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We present the first search for the Majoron-emitting modes of the neutrinoless double β decay (0νββχ0)
using scintillating cryogenic calorimeters. We analyzed the CUPID-0 Phase I data using a Bayesian
approach to reconstruct the background sources activities, and evaluate the potential contribution of the
82Se 0νββχ0. We considered several possible theoretical models which predict the existence of a Majoron-
like boson coupling to the neutrino. The energy spectra arising from the emission of such bosons in the
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‡Present address: Centro de Astropartículas y Física de Altas Energías, Universidad de Zaragoza, and ARAID, Fundación Agencia

Aragonesa para la Investigación y el Desarrollo, Gobierno de Aragón, Zaragoza 50018, Spain.
§Present address: Department of Physics & Engineering Physics Astronomy, Queen’s University Kingston, Ontario, K7L 3N6

Kingston, Canada.
∥Present address: Physik-Department and Excellence Cluster Origins, Technische Universität München, 85747 Garching, Germany.
¶Corresponding author.

alberto.ressa@roma1.infn.it
**Present address: Max-Planck-Institut für Physik, 80805 München, Germany.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP3.

PHYSICAL REVIEW D 107, 032006 (2023)

2470-0010=2023=107(3)=032006(11) 032006-1 Published by the American Physical Society

https://orcid.org/0000-0002-7593-6183
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.032006&domain=pdf&date_stamp=2023-02-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


neutrinoless double β decay have spectral indices n ¼ 1, 2, 3, or 7. We found no evidence of any of these
decay modes, setting a lower limit (90% of credibility interval) on the half-life of 1.2 × 1023 yr in the case
of n ¼ 1, 3.8 × 1022 yr for n ¼ 2, 1.4 × 1022 yr for n ¼ 3 and 2.2 × 1021 yr for n ¼ 7. These are the best
limits on the 0νββχ0 half-life of the 82Se, and demonstrate the potentiality of the CUPID-0 technology in
this field.

DOI: 10.1103/PhysRevD.107.032006

I. INTRODUCTION

The total lepton number violation is a key element in the
search for new physics evidences. Its observation would
prove the existence of processes not described by the
Standard Model and would give an important hint to
explain the lack of antimatter in the known Universe [1,2].
The possibility that the neutrino is a Majorana particle

brought a deeper interest into the neutrinoless double β
decay (0νββ) [3–8], a promising process to search for the
total lepton number violation. It is an alternative mode of
the Standard Model allowed double β decay (2νββ) [9] that
occurs via the emission of two electrons and two neutrinos
and presents a continuous energy spectrum ending at the Q-
value of the decay (Qββ). On contrary, the 0νββ provides
the emission of two electrons only which carry all the
energy, resulting into a monochromatic peak at the Qββ.
The 2νββ has been studied by several experiments and it is
one of the rarest processes in the Universe: its half-life has
been precisely measured and lies in the range 1018–1024 yr
depending on the isotopes [10]. On the other hand, the 0νββ
keeps eluding detection. At the present day, the experi-
ments have a range of sensitivity spanning from 1024 to
1026 yr [11–19].
Other exotic modes of the double β decay, which could be

an evidence of new physics, have been conjectured over
the years. In many of these cases, the energy spectrum of the
two emitted electrons results to be a continuous function
which is distorted with respect to the case of the 2νββ. Thus,
it is possible to search for these modes through a detailed
study of the energy spectrum shape [20–26].
In particular, the assumption that the lepton number

symmetry is spontaneously broken leads to the existence of
a massless Goldstone boson, which in the original models
was called the Majoron χ0 [27–29]. Since then, the
precision measurement of the width of the Z boson decay
to invisible channels has strongly constrained the original
models for the Majoron [30], and in recent years many
other models, free of this constraint, predicting light or
massless Majoron-like particles have been proposed
[31,32]. In these models the definition of Majoron is more
general, referring to massless or light bosons that could be
or not Goldstone bosons and differ by the leptonic number
carried by the Majoron. The Majoron(s) would be emitted
in the final state of the neutrinoless double β decay by
coupling to the Majorana neutrino (0νββχ0):

ðA; ZÞ → ðA; Z þ 2Þ þ 2e− þ χ0;

ðA; ZÞ → ðA; Z þ 2Þ þ 2e− þ 2χ0: ð1Þ

The Majoron(s), escaping detection, would give rise to a
missing energy, producing a characteristic distorted con-
tinuous spectrum.
The current Majoron models are divided in two classes

depending on whether the decay violates the lepton number
or it is balanced by the emission of a leptonically charged
Majoron [31]. The absence of the 0νββ would create a
tension with the lepton number violating models. However,
unless the 0νββ is observed, the leptonically neutral
Majoron models cannot be distinguished from their coun-
terparts in which the lepton number is conserved. Each
model is characterized by a number of emitted Majorons,
m, and a different spectral index (n ¼ 1, 2, and 3 form ¼ 1
and n ¼ 3 and 7 form ¼ 2), which determines the shape of
the energy spectrum as follows [31]:

dΓ
dϵ1dϵ2

∼ ðQββ − ϵ1 − ϵ2Þn; ð2Þ

where ϵ1;2 are electron energies. This is the most
important characteristic from the experimental point of
view since it allows us to distinguish the 0νββχ0ðχ0Þ from
the 2νββ, which has a spectral index n ¼ 5. The energy
spectrum predicted by each of the considered models is
shown in Fig. 1.
The search for 0νββχ0 was performed in several nuclei,

including 136Xe (EXO-200 [33] and KamLAND-Zen [34]),
76Ge (GERDA [35,36]), 100Mo (NEMO-3 [37]), and 130Te
(CUORE [38]), resulting in half-life sensitivities ranging
from 1021 to 1024 yr. The most recent search for this decay
with the isotope 82Se was carried out by NEMO-3 [39],
which reported an half-life lower limit of 3.7 × 1022 yr
in the case n ¼ 1. In this work, we present a new result for
the search of 0νββχ0 in 82Se with the phase I data of the
CUPID-0 experiment.

II. THE CUPID-0 EXPERIMENT

The CUPID-0 experiment collected data from 2017 to
2020 at the underground Laboratori Nazionali del Gran
Sasso (LNGS, L’Aquila, Italy). It is the first demonstrator
for CUPID (CUORE Upgrade with Particle IDentification),
the next generation experiment for the search for 0νββ with
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scintillating cryogenic calorimeters (also called bolo-
meters) [40–42]. These detectors consist of crystals con-
taining the isotope candidate for the decay. The working
principle of cryogenic calorimeters relies on the detection
of the temperature increase, i.e., heat release, due to an
energy deposit in the crystal. This can be achieved thanks to
the very low temperature reached in dedicated cryogenic
facilities. The conversion of the temperature increase into
an electric pulse happens through a cryogenic sensor,
which is a Neutron Transmutation Doped germanium
[43] thermistor.
Scintillating bolometers combines the excellent energy

resolution (<1% FWHM at few MeV of energy deposit)
and containment efficiency (about 80–90%) of cryogenic
calorimeters with the particle identification capabilities
offered by heat and scintillation light simultaneous readout.
CUPID-0 [44], based on the experience achieved by the
LUCIFER [45–51] and LUMINEU [52–58] projects, was
the first experiment to explore the ultimate background
suppression offered by this technique.
The detector consists of 26 cylindrical ZnSe scintillat-

ing crystals, 24 of which are enriched at 95% level in 82Se,
the candidate isotope for the 0νββ and 0νββχ0ðχ0Þ.
The scintillation photons escaping the crystals were
detected by means of light detectors. These consist in
high purity germanium disks working as thin cryogenic
calorimeters.
Furthermore, the choice of the 82Se as candidate isotope

for the 0νββ was aimed at mitigating the γ background
since its Q-value (2997.9� 0.3 keV [59]) lies above the
most significant peaks from natural radioactivity.

The CUPID-0 detectors are arranged in five towers,
consisting in ZnSe crystals interleaved with light detectors:
both are held by polytetrafluoroethylene elements and
thermally coupled to a copper structure. Each crystal is
surrounded by a reflecting foil (VIKUITI™) to enhance the
light collection.
CUPID-0 was the first bolometric experiment to reach a

background level of the order of 10−3 counts=ðkeV kg yrÞ
and it set the most stringent half-life limit of the 82Se 0νββ
to fundamental and excited states [60–62]. The sources
contributing to the background in CUPID-0 data have been
deeply analyzed in Ref. [63]. This work provided a detailed
knowledge about the 2νββ spectral shape, making possible
to prove the single state dominated mode [21] and to to
search for CPT violation [20].

III. DATA ANALYSIS

The set of data analyzed in this work is based on the
CUPID-0 phase I (running from June 2017 to December
2018), in which we collected a total Zn82Se exposure of
9.95 kg × yr (i.e., 3.41 × 1025 82Se nuclei, 8.74 kg of 82Se
active mass and a livetime of 1.14 yr).
The detailed data processing and selection is described in

[64]. As a quantity of interest for this work, we only report
here that the selections to exclude nonparticles events led to
a total efficiency of ϵ ¼ ð95.7� 0.5Þ%, constant above
150 keV [63].
As a starting point for this analysis we needed to

reconstruct the background sources contribution to the
CUPID-0 energy spectrum. This study was performed in
Ref. [63] by using the JAGS software. For this work we
reproduced these results, obtaining consistent results for
all the sources, by means of a different software, i.e.,
Bayesisan Analysis Toolkit (https://bat.mpp.mpg.de/),
which we then used to implement the algorithm for the
0νββχ0 search. We evaluated the list of sources starting
from the α and γ lines in the data spectrum [63]. These
are mainly due to contamination in the volume of the ZnSe
crystals and on their surfaces, namely 65Zn, 40K, 60Co,
147Sm, 238U=232Th decay chains, and the 82Se 2νββ decay.
For the surfaces contamination, we considered two differ-
ent levels of depth inside the crystals (10 nm and 10 μm)
and we adopted the same strategy for the reflecting foils
contamination (from 238U=232Th decay chains). Then, we
introduced other potential sources which do not produce
prominent signatures in the spectrum. These are due to
238U=232Th and 60Co contamination inside and outside
the cryostat and in the Roman lead shield, which is placed
inside the cryostat itself. We took into account the effect
of the presence of these contaminants in our results as
a systematic uncertainty (see Sec. III A). Finally, to
account for the environmental background, we included
the cosmic muons as a source, while the γ-ray and
neutron contributions are expected to be negligible [65].

FIG. 1. Predicted energy spectrum of the 82Se 0νββχ0 decay.
The abscissa refers to the sum of the energy of the electrons
emitted in the decay. We show all the Majoron models we took
into account, which provides spectral indices n ¼ 1, 2, 3, 7. The
spectrum of the 2νββ (n ¼ 5) is also shown here.
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The energy spectrum of the sources was simulated with a
Monte Carlo (MC) method.
The model we used to describe the data consists in a set

of 33 scaling parameters corresponding to each background
source. The scaling parameters work as weights to the MC
spectra. In particular we normalized the MC spectrum so
that the value of the scaling parameter corresponds to the
number of events produced by a given source. It follows
that the activity of each source in the CUPID-0 array is
directly related to the corresponding scaling parameter
through the livetime, the number of emitting nuclei and the
detector efficiency.
We adopted a Bayesian approach to evaluate the sources

activities which best fit to data. The likelihood of the model
consists of a Poisson distribution of the number of events in
each bin of the energy spectrum, combining together all the
scaling parameters.
Then, we set a flat and non-negative prior probability for

each scaling parameter, with few exceptions. In particular,
we set a Gaussian prior, centered in 0 and non-negative, on
the 232Th source present in the reflecting foils, as its decay
product (228Ra) contamination was constrained by inde-
pendent measurements (while we did not include 238U
because it was discarded) [63]. Then we set Gaussian priors
to the 60Co of the cryostat, as measured in the same facility
by CUORE-0 [65], and on the cosmic muons, which are
constrained from data exploiting the signature given by
events coincident in multiple crystals. Moreover, we set a
Gaussian prior on the bulk-to-surface events ratio of
226Ra-210Pb decay chain from 238U and 228Ra-208Pb from
232Th by constraining these from parent-daughter nuclei
time correlated events [66].
In order to better constrain the sources activities, we split

the CUPID-0 data into four sets, each used to build an
energy spectrum. First, we identified coincident events
triggered in multiple crystals of the array within a time
window of 20 ms. The choice of the time window was
optimized by identifying events from the 2615 keV line
(from a 232Th source) that trigger two ZnSe crystals. In this
way, we obtained M1 and M2 spectra for single and
double hit events, respectively.
Then, exploiting the particle identification capabilities

of the detector [64], we divided M1 by identifying events
due to β=γ (M1β=γ see Fig. 2) and α particles (M1α). The
β=γ − α discrimination was performed only above 2 MeV,
where the light detectors performance is good enough to
ensure an efficient (>99.9%) particle identification [44,63].
Below 2MeV the unidentified α particles were added to the
β=γ spectrum.
Finally, we considered for the fit the spectrum Σ2, in

which we summed the energy of the coincident events. We
applied the same procedure of data selection for both data
and MC simulations. We performed a simultaneous fit by
summing the log-likelihoods defined for each of the four
spectra.

Being not independent, we removed one at a time M2

and Σ2 spectra to test that the analysis is not biased. Despite
the fact that we lose a part of the information this way,
we found that the result on the 0νββχ0ðχ0Þ is within
the uncertainties described in the following sections. We
sampled the joint posterior probability with a Markov chain
Monte Carlo method exploiting the Metropolis algorithm
implemented in the Bayesian Analysis Toolkit software.
We performed the fit with a low energy threshold of

500 keVand a variable step size binning in order to contain
any peak present in the data spectrum in a single bin [63].
This choice helps in mitigating the effect of the detector
response on the model.

FIG. 2. In the top panel we show the M1β=γ data spectrum and
fit result (Model—All Sources) in a background only hypothesis
with the residual (as defined in the text) corresponding to each
bin. For illustrative purposes, we show here the spectrum with
50 keV fixed steps bins, but the fit results have been obtained
with a variable size binning as outlined in Sec. III. The dominant
background component, the 82Se 2νββ, is superimposed in blue.
In the bottom panel we show the distribution of the residuals
arising from the fit and the best fit Gaussian function in red. Its
mean result is −0.02� 0.07 and the width 1.15� 0.06.
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As a figure of merit for the result of the fit, we show in
Fig. 2 the distribution of the residuals for each bin of the
four fitted spectra. We define the residual as the difference
between the data and the model number of events in each
bin normalized to the associated uncertainty. We evaluated
the uncertainty for each bin combining a Poissonian
contribution with the properly propagated scaling param-
eters uncertainties from the fit result. If data and the model
are in agreement, then we expect that the residuals are
distributed as a normalized Gaussian. We found the best fit
Gaussian function to be compatible with a normal, with a
mean of −0.02� 0.07 and a width of 1.15� 0.06, thus
confirming the good data-model agreement resulting from
the fit.

A. Results on 0νββχ 0 with n= 1

The background only model can be easily extended to
include an extra source due to an exotic process such as the
Majoron emission. As for the 2νββ, the signature for this
decay is given by two electrons depositing energy in a
single crystal, producing a continuous energy spectrum.
However, the expected spectral shape is modified, and this
feature makes possible to reconstruct the number of events
due to 0νββχ0 and to 2νββ. In this section we will focus on
the search for Majoron models presenting a spectral index
n ¼ 1, describing the adopted analysis strategy.
We added a free parameter, with a flat and non-negative

prior, to the background model previously described to
account for the 0νββχ0 together with the background
sources. We performed the fit considering an energy
threshold of 700 keV for the M1β=γ spectrum. This choice
removes the possible contribution of most of the pure β
emitter contamination, which is correlated with the signal
and highly anticorrelated with the 2νββ. Nevertheless, we
studied how the low energy threshold affects the result of
this search. We performed the fit moving the threshold to
500, 300, and 200 keV and we found that the actual upper
limit, on the specific dataset considered, decreases with the
fit threshold (see “Threshold” in Table I). As in the
background only hypothesis, we choose a variable step
size binning. We also performed the fit using a fixed step
binning of 15, 30, and 50 keV (see “Binning” in Table I).
As the binning width decreases, the agreement with data
worsen, as the fit cannot reproduce the peaks spectral shape
well enough.
In the following, we will refer to the choices of a

700 keV threshold and a variable step binning, together
with the full list of 33 background sources as the “refer-
ence” model. The corresponding spectrum is shown
in Fig. 3.
The number of events assigned by the reference model fit

to the 0νββχ0 spectrum is 90� 68. So the activity of the
0νββχ0 is compatible with 0 within 1.3σ. Thus we set a
lower limit at 90% of credibility interval (C.I.) on the
0νββχ0 half-life of 1.34 × 1023 yr (Fig. 4). We verified that

the good data-model agreement is confirmed also including
the 0νββχ0 as a source. Indeed, by fitting the residuals
distribution, we found a mean of 0.13� 0.07 and a width of
1.06� 0.05, as shown in Fig. 5.
However, although the data-model agreement quality is

unaffected, the introduction of a new spectrum in the fit
could influence the activity estimation of other sources.
This effect is expected to be larger for the most correlated
(or anticorrelated) sources. In this case, due to its spectral
shape, the 2νββ source presents the highest anticorrelation
with the 0νββχ0. Nevertheless, the estimation of the 2νββ
activity is compatible within 1.1σ with the result obtained
in the background-only hypothesis (reported here [63]).
To study the dependence of the result on systematic

uncertainties effects we repeated the fit procedure changing
the model several times. One of the most important
systematic effects in this study is the potential presence
of a pure β emitter as a contaminant source. Thus, we
included in the fit a scaling parameter corresponding to a
90Sr contamination source, which is produced by nuclear

TABLE I. Limit at 90% C.I. on the half-life of the 0νββχ0
with n ¼ 1. The different results correspond to the tests we
performed to understand the effect of the systematic uncertainties.
The result achieved in the reference model configuration is also
reported here.

Model t1=2 90% C.I (1023 yr)

Reference >1.34
90Sr-90Y >1.00

Energy Scale >1.13

Source Location

No External
60Co >1.29
40K >1.34

232Th=238U >1.13

No Internal
60Co >1.45
40K >1.31

232Th=238U >1.31

No in Roman Pb
232Th=238U >1.34

Less sources >1.26

Binning
15 keV >2.11
30 keV >1.92
50 keV >2.40

Threshold
500 keV >1.25
300 keV >1.07
200 keV >1.01
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fission. This isotope decays to the 90Y, which is itself a β
emitter with a Q-value higher than 2 MeV. This is the only
pure β emitter contamination producing events above the
threshold we used in the fit. The 90Sr-90Y contamination

produces a continuous spectral shape that anticorrelates
with the 2νββ. On the other hand, the n ¼ 1 0νββχ0 is
correlated with the 90Sr-90Y (and anticorrelated with the
2νββ). Thus, the introduction of a pure β emitter in the fit
reduces the half-life sensitivity on the signal process, as we
found from the fit (see “90Sr-90Y” in Table I).
We took into account as a systematic uncertainty the

sources location in the cryogenic facility (see “Source
Location” in Table I). To test this systematic effect, we
removed from the fit the 60Co and the 40K sources inside
(“No Internal”) or outside (“No External”) the cryostat.
Similarly, we also removed the 232Th=238U inside,
outside the cryostat or in the Roman Pb shield (“No in
Roman Pb”). We then performed the fit removing all the
sources which were converging at 0 in the reference fit
(see “Less Sources” in Table I). We concluded that the
fit is robust enough under reasonable changes in the
list of sources taken into account, as the variation on
the signal half-life sensitivity is lower than 16% in all the
cases we tested.
Finally we studied the systematic uncertainty related to

the energy calibration (see “Energy Scale” in Table I). We
applied a different calibration choice to data that takes into
account the residuals computed in [16]. By shifting the
energy scale to higher values, we expect that the fit will
attribute more events to the 0νββχ0 since its spectral shape
is peaked close to the end point (the Qββ). This would
reduce the half-life sensitivity while, on the contrary, would
be enhanced by shifting the scale to lower energies. We
verified this effect by shifting the energy scale by a constant
value corresponding to the maximum (about +3 keV) and
minimum (about –5 keV) residual. Then we corrected the
energy scale by applying the whole residuals curve, which
is a parabolic function. The overall effect is a reduction of
the sensitivity of about 16%.

FIG. 4. Posterior of the rate of the 0νββχ0 with n ¼ 1 spectral
index in the case of the reference fit. The orange area corresponds
to the 90% of the total integral of the posterior.

FIG. 5. Residuals distribution in the “reference”model with the
n ¼ 1 0νββχ0. The best fit Gaussian function is shown in red. Its
mean resulted to be 0.13� 0.07 and the width 1.06� 0.05.

FIG. 3. In this plot we report the data and the best fit model
spectra in the case of 0νββχ0 with n ¼ 1. The 0νββχ0 with n ¼ 1
spectra at 90% C.I. limit and the 2νββ are superimposed. For
illustrative purposes we also show the 90% C.I. limit of the
spectra for the 0νββχ0ðχ0Þ with n ¼ 2, 3, and 7. In the bottom
panel we show the difference between the number of events in
each bin of the data and of the best fit model normalized to the bin
uncertainty (in the reference fit context with the n ¼ 1 0νββχ0).

O. AZZOLINI et al. PHYS. REV. D 107, 032006 (2023)

032006-6



B. Results on 0νββχ 0ðχ 0Þ with n= 2, 3, and 7

Once we finalized the fit strategy and we studied the
systematic effects, we searched for the 0νββ with the
emission of Majoron-like particles predicted by other
possible models. All these models lead to only three
possible spectral indices different from 1, i.e., n ¼ 2, 3,
7 (Fig. 1). As a remark, the case with n ¼ 7 exists only with
the emission of two Majorons (0νββχ0χ0), n ¼ 3 can
happen with one or two Majorons while n ¼ 1 or 2 with
a single Majoron only. So we replaced one by one the n ¼ 1
0νββχ0 spectrum in the fit sources list with the n ¼ 2, 3, 7
spectra.
In all the cases we verified that the data-model agreement

is satisfactory and that the 0νββχ0 (or 0νββχ0χ0) activity is
compatible with 0 within at most 1.2σ. So again we set a
limit at the 90% of of the corresponding posterior. The half-
life lower limits we found in the reference fit context
resulted to be 4.8 × 1022, 2.1 × 1022, and 2.1 × 1021 yr for
n ¼ 2, 3, and 7, respectively.
The half-life limits are less stringent as the spectral index

increases since the spectral shape gets more similar to the
2νββ one. Thus, the anticorrelation between the 0νββχ0 (or
0νββχ0χ0) and the 2νββ increases with the spectral index,
leading to a broader posterior, and a reduction of the
Majoron search sensitivity.
We also verified that the estimate of the 2νββ activity is

compatible with the value reported in [63] in all the cases.
In particular this estimate is more affected with the
introduction of the 0νββχ0χ0 with n ¼ 7 because
of its high anticorrelation factor (about –0.9). In the latter
case, the 2νββ activity resulted to be (9.86� 0.08)
× 10−4 Bq=kg, which is compatible within 1.2σ with the
estimate in the background only hypothesis.
As is done for the n ¼ 1 spectrum, we repeated the fit

changing the model to study possible systematic effects.
This study, if applied on spectra with indices n ¼ 2 and 3,
brought us to similar conclusions as in the case n ¼ 1.
Instead, the 0νββχ0χ0 with n ¼ 7 produced different results
since, unlike the n ¼ 1,2, and 3 cases, the peak of the
0νββχ0 spectrum lies at lower energies with respect to the
2νββ. This induces a different behavior under some
changes in the model or in the fit parameters. For instance,
moving the energy threshold to lower values improves
the limit since it enhances the peak structure, reducing in
this way the anticorrelation with the 2νββ. Moreover, by
introducing the 90Sr-90Y pure β emitter source, we observed
a more stringent limit, contrarily to what observed for
n ¼ 1, 2, and 3. Indeed, while the other Majoron spectra are
correlated with the 90Sr-90Y, the n ¼ 7 one is anticorrelated
with it, because its spectral shape is peaked at lower
energies. This changes the correlation relationships in
the fit, causing a lower number of events assigned to the
0νββχ0χ0 and thus a more stringent limit.
The result of the search of the 0νββχ0ðχ0Þ with indices

n ¼ 1, 2, 3, and 7 is summarized in Fig. 3, where the

spectra at the 90% C.I. limit are reported together with the
data and the best fit model for the case n ¼ 1 in the context
of the reference model. The bottom panel shows the
residuals of the reference model for the case n ¼ 1.

IV. DISCUSSION

To take into account the systematic effect on the search
for the 0νββχ0, we decided to combine all the posteriors
obtained in the different tests we performed (see Table I) by
following the law of total probability. So we considered the
reference fit just as one of the possible choice of the model
to describe the data behavior. So we summed all the
posterior weighting them by the prior probability of the
model. We assigned an equal prior to each of the families
(Reference, 90Sr-90Y, Energy Scale, Source Location, Less
sources, Binning, and Threshold) of tests listed in Table I,
as done in Ref. [20]. The results are reported in Table II. We
also tried different approaches to weight the posteriors: we
assigned an equal prior to each test, regardless of the
family, and we evaluated the prior of each model based on
the data-model agreement. However, these approaches led
to minor changes (on the order of 1%) in the final results, so
we opted for the approach already proposed in Ref. [20].
The lower limit obtained for the different Majoron-

emitting double β decays can be converted into an upper
limit on the Majoron-neutrino coupling constant using

½t1=2�−1 ¼ jhgχ0ij2mGð0Þ
ðm;nÞg

4
AjMðm;nÞj2; ð3Þ

where t1=2 is the 0νββχ0 (or 0νββχ0χ0) half-life, gχ0 is the
Majoron-neutrino coupling constant, m is the number of

Majorons in the final state,Gð0Þ
ðm;nÞ the phase space factor, gA

is the weak axial coupling constant, and Mðm;nÞ the nuclear
matrix element (NME). As above, n is the spectral index of
the decay mode. By computing gχ0 it is possible to directly
compare the results achieved with different candidate
isotopes. The NMEs for the decay mode with n ¼ 1, which
coincide with the ones of the 0νββ, have been computed
in several theoretical frameworks as the Nuclear Shell
Model [68–71], Interacting Boson Model [67,72,73],
Quasiparticle Random Phase Approximation [74–79],

TABLE II. Results in terms of half-life and Majoron-neutrino
effective coupling constant, achieved for the 0νββχ0 search with
each of the Majoron models considered.

Decay n t1=2 90%C.I. (yr) jhgχ0ij
0νββχ0 1 >1.2 × 1023 <ð1.8–4.4Þ × 10−5

0νββχ0 2 >3.8 × 1022 –
0νββχ0 3 >1.4 × 1022 <0.020

0νββχ0χ0 3 >1.4 × 1022 <1.2

0νββχ0χ0 7 >2.2 × 1021 <1.1
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Energy-Density Functional theory [80–82], and other
methods [83,84]. All these computations result into a wide
range of possible NMEs, which is reflected into the
estimate of gχ0 , as represented by the yellow bands in
the bottom panel of Fig. 6. We considered the bare value of

gA reported in each NME reference. The black lines shown
in the plot correspond to the values of gχ0 computed with
the NMEs from [67], where are also reported the NMEs we
used in the case of the decay modes with n ¼ 3 and 7 and
m ¼ 1 or 2 (shown in the top panel of Fig. 6). The phase
space factor we used are reported in [85]. Instead, in the
case of n ¼ 2, there are no NME theoretical computations
available. As a reference, we also report in this plot the
upper limit on the Majoron-neutrino coupling constant
achieved by other experiments which investigated different
candidate isotopes. The limits we show here are the lowest
achieved so far for each of the isotopes considered.
These comes from the half-life limits reported in
Refs. [33,35,37,38] and in this work in the case of 82Se,
combined with the phase space factors and NMEs ranges
described above for each isotope. The gχ0 limits we found
with the data of CUPID-0 phase I are reported in Table II.
In conclusion, despite the relatively low exposure,

we found a competitive result that is coherent with the
search for Majoron-like particles performed with different
isotopes.
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