505.7 keV. We find an additional structure
with a significance of &2� at ⇠2480 keV, visible only in
the single-crystal spectrum. Its energy corresponds to a
60Co sum peak, with an escaping Te xray, but its ampli-
tude is much larger than expected from MC simulations,
and it is not visible in 60Co calibration spectra. We con-
sidered various possible contamination, but none justifies
the presence of a peak at ⇠2480 keV with the observed
rate. Thus, more data are needed to assess the signifi-
cance of this feature. As a consequence, we restrict the
fit range to [2490,2575] keV region, and fit the data with
a flat background plus peaks described by the detector
response function for the 60Co sum line and the potential
0⌫�� decay signal.
We perform an unbinned Bayesian fit combined over all

datasets using the BAT software package [55]. The model
parameters are the 0⌫�� decay rate (�0⌫), a dataset de-
pendent background index (BI) in counts/(keV·kg·yr),
the 60Co sum peak amplitude (R60Co) in counts/(kg·yr),
and its position µ60Co, which is a free parameter as in the
previous analysis [44]. The BIs are dataset dependent,
while all other parameters are common to all datasets,
including the 60Co rate, which is scaled by a dataset de-
pendent factor to account for its decay. We use flat priors
for all of the parameters, and restrict the range of the BIs
and all peak rates to the physical range, i.e. non-negative
values.
We find no evidence for 0⌫�� decay, obtaining the �0⌫

posterior distribution reported in Fig. 5, and a limit of
T 0⌫
1/2 > 3.2 · 1025 yr at 90% credibility interval (CI), cor-

responding to the blue dashed curve in Fig. 4. Repeating
the fit without the 0⌫�� decay contribution, we obtain
an average BI of (1.38± 0.07) · 10�2 counts/(keV·kg·yr).

To compute the exclusion sensitivity, we generate 104

sets of pseudo-experiments populated with only the 60Co

130Te Qββ

• Main background: degraded α particles; 

• B.I.: (1.4 ± 0.2)×10-2 counts/keV/kg/y;
αs from Bi-Po

130Te 2νββ

For the bolometric technique and the thermal model 
see S. Quitadamo’s talk (link).

https://agenda.infn.it/event/23656/contributions/121488/attachments/75226/96123/simone_quitadamo_905_compressed.mp4
https://agenda.infn.it/event/23656/contributions/121488/attachments/75226/96123/simone_quitadamo_905_compressed.mp4


Needs for particle ID with cryogenic calorimeters…
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Scintillating cryogenic calorimeters
Scintillating calorimeters operating at 
cryogenic temperature ~10 mK ➝ double 
read-out via heat & light. 

• Source = detector ➝ High efficiency; 

• Excellent energy resolution (<1%); 

• Modular design ➝ large scalability; 

• Possibility to study different isotopes; 

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

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

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

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

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

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

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

Per studiare l’e�etto di un taglio su questi parametri si seleziona un campione
puro di eventi —/“: gli eventi corrispondenti a sciami elettromagnetici prodotti
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The CUPID project
• Next generation ton-scale experiment based on 

enriched Li2100MoO4 scintillating crystals 
(arXiv:1907.09376); 

• Qββ(100Mo) = 3035 keV; 

• Target BI ~ 10-4 counts/keV/kg/y; 

• Expected to cover the entire inverted mass 
hierarchy of neutrino mass; 

• Pilot experiments:  

• CUPID-0 ➝ enriched Zn82Se crystals; 

• CUPID-Mo ➝ enriched Li2100MoO4 crystals;
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Figure 2: The e↵ective
Majorana mass m��

as a function of the
lightest neutrino mass
provides the parame-
ter space typically used
to compare 0⌫�� decay
experiments. The ex-
perimental state-of-the
art and the goal of
next-generation experi-
ments are shown on the
left. The final sensi-
tivity of CUORE and
the projected sensitiv-
ity of CUPID baseline
are also reported.

induced one. However, superb detection technologies can be employed for these nuclei: germanium diodes
(GERDA [20] and MAJORANA [21]), xenon gaseous and liquid detectors (EXO-200 [22], NEXT [23], and
other projects), large liquid-scintillator volumes incorporating the candidate nuclei (KamLAND-Zen [24]
and SNO+ [25]), and TeO2 bolometers (CUORE [7]). Thus, it is not surprising that the currently most
sensitive experiments study these three nuclei (136Xe in KamLAND-Zen, 76Ge in GERDA and 130Te in
CUORE), with limits on m�� of 61–165 meV [24], 120–260 meV [20], and 110–520 meV [7] respectively.
The current results barely approach the onset of the inverted ordering (IO) region of the neutrino mass
pattern, which extends in the range 15–50 meV for a vanishing lightest-neutrino mass. These experiments,
even at the completion of their experimental program, are far from fully exploring this region. In addition
to these three ongoing projects, there are other searches based on one of the same isotopes that are under
commissioning or fully funded, or will take data soon. In this context, we will mention: SNO+ [25],
which will study 130Te dissolved in liquid scintillator in the SNO set-up; LEGEND-200 [26], based on
the GERDA and MAJORANA experiences and exploiting at maximum the current GERDA set-up for
the study of 76Ge; and NEXT-100 [23], a high pressure electro-luminescence TPC studying 136Xe. Even
these experiments, however, do not have the sensitivity required to cover the IO band.

Continuing our survey of the most promising isotopes, we remark that the three candidates 48Ca,
96Zr, and 150Nd are in the best position to carry out a background-free experiment, since their Q��s are
higher than the 214Bi � endpoint and therefore are not a↵ected by � radioactivity. Unfortunately, these
are currently ruled out as being part of a viable and competitive experiment because they have a very
low isotopic abundance; at this time, large-scale enrichment is impossible or prohibitively expensive.

The remaining three candidate isotopes (82Se, 100Mo, and 116Cd) feature an expected 0⌫�� decay
signal out of the bulk of the � environmental background, but radon-related contamination may still be
influential. These nuclei can be embedded in a number of compounds that allow the growth of large
scintillating crystals. Radon radioactivity is not a severe issue in this case because the active part of
the detector is not a fluid that can be contaminated by gaseous radon emanation. This technology is
currently applied to 82Se in CUPID-0 [15, 16] and to 100Mo in both CUPID-Mo [27] and AMoRE [28].
In scintillating bolometers, each event provides a thermal and a scintillation signal. Their simultaneous
detection enables the discrimination of ↵ particles, which present a generally lower light yield than that
of � particles of the same energy [29]. Another possibility is to perform pulse-shape discrimination in the
scintillation signal [30] and for some crystal events in the thermal signal [31]. These methods can reject
energy-degraded surface ↵s, which are expected to be the dominant background source above 2.6 MeV.
CUPID will follow this experimental approach, as discussed in detail in Sec. 2.4.

8

For CUPID R&D See A. Ressa’s talk (link)

Cuore Upgrade with Particle 
IDentification 

https://arxiv.org/abs/1907.09376
https://arxiv.org/abs/1907.09376
https://agenda.infn.it/event/23656/contributions/120453/attachments/74985/95666/SIF2020_AlbertoRessa.mp4
https://agenda.infn.it/event/23656/contributions/120453/attachments/74985/95666/SIF2020_AlbertoRessa.mp4
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The CUPID-0 experiment
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• Located at LNGS; 

• 24 ZnSe crystals enriched at >95% of 82Se + 
two natural ones; 

• Qββ(82Se) = (2997.9 ± 0.3) keV ➝ low 
background region; 

• 31 Ge Light detectors; 

• GeNTD thermistors as temperature sensors; 

• Reflective foils to increase light collection; 

• Total mass: 10.5 kg ZnSe;

Scintillating bolometric technique for the 
neutrino-less double beta decay search: 

the LUCIFER/CUPID-0 experiment.
CUPID is a proposed future ton-scale bolometric neutrino-less double beta decay (0νDBD) experiment to probe the Majorana nature of neutrinos and discover Lepton 

Number Violation in the so-called inverted hierarchy region of the neutrino mass. In order to improve the sensitivity with respect to the current bolometric experiments, the 
source mass must be increased and the backgrounds in the region of interest dramatically reduced. The background suppression can be achieved discriminating β/γ 

against α events by means of the different light yield produced in the interactions within a scintillating bolometer. The increase in the number of 0νDBD emitters demands 
for crystals grown with enriched material. LUCIFER/CUPID-0, the first demonstrator of CUPID, aims at running the first array of enriched scintillating Zn82Se bolometers 
(total mass of about 7 kg of 82Se) with a background level as low as 10−3 counts/(keV kg y) in the energy region of interest. We show the results of the first measurement 

performed on Zn82Se enriched bolometers operated deep underground in the Hall C of Laboratori Nazionali del Gran Sasso.

Neutrinoless Double Beta Decay

(A,Z) ! (A,Z + 2) + 2e�

Nuclear process :

Not allowed in the SM: 
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Phase space 
factor : ~ Q5 Nuclear Matrix 

Element
Effective 

neutrino mass

If observed neutrino is a Majorana particle

By measuring the kinetic 
energy of the electrons 

(Ke), the signal is expected 
as a monochromatic peak 

at the Q-Value of the 
reaction

SIGNAL
An irreducible background comes 

from the 2νββ. Environmental 
radioactivity and contaminations of 
the detector/setup materials can 
also be a source of background if 

no particle ID is performed.

BACKGROUND

Deep underground experiments to shield against cosmic rays

�� Decay Reaction
Isotopic Abundance Q-value

[atomic %] [keV]
48Ca!48Ti 0.2 4274
76Ge!76Se 7.6 2039
82Se!82Kr 8.7 2996
96Zr!96Mo 2.8 3348

100Mo!100Ru 9.6 3034
116Cd!116Sn 7.5 2814
124Sn!124Te 5.8 2288
128Te!128Xe 31.8 866
130Te!130Xe 34.2 2528
136Xe!136Ba 8.9 2458
150Nd!150Sm 5.6 3368

Good energy resolution to disentangle 
0νββ from 2νββ

Very high radio purity level to reduce 
the background

96% of active isotopes

Zero background tagging the α 
particles

Sensitivity and Isotope choice

S0⌫ / I.A. ·
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Scintillating bolometric technique
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• Both the Absorber and the Light Detector are operated at 10 mK and 
read out by NTD thermistors

• The particle interaction within the absorber causes a temperature rise 
detected by the NTDheat + light emission that depends of the particle 
type (if α or β/γ)

• The light emitted is absorbed by the Light Detector resulting in a 
temperature rise detected by the NTDlight

CUPID-0 Detector
The first demonstrator of the 

scintillating bolometric technique:

• 30 Zn82Se enriched at 96% in 82Se 
(cylinder of 5.5 cm high and 4.4 
cm in diameter) for a total mass of 
7 kg of 82Se.

• 36 germanium light detectors (disk 
of 4.4 cm in diameter and 170 μm 
thick), one face coated with SiO2.

• crystal surrounded by 3M VM2002 
reflective foil

• background in the ROI: 
10-3 counts/(keV kg y)

The first test run results

IF 0 BACKGROUND

Enriched ZnSe scintillating bolometer:

Entries  69260

Mean    5.988
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Light detector 
resolution on 

55Fe x-rays

Nicola Casali for the Cupid-0 collaboration 
VCI 2016 The 14th Vienna Conference on Instrumentation 15 - 19 February 2016
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 / ndf 2r  0.366 / 4

Intercept  0.7274± 5.045 

Slope     0.0006963± 0.008376 
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82Se

Se - 0182Enriched Zn

• 3 Zn82Se surrounded by VM2002
• 4 Ge light detectors with 55Fe x-ray sources

• Only one module 
shown on the left 
picture

• Operated deep 
underground in 
the Hall C of 
Laboratori 
Nazionali del Gran 
Sasso

• Reproducible 
results between 
the 3 crystals and 
4 light detectors

Zn82Se 
resolution trend 

vs energy

Pros of ZnSe

NTDlight

NTDheat
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CUPID-0: search for 82Se 0νββ
• Final exposure: 9.95 kg × y; 

• Resolution at Qββ: (20.05  ±  0.34) keV; 

• T1/2 (0νββ 82Se) > 3.5 × 1024 y (90% C.I. limit); 

     5.0 × 1024 y (Median Sensitivity);
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 Rejectionα+ 

+ Delayed Coincidences Veto

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)

Phys. Rev. Lett. 123, 032501 (2019)  

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.032501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.032501
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CUPID-0: background model
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 Crucial step towards the comprehension of 
the background in experiments based on 
scintillating calorimeters.
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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

ROI (2.8 - 3.2 MeV)

Eur. Phys. J. C 79, 583 (2019)

• ~44% muons; 

•  ~33% contaminations ZnSe crystals; 

•  ~17% cryostat; 

•  ~6% reflecting foil and holders;

https://link.springer.com/article/10.1140/epjc/s10052-019-7078-8
https://link.springer.com/article/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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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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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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Conclusion & future perspectives

• First search for Lorentz violation in double 
beta decay with scintillating calorimeters 

 ➝ Phys. Rev. D 100, 092002 (2019) 

• Search of the neutrino-less double beta decay 
of 82Se into the excited states of 82Kr with 
CUPID-0 

 ➝ Eur. Phys. J. C (2018) 78:888 

• Search for neutrinoless double beta decay of 
64Zn and 70Zn with CUPID-0 

➝ Eur. Phys. J. C (2020) 80: 702
12

Other physical results…
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• 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

Upgrade

• Removal of reflecting foils; 

• Muon veto surrounding 
cryostat; 

• Internal copper shield; 

Confirmation of the 
background model

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092002
https://link.springer.com/article/10.1140/epjc/s10052-018-6340-9
https://epjc.epj.org/articles/epjc/abs/2020/08/10052_2020_Article_8280/10052_2020_Article_8280.html?mb=0
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092002
https://link.springer.com/article/10.1140/epjc/s10052-018-6340-9
https://epjc.epj.org/articles/epjc/abs/2020/08/10052_2020_Article_8280/10052_2020_Article_8280.html?mb=0
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