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Measurement of the 2088 Decay Half-Life of 3’Se
with the Global CUPID-0 Background Model
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We report on the results obtained with the global CUPID-0 background model, which combines the
data collected in the two measurement campaigns for a total exposure of 8.82 kg x yr of $2Se. We
identify with improved precision the background sources within the 3 MeV energy region, where
neutrinoless double $ decay of %2Se and '°Mo is expected, making more solid the foundations for
the background budget of the next-generation CUPID experiment. Relying on the excellent data
reconstruction, we measure the two-neutrino double S-decay half-life of $?Se with unprecedented

accuracy: T%jz
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Introduction.—The comprehension of the nature of a
neutrino is of fundamental importance to understand the
origin of neutrino masses and to have hints of new physics
in the lepton sector. The standard model (SM) predicts a
neutrino to be a Dirac particle (v # v), and the neutrinoless
double g decay (Ovpf) [1] is the only practical way to probe
if neutrinos are Majorana particles (v = v) [2]. The double
P decay is a weak process involving the decay of two
neutrons into protons with the emission of two electrons.
According to the SM, such a process is allowed only with
the emission of two antineutrinos in the final state [3], the
so-called two-neutrino double  decay (2vff). In the past
decades, big experimental efforts were committed to the
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search for Ouff allowing the existing detectors to
reach sensitivities of the order of 10>-10%6 yr on its half-
life [4-6]. Nowadays, none of them has ever observed such
decay, however, the development of technologies able to
reach excellent sensitivities led to outstanding precision
measurements of 2y [7-14]. The properties of cryogenic
calorimeters make them competitive detectors both in the
search for Ovff and in the measurement of 2uff3. Being the
signal source embedded into the detector, this technology
offers high detection efficiency and excellent energy
resolution. Furthermore, using different crystals opens
the opportunity to study several double-f decay emitters.
In the past years, the CUORE (Cryogenic Underground

© 2023 American Physical Society
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Observatory for Rare Events) experiment demonstrated the
possibility to reach ton-scale exposures [6], while several
research and development projects [15-19] developed
powerful technology based on scintillating bolometers
to enable particle discrimination, thus reducing the radio-
active background. These lay the foundations for CUPID
(CUORE Upgrade with Particle IDentification), a next-
generation experiment aiming to reach unprecedented
sensitivities using a large-size array of scintillating cryo-
genic calorimeters [20]. CUPID-0 is the first demonstrator
of the scintillating bolometer technique in the Ovfp field
and it has allowed us to optimize important aspects of the
CUPID design, such as the light detector, reflective foil,
and holder structure. CUPID-0 is also able to demonstrate
the origin of the background in the region of interest (ROI)
of 82Se Oup, where also the '"Mo Ovf3f3 is expected. In this
Letter, we present the results of the global background
model of CUPID-0O, and a novel measurement of the
82Se-2upp half-life, which are the most precise results
so far.

CUPID-0 detector.—CUPID-0 is composed of 24 ZnSe
scintillating crystals [21] enriched at (95.3 +£0.3)% in
82Se [22]. The array is completed by two natural ZnSe
crystals, for a total ZnSe mass of 10.5 kg. The scintillation
light is detected by thin germanium wafers operating as
cryogenic calorimeters [23]. A Vikuiti™ plastic reflective
foil surrounds each ZnSe crystal to enhance the light
collection. ZnSe crystals and light detectors are alterna-
tively stacked in five towers, and supported by a copper
structure to which they are connected by means of poly-
tetrafluoroethylene clamps. To convert the temperature
variation produced by interacting particles into a voltage
signal, a germanium thermistor is glued to each device
(both light detectors and ZnSe) and bonded to the cryo-
genic readout system through thin gold wires. The detector
is installed in an Oxford 1000 *He/“He dilution refrigerator
working at a base temperature of 12 mK. The whole
experimental setup is located underground in the Laboratori
Nazionali del Gran Sasso (LNGS), in Italy. More details on
the CUPID-0 detector setup can be found in Refs. [24-27].
The entire data-taking period amounts to nearly three years,
from June 2017 to February 2020, with a few months off
from January to June 2019 to upgrade the detector. We refer
to the two physics runs of the experiment as phase-I
(9.95 kg x yr of Zn¥’Se) and phase-II (5.74 kg x yr of
Zn®Se), respectively. In phase-II, the reflective foils are
removed and we add a further copper shield at the 10 mK
stage directly facing the detector. In phase-I, the reflectors
between the ZnSe crystals affect the correct identification
of surface vs. bulk a decays due to detector contaminants
[28]. Moreover, from the phase-I background model, we
also noticed a possible background affecting the Ovpp
region of interest from the elements near the detector.
Excluding the reflectors from the possible background
sources is fundamental to assess if they can be used in

next-generation experiments [29]. Without the reflecting
foils, the a discrimination power is still excellent [30],
and we can disentangle contaminants coming from crystal
surfaces and components close to the detector. Moreover,
the presence of the shield at 10 mK allows us to better study
the cryostat contaminants, exploiting the different counting
rates of the y-ray peaks in phase-I and phase-II (see Fig. 1).

Data taking and analysis.—Given an energy release
inside the ZnSe, the relative voltage signal is triggered and
saved in a 5 s time window. The output of the correspond-
ing light detectors is recorded by analyzing the coincidence
in time with the ZnSe signal. Light pulses are acquired in
a 500 ms time window [31]. We apply a matched-filter
algorithm [32] on the raw data to estimate the pulse height
and the shape parameters. Then, we calibrate each detector
by analyzing the data acquired with an external 2*’Th
source. The >3?Th decay chain provides several y lines in
the range (511-2615) keV that can be used as reference
peaks by fitting the non-calibrated amplitudes with a zero
intercept parabolic function the noncalibrated amplitudes.
A dedicated *°Co calibration with y lines above 2615 keV is
also performed to investigate the uncertainty on the energy
scale with the distribution of residuals [33]. Finally, we tag
the a events by looking at the pulse shape parameters of the
light signal pulses [34].

Different sources can be disentangled thanks to the
following features: (i) the identification of a particles from
p/y down to 2 MeV; (ii) the excellent resolution, enabling
the study of the distortion in the shape of « peaks, essential
to tag the surface contaminants; (iii) the granularity of the
detector, exploited to distinguish interactions in which one
or multiple crystals are involved. For this purpose, we tag
the events triggering multiple crystals within a 420 ms
time window.

In this analysis, we refer to the M?/” and M spectra as
the single-hit events of f/y and a, respectively (see (see
Fig. 1), while we refer to M, and X, spectra as double-hit
events (M, comprises the energies detected by each
crystal, X, the total energy released in two crystals).
Data selection is based on several quality cuts to reject
nonphysical events and multiple pulses in the same
acquisition window. The relative efficiency of these cuts
is evaluated for phase-I and phase-II separately and
combined with the trigger and energy reconstruction
efficiencies [35]. The result is &; = (95.7 £0.5) and &, =
(94.8 £ 0.7) for phase-I and phase-II, respectively.

Data modeling.—Initially, we reproduce the CUPID-0
geometry with the GEANT4 toolkit [36]. Following the
same grouping criteria used in the phase-I background
model, we split the detector components in Crystals,
Holder, Reflectors (phase-I), and 10 mK (phase-II). The
light detectors are included in the geometry but not
considered as a background source, since their radioactive
contaminants are negligible [35]. The groups named
Holder, Reflectors, and 10 mK include also the elements
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FIG. 1. ./\/l/f/ " (left) and M (right) spectra registered by CUPID-0 in phase-I (full histograms) and phase-II (line histograms). In
M’f 7 we identify the dominant 23§ contribution (green), and the y-ray peaks due to cosmogenic activation of Zn%2Se (®3Zn), and setup
contaminants (*°K, 2°8T1). In M¢, degraded a particles produce a flat background at 2—4 MeV, while the a peaks above are the distinctive
signatures of the different detector contaminants. The main differences between phase-I and phase-II traceable in the data are the %Zn
reduction due to its short half-life and the “°K and 2°*TI reduction due to the 10 mK (1 cm of copper) shield, which also introduces an
additional 2'%Po component in the 2-4 MeV region of M¢. The yellow band in M//" marks the region of interest of $2Se Ou/3p.

close to the detector (e.g., wiring, glue), whose contami-
nants will not be generated. The different components of
shielding and the dilution refrigerator are also reproduced
in detail, and grouped under the label Cryostat in the
following. We separately generate, for phase-I and phase-II,
the radioactive decays from various background sources
in each group of volumes. In particular, we simulate the
initial kinematics of the 2uff assuming the Single State
Dominance (SSD) mechanism, calculating the electron
energy using exact Dirac electron wave functions that take
into account finite nuclear size and electron screening [37],
while the generation of external muons at LNGS is
described in detail in Ref. [38]. Each simulation is then
processed with custom software to reproduce both detector
and data processing features, like time and energy reso-
lution, energy threshold, a-particle identification, and time
coincidence window [34]. The identification of the radio-
active sources and their location is driven by material
screening results and CUPID-0 data analysis. An a decay
occurring in crystal bulk produces a peak at the Q value of
the decay in M, while contaminants on the crystal surface
can be distinguished in M, and Z,. In phase-I, the presence
of reflecting foils suppresses the signature of surface
contaminations due to the absorption of a particles or
recoil escapes. However, in this analysis, we can recover
that information by combining it with the phase-II data.
232Th and 238U decay chains in the close components can
produce sharp peaks at the nominal a-particle energies if
the contaminations are very shallow, or a continuum
spectrum if the decays occur deeply from the surface. To
model the surface contaminants both for crystals and close
components (Reflectors, Holder, 10 mK), we parameterize
their density profile as e™*/*, where 1 is the depth

parameter. Based on previous experiences [35], we
used 4 =10 nm to model shallow contamination and
A =10 pm for deeper ones. Besides this, the y-ray lines

in ./\/l/f/ ', M,, and X, are typically the signature of the
external sources (e.g., Cryostat and shields). In this regard,
comparing the spectra of phase-II (additional 1 cm thick
10 mK shield) with those of phase-I, allow us to improve
the knowledge of the cryostat contaminants exploiting the
relative reduction of the y-ray peaks. For these sources, we
also exploited the information from the background model
of the CUORE-0 experiment that was hosted in the same
facility [35,39]. In summary, we included as bulk contami-
nation the natural decay chains due to 2*?Th, 238U, 23U, and
40K for all the simulated elements, the cosmogenic activa-
tion products of copper (**Mn, *%Co, ®*Co) and ZnSe (5°Zn,
%0Co), and the ¥’Se-2u5p decay. Moreover, we included the
2%2Th and ?*®U contaminations on the surfaces of ZnSe
crystals and close detector components. Being the envi-
ronmental y rays and the neutrons reduced to a negligible
level by dedicated shielding [39], we consider only muons
as an external source. We identify the breakpoints of the
secular equilibrium in the radioactive decay chains at ?®Ra
for the 232Th chain, and at >°Ra/?!%Pb for the 233U one, as
expected from the different chemical behavior. Finally, the
muon contribution is normalized on the number of shower
events that simultaneously trigger more than three crystals.
The result of such normalization is compatible with the one
obtainable using the muon flux at LNGS [40].

Spectral fit.—Exploiting a multivariate Bayesian fit, we
reproduce the experimental spectra with a linear combina-
tion of the simulated spectra of the different background
sources. As a result, we obtain a reliable estimation of the
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activity of each source considered. The fit is performed
with the JAGS software [41], which exploits the
Monte Carlo Markov Chain (MCMC) to sample the joint
posterior probability density function of the model
unknowns, which linearly depend on the source activities.
We performed a combined fit on eight experimental
spectra, corresponding to Mf/ ', M%, M,, and %, for
both phase-I and phase-II. The fit energy range extends
from 300 keV to 5 MeV for M’f / ’ and from 2 to 7 MeV for
M¢. For the M, and X,, we require that both events
deposit an energy higher than 150 keV, with the exception
of events in time coincidence with a particles, for which the
threshold is 100 keV to include the nuclear recoils. We use
a nonuniform bin size to compact a peaks and y-ray lines in
a single bin, avoiding the mismatch between simulations
and real data induced by the line shape of the peaks.
Moreover, we grouped more bins together if the total
number of events is lower than 30 counts, while, in any
other case, we use a 15 keV fixed step binning. We use non-
negative flat priors for all the sources whose activity cannot
be constrained a priori with independent measurements. In
particular, we use the results obtained in the CUORE-0
background model to set a prior on the 2*?Th and 233U in the
Holder and the %%Co in the cryostat components. Since the
phase-I and phase-II datasets are consecutive in time, we
can reasonably assume that the activity of all the contam-
inants with a half-life longer than the overall CUPID-0
lifetime is constant. For this reason, we constrain a subset
of simulations to have the same activity between phase-I
and phase-Il. We have a total of 78 simulations, with 17
couples of them constrained [42]. We consider as the
reference fit the one performed with the simulations, the
energy ranges, and the binning described above. The fit
details, like the spectral reconstruction over the eight
experimental spectra and the pull distribution, are shown
in Ref. [42]. We reconstruct the background index in the
ROI by selecting the events in a 400 keV interval centered
at the Qg of 32Se-2uf3p, i.e., [2.8,3.2] MeV. We also apply
the delayed coincidence cut on the 2*’Th simulations
in order to reproduce the selection criteria of the Ovff
analysis [30,35]. The background index reconstructed with
the fit for each group of sources in phase-I and phase-II is
reported in Fig. 2.

Systematics.—To evaluate the systematic uncertainty
affecting the background index, we repeat the fit multiple
times in different conditions. We include in this category
different energy thresholds (400, 500, 600, 700 keV) and
fixed step binnings (30, 50, and 100 keV) in Mf/ 7,
Moreover, we run the fit using a reduced list of sources,
removing those sources whose activity is compatible with
zero in the reference fit. We evaluate also systematic effects
due to energy miscalibration, rescaling the data for the
residuals calculated in Ref. [34]. We probe the uncertainty
about the contaminant position in the cryostat and shields
removing alternatively one of the elements from the source

Experimental phase-2 1 —
Experimental phase-1 A —
H
Total ]

Muons

Crystals

Cryostat and Shields

phase-1

2vBp phase-2
= Data
Close components —  Syst.
10° 10 102

Background index [107* counts/(keV x kg x year)]

FIG. 2. Background index in the region of interest for the Ovff
of 8%Se, i.e., [2.8,3.2] MeV of the ./\/llf /r spectrum. Experimental
background indexes (black, top pad) are compared to the
reconstructed ones for phase-I (blue) and phase-II (orange).
The total background index is the sum of all components with
their correlations, and error bars represent the systematic un-
certainty of the background reconstruction.

list. We investigate an alternative description of surface
crystal contaminants and close components. In the former
case, we substitute the simulations at 10 nm depth with
the 1 nm equivalent ones, while in the latter case, we
substitute the >*2Th and 238U contamination at 10 pm with
bulk ones in the Reflectors (phase-I). Furthermore, we
perform supplementary fits by switching off the a-particle
identification and using noninformative priors for all the
contributions. Besides, we consider also a possible con-
tamination due to °°Sr/“°Y in the ZnSe crystals. *°Sr/*%Y is
an anthropogenic isotope that decays purely through f
emission with a lifetime of 28.8 y and produces a feature-
less spectrum that correlates with the 2uff one in the fit.
Since the presence of *°Sr/?°Y in the ZnSe crystals is
unclear, we consider this possibility as systematic. Finally,
we account for possible theoretical uncertainties on the
2upp decay model generating the initial kinematic of the
electrons with an alternative spectrum calculated under
the closure approximation [37].

Background index.—Ultimately, after the investigation
of systematic uncertainties, we reproduce a back-
ground index in the [2.8,3.2] MeV energy range of [4.2+
0.2(stat) 0.4 (syst)] x 1073 counts/keV /kg/yr for phase-I
and  [4.0 £ 0.2(stat) "5 (syst)] x 1073 counts/keV /kg/yr
for phase-II, compatible among them, and with the obser-
ved background of (3.541.0)x 1073 counts/keV/kg/yr
and (5.5 + 1.5) x 1073 counts/keV /kg/yr for phase-I and
phase-II, respectively. According to our model, we can
attribute the slightly higher background observed in the
ROI of 32Se Oupp in phase-II to a statistical fluctuation.
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FIG. 3. Measurement of the 82Se-2u3 half-life obtained in the
systematic tests (bottom) and as a final result of this analysis,
compared to the previous result of CUPID-0 (top). The error bars
shown in the bottom plot correspond to the statistical error of each
systematic test, while the red vertical lines correspond to the
Reference mean value (solid line) and its statistical uncertainty
(dashed line). The °Sr/?Y strongly correlates with the 2uf4,
thus broadening the uncertainty. The statistical uncertainty is then
combined with the systematic one and compared with the
previous result (top).

Thanks to the combined analysis, we reduce the uncertainty
on the phase-I background index due to Crystals (—50%),
Close Components (—60%), and Cryostat (—60%). We also
clarify that the Close Components contribution is mainly
due to Holder contaminations, being Reflectors contami-
nations are at least one order of magnitude lower than those
of copper (see Tab. III [42]). In phase-II this background is
higher because of the 10 mK shielding.

82Se-2upp decay half-life.—We fit the 2uf spectrum in
the background model constraining its activity to be the
same in phase-I and phase-II. The reconstructed 8°Se-2u
activity from the background model considering 4.65 kg of
isotope mass is [8.63 4= 0.04 (stat)] mBq. Differently from
the previous analysis carried out on phase-I data [43], we
include the efficiencies as fit parameters with a Gaussian
prior set at their measured value. The resulting margin-
alized posterior includes the efficiencies and %°Se isotopic
abundance uncertainties as nuisance parameters. Thus,
these uncertainties are included in the statistical one
(£0.6%). The results of the systematic studies are sum-
marized in Fig. 3, where we report the percentage differ-
ence for the 8°Se-2u3 half-life between each test and the
reference fit. For the threshold and the source location, we
quote the maximum difference among those of the different
tests. We assume each fit systematics to be single sided and
estimate the uncertainty as 68% of the difference between
the test fit result and the Reference one. Thus, the overall

systematic uncertainty of the 32Se-2v3 half-life is () 95/,

evaluated as the sum in quadrature of the single uncer-
tainties. In summary, the ultimate value of the 3’Se-2u38
half-life value measured by CUPID-0 is

%Y, = [8.69 £ 0.05(stat) 70 (syst)] x 10 yr,

fully compatible with the previous measurement reported
by CUPID-0, 77", =[8.6040.03(stat) 103 (syst)] x 10" yr
[43]. The improved precision can be attributed mainly to
the integration of Phase I data with Phase II data.
Additionally, the analysis threshold has been lowered from
700 keV to 300 keV, while the uncertainty on the isotopic
abundance has been reduced by a factor of 3 [22].
Finally, we can convert the half-life in terms of the nuclear
matrix element (NME) using the phase space factor
G* = (1.996 +0.028) x 1078 y=! obtained under the
SSD model [37,44]. Without making hypotheses on the
axial coupling constant g4, we can provide a new experi-
mental value of the effective NME, MST = M, ¢4 =
0.07601“8.88876, to be compared with theoretical calculations.
This measurement represents the new benchmark for
nuclear models, which currently obtain significantly higher
values [45-49] and resort to a phenomenological quench-
ing of g, to explain the discrepancy.

In conclusion, by combining the experimental data
collected by CUPID-0 in phase-I and phase-II, we get a
better comprehension of the background affecting the
region of interest of 32Se-Ovff. Thanks to the excellent
data reconstruction, we measure the 3’Se-2u84 half-life
with an accuracy of O(1%), obtaining the most precise
measurement of 2y among all isotopes to date [10-13].
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