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Abstract We report on a search for double beta decay
of 139Te to the first 07 excited state of 39Xe using a
9.8 kg-yr exposure of 139Te collected with the CUORE-0
experiment. In this work we exploit different topologies
of coincident events to search for both the neutrinoless
and two-neutrino double-decay modes. We find no ev-
idence for either mode and place lower bounds on the
half-lives: 70% > 7.9-10%% yr and 73% > 2.4-10%% yr. Com-
bining our results with those obtained by the CUORI-
CINO experiment, we achieve the most stringent con-
straints available for these processes: TSK > 1.4-10%yr
and 7'02}: >2.5-10% yr.

1 Introduction

Two-neutrino (2v43) [1] and neutrinoless (0v33) [2]
double beta decay are among the rarest decay processes
studied. While the former is allowed by the Standard
Model and has been experimentally detected in a num-
ber of isotopes [3], the latter has never been observed;
its discovery would imply that lepton number is not
conserved and that neutrinos are in fact Majorana par-
ticles [4, 5].

aE-mail: cuore-spokesperson@Ings.infn.it
bDeceased

The CUORE experiment (Cryogenic Underground Ob-
servatory for Rare Events) [6-9], which is currently run-
ning at Laboratori Nazionali del Gran Sasso (LNGS), is
designed to perform a high-sensitivity search for Ov5p3
decay of 13%Te to the ground state of 139Xe [10]. The
active isotope is contained in TeOs crystals, which are
operated as thermal detectors in a cryostat capable of
reaching temperatures below 10 mK. At this tempera-
ture, the crystal heat capacity becomes very small and
consequently a release of energy within a crystal re-
sults in a detectable increase of its temperature. The
sought-after experimental signature of Ovf33 decay is
a monochromatic peak in the summed energy spec-
trum of the final state electrons at 2527.518 + 0.013
keV [11-13], which is the transition energy of the decay.
To maximize the sensitivity of the search, the radioac-
tive background at the transition energy must be kept
as low as possible.

The first tower assembled in the CUORE assembly line

was operated as a standalone experiment, named CUORE-

0 [14], from 2013 to 2015. CUORE-0 was designed to
validate several key aspects of CUORE, including de-
tector construction, data acquisition and the analysis
framework. In addition to this, CUORE-0 provided a
sensitive probe of several rare decays, including 0vS3p3
[15,16] and 2133 [17] decay of 13°Te to the ground state
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Fig. 1 Decay scheme of 139Te showing the energy levels and
the branching ratios for the ~ rays [10].

of 139Xe, and the 3T EC decay of 12°Te [18]. In this work
we focus on a search for double-beta decay of '3°Te to
the first 0" excited state of 13°Xe (33y+) with CUORE-
0. As shown in Figure 1 this decay emits two elec-
trons, which share a maximum energy of 734 keV, fol-
lowed by a gamma cascade to the ground state of 13°Xe.
The most probable de-excitation pattern, which has a
branching ratio of 86.0%, involves the emission of two
gamma rays with energies of 1257.4 keV and 536.1 keV.
Two more patterns are also possible, namely the emis-
sion of three gamma rays with energies of 536.1 keV,
586.0 keV and 671.3 keV (branching ratio of 12.2%)
and the emission of two gamma rays with energies of
671.3 keV and 1122.2 keV (branching ratio of 1.8%).
These gamma lines result in multi-detector coincidence
signatures which we exploit in our analysis to achieve
very powerful background rejection. As is the case for
the decay to the ground state, the summed energy spec-
trum of the emitted electrons is distinctly different in
the 2v806y+ vs. the OvB 5+ case. The former is a con-
tinuous spectrum (0 — 734 keV), whereas the latter is a
monochromatic peak centered at 734 keV.

Prior to the current work, the most stringent constraints
on these decays came from the CUORICINO [19] ex-
periment, a predecessor to CUORE-0, which reported
the following limits on the decay half-lives [20]:

Tgi’ >9.4-10% yr,
Tgi’ > 1.3-10% yr

2 Experiment

The CUORE-0 tower, just like all the CUORE towers,
contains 52 "*'TeQy crystals (i.e., 130Te is present at
its natural abundance of 34.2% [21]). The crystals are

arranged in a copper frame into 13 floors, with each
floor containing four crystals [14]. The mass of each
crystal is 750 g, for a total detector mass of TeOy of
39kg or 10.8 kg of 139Te.

The crystals are operated as thermal detectors at a
working temperature of ~10mK to minimize the heat
capacity. In CUORE-0, this temperature is obtained
using the same dilution refrigerator infrastructure as
CUORICINO [22]. The detector thermal link to the
fridge is provided by the polytetrafluoroethylene sup-
ports which hold each crystal in the copper frames and
by the golden wires used to carry the electrical signal.
The temperature of each crystal is continuously sensed
by a neutron transmutation doped (NTD) thermistor [23]
glued to the crystal surface. The thermistor converts
the thermal signal to a voltage output which is dig-
itized at an acquisition rate of 125samples/s. Signal
pulses corresponding to thermal events are identified
through a software trigger, and a 5s long window —
1 s before and 4 s after the trigger — is selected for
further analysis. The initial second (pre-trigger) is used
to establish the baseline temperature of the crystal just
prior to the event. The pulse amplitude is used to de-
termine the deposited energy. In order to monitor and
correct for changes in detector gain due to tempera-
ture drifts, a silicon resistor (heater) [24] is coupled to
each crystal and is used to generate reference thermal
signals every 300s [25,26]. A time-coincidence analysis
can be performed to search for events that involve mul-
tiple crystals simultaneously. To account for the time
response of the detector we use a coincidence window of
+5 ms. As the measured event rate is approximately 1
mHz/crystal, the probability of accidental (i.e., causally
unrelated) coincidences is extremely small (~ 107°).
In order to reduce background due to environmental ra-
dioactivity, the tower and cryogenic infrastructure are
surrounded by several layers of shielding, including an
internal low-background Roman lead layer and an ex-
ternal anti-radon box. The details of the CUORE-0 de-
tector design, operation and performance are described
in [14,16]. The dilution refrigerator, shielding, and other
cryostat components are those from the CUORICINO
experiment [22,27].

3 Analysis

In this work we exploit the multi-detector coincidence
patterns expected to accompany (8p+ decays to maxi-
mize our sensitivity. The emitted electrons and gamma
rays can interact in multiple crystals, producing a vari-
ety of experimental scenarios or signatures depending
on the number of detectors involved in the process. We



first identify all the possible signatures that can be de-
tected and rank them by their expected sensitivity to
OvpBBy+ or 2vBfBy+ decays. Our determination of the
most significant signatures to be used in the final anal-
ysis makes use of both real and simulated data.

3.1 Signature identification

To simplify the analysis we restrict ourselves to signa-
tures in which the electrons are fully contained within
the crystal where the decay took place. We further re-
quire that each individual de-excitation gamma is com-
pletely absorbed in a single crystal, thus discarding
events where these gamma rays scatter but subsequently
escape the crystal. Since the maximum number of gamma
rays emitted in the decay is three (Figure 1), these
choices imply that the maximum number of crystals in-
volved in an event is four (one crystal contains the two
electrons). For every possible signature satisfying these
conditions, both for the 2v88y,+ and the Ov58y+ decay
modes, we identify a single monochromatic line in one
of the up-to-four crystals which can be used to estimate
the decay rate through the fit described in section 3.4.
For this reason, at least two crystals must be involved
in 2v86y+ decay signatures, so that at least one of them
records a monochromatic peak — when only one crystal
is involved the energy deposited is a continuous distri-
bution spread over a 734 keV-wide range.

The analysis therefore ultimately involves searching for
the peak associated with each signature. Considering
all the possible gamma cascade patterns and the afore-
mentioned constraints, a total of 57 signatures remain.
However, only a few of them produce a sizable contri-
bution to the half life sensitivity to double beta decay.
In the case of a peak search in the presence of nonzero
background the half-life sensitivity has the following de-
pendence on the experimental parameters:

M-t

1/2
T b- AE’

12 o e )
where € is the total detection efficiency, M -t is the ex-
posure, b is the background rate per unit energy (back-
ground index) in the energy region of interest (ROI)
and AFE is the energy resolution near the ROI. While
the exposure is always the same (35.2 kg-y of TeO,), the
other three parameters vary significantly depending on
the signature and associated peak under consideration.
We measure the energy resolution and its energy de-
pendence directly from CUORE-0 data. We find the
resolution exhibits a linear energy dependence which we
parametrize as AE(E) = AE(2615) x (po+p1 x E) [16];
here AFE(2615) = 4.9 keV is the average FWHM of

Scen. Energy [keV] b €
# Det. A ‘ Det.B ‘ Det.C
1 734 536 1257 | 2.46E-6 | 6.47E-3
2 1991 536 2.84E-5 | 1.47E-2
3 734 536 9.03E-4 | 2.T1E-2
4 1270 1257 1.22E-3 | 2.28E-2
5 734 1257 3.52E-4 | 1.50E-2

Table 1 The five most relevant scenarios that contribute to
the total sensitivity to the neutrinoless decay channel by more
than 1%. b is the background index (units: counts/keV /kg/y)
and € the total detection efficiency. The electrons are assumed
to be always fully absorbed in the detector ’A’. The final
fit is performed at the highest energy monochromatic peak
measured in each signature, marked here in bold.

Scen. Energy [keV] b €
# Det.A ‘ Det.B ‘ Det.C
1 0734 536 1257 | 6.28E-4 | 6.05E-3
2 536734 1257 3.01E-2 | 2.25E-2
3 7341270 1257 3.44E-2 | 1.18E-2
4 14051991 536 5.91E-2 | 1.08E-2
5 1320--1405 536 1.36E-2 | 4.11E-3

Table 2 The five most relevant scenarios that contribute
to the total sensitivity to the two neutrino decay chan-
nel by more than 1%. b is the background index (units:
counts/keV /kg/y) and e the total detection efficiency. The
electrons are assumed to be always fully absorbed in the de-
tector 'A’. The final fit is performed at the highest energy
monochromatic peak measured in each signature, marked
here in bold.

the 2615 keV line obtained during the calibration runs,
po = 0.49 +0.04 and p; = (2.22 £ 0.15) x 10~%. To
avoid biasing our ranking procedure the background in-
dex for each signature is estimated from the CUORE-0
background model described in [17] rather than using
the CUORE-0 data directly. The model involves a full
reconstruction of the measured spectra with highly de-
tailed Monte Carlo simulations based on the Geant4
package [28]. The selection conditions (cuts) associated
with each analysis signature are applied to the simu-
lated data and the background index is evaluated in
the relevant energy range. Finally, the efficiency term
accounts for the probability that a S8y+ event is trig-
gered, produces the multi-detector coincidence signa-
ture in question, and the peak is properly reconstructed
at the expected amplitude. The quantities involved in
the efficiency calculation are described in detail in sec-
tion 3.3.

We define our total sensitivity to OvfB8g+ /2v3024 as
the sum in quadrature of the sensitivities given by each
signature. We consider a signature to be relevant if its
contribution to the total sensitivity to the process ex-
ceeds 1%. Only five such scenarios are identified for



both the OvBBy+ and the 2vB35y+ channels, and they
are ranked by their sensitivity in Tables 1 and 2 respec-
tively. The selected scenarios cover ~ 97% and ~ 99%
of the total sensitivity for the 2v35y+ and OvS8y+ cases
respectively.

3.2 Data selection

We first remove time periods where the data quality
are poor; the effect of this is accounted for in the ex-
posure. We next remove events that are either poorly
reconstructed by our analysis or are non-signal-like us-
ing the pulse shape methods described in [16]. We then
impose cuts based on the deposited energy and on the
event multiplicity (i.e., the number of crystals involved
in the event). For the OvS8y+ case (Table 1), the energy
and multiplicity rules a candidate event must pass are
listed below.

— In scenario 1, events must involve exactly three hits
in the same coincidence time window. One of the
three crystals must contain a signal with energy E
in the range (734 & 50734) keV. The notation o734
indicates the energy resolution at 734 keV, which
is estimated from the resolution function reported
in section 3.1. Another of the three crystals must
have energy, Es, in the (536 £+ 50536) keV range. No
requirement is imposed on the energy deposited in
the third crystal.

— In scenarios 2-5, events must have exactly two crys-
tal hits. No requirement is set on the individual mea-
sured energies of the hits (F; and Es), but rather
on their sum, F;,; = F1 + Fs. Labeling as F4 and
Ep the energies indicated in Table 1 that are ex-
pected to be deposited in detector A and B re-
spectively, and as E4p their sum (E4 + Ep), then
E;,t must lie in the range (Eap £ 504p), where

oAB = \/0124 Jra?g.

We apply a similar logic to the 2v80y+ decay (Table
2), but the range defined by the continuous electron
spectrum replaces the +50 requirement.

— In scenario 1 events must involve exactly three hits.
The energy of the first hit, E1, is bound in the range
0 < F7 < 734; the energy of the second hit, Fy, must
be in the range (536 + 50536). No requirement is set
for the hit on the third crystal.

— For scenarios 2-5, two hits are required in the same
coincidence window. Again, we don’t set a require-
ment on the individual hit energies, but on their
sum, F;,; = E71+ E5. The continuous electron spec-
trum, contained in detector A (Table 2), defines
two energy limits, E7'" and E’7*®. We require that

Eiot satisfy the condition E7" + Ep < B <
B9t 4 By,

3.3 Efficiency evaluation

The detection efficiency is the probability that a 55y+
event is triggered and properly reconstructed, includ-
ing the production of the required multi-detector coin-
cidence signature. The detection efficiency is a product
of several factors:

— the probability that an event is triggered, which we
estimate from the fraction of heater-induced events
that are triggered and correctly reconstructed at the
expected amplitude;

— the probability to include only physical events whose
pulse shape does not differ from the average behav-
ior (pulse shape efficiency);

— the probability to correctly measure the number of
crystals involved in an event (i.e., the event multi-
plicity);

— the fraction of 38y+ events that deposit energy ac-
cording to a particular scenario.

The trigger and pulse shape efficiencies are derived in
the same way described in [16]. The multiplicity term is
obtained differently depending on the number of crys-
tals involved. The probability that an event involving
a single crystal (multiplicity 1) is actually recorded as
one is calculated using the ‘°K line at 1461 keV [16]:
since it’s the only «y line emitted in the decay, the only
way for it to be measured in a multiplicity> 1 event is
by chance. For events with higher multiplicity we don’t
have a way to evaluate the efficiency directly, so we re-
sort to a statistical derivation. We take into considera-
tion the two main effects that can alter the multiplicity
of one event: accidental coincidences and pile-up.

— Accidental coincidences are events that happen si-
multaneously by chance and not due to causally cor-
related signals. This leads to an artificially increased
multiplicity.

— Pile-up refers to the situation where two (or more)
signals happen randomly on the same channel within
the same 5 seconds-long signal window. Such events
are marked as pile-up and ignored by the coinci-
dence calculation. This artificially reduces the mul-
tiplicity; if, for example, two signals are coincident
but one of them is removed due to pile-up, the sec-
ond signal is recorded as a multiplicity one event.

The magnitude of these effects can be estimated with
Poisson statistics, considering the measured average event
rate of 1 mHz/channel, a 5 second long signal window



| Efficiency term | Efficiency [%] | Error [%)] |

Trigger 98.529 0.004
Pulse shape 93.7 0.7
Multiplicity 1 99.6 0.1
Multiplicity 2 99.2 0.1
Multiplicity 3 98.8 0.2
Multiplicity 4 98.4 0.2

Table 3 Signal detection efficiency terms. Trigger and pulse
shape efficiencies are common to all scenarios. Multiplicity 1
efficiency is calculated from 4°K, while multiplicities 2-4 come
from a statistical calculation. The same statistical calculation
applied to multiplicity 1 events yields the same result (99.6%).

and a 10 ms coincidence window. The resulting efficien-
cies for events with multiplicities 1 through 4 are listed
in Table 3.

The final term in the efficiency, related to S8y+ decay
itself, is evaluated using dedicated Monte Carlo simu-
lations. We use the same simulation software employed
for the CUORE-0 background model to reproduce the
effects of all decay patterns and compute the fraction
of fully-contained BBy+ events for each of the 57 sce-
narios. Due to the high statistics of these simulations,
the error associated to this efficiency term is extremely
small (< 0.1%).

3.4 Fitting technique

The final step of the analysis procedure is to obtain
for each scenario the energy spectrum selected for the
fit. We choose to fit the spectrum of the crystal that
records the monochromatic peak with the highest en-
ergy as, due to the shape of our observed spectra, it
usually has the lowest background. To simplify the fits,
ranges are chosen to exclude any peak from other -
lines. This selection is based on the CUORE-0 back-
ground model [17] rather than the data. The final spec-
tra for the OvB3y+ decay search are shown in Figure 4,
while those for 2v3(y+ decay are shown in Figure 5.
The strong background reduction achieved with energy-
related cuts and the excellent agreement between real
data and the background model are evident in these
figures.

The fit function for each signature is the following:

et I +
— 2 . G(EY,,0), (2)

Bconst + Blin -E+
2mo?

where B.ons¢ and By, are parameters describing a lin-
ear background, € is the detection efficiency, ¢ is the
live time, Fgg is the 88p+ decay rate, and G is a gaus-

sian function centered at Eg; and with a resolution

of 0. The expected values of E% for each signature
are indicated in bold in Tables 1 and 2. We perform a
simultaneous unbinned extended maximum likelihood
(UEML) fit on the five signatures belonging to each
BBo+ decay, using the RooFit fitting package [29]. The
fit parameters are constrained as follows:

— the decay rate I’ g; is a common parameter for all
five signatures;

— the two background components are independent for
each signature;

— the detection efficiency is fixed at the value reported
in Tables 1 and 2 for each signature;

— the exposure is fixed at 35.2 kg-y;

— the energy resolution is fixed at the value deter-
mined from the AE(FE) curve reported in Section
3.3;

— the peak position (Eg;;) is fixed at the expected
value reported in Tables 1 and 2 .

Each fit has 11 free parameters: two background pa-
rameters for each of the five signatures (for a total of
10) and the decay rate I g;, which is common for all
signatures.

4 Results

We find no evidence of a Bf8y+ signal, either for the
neutrinoless or the two neutrino decay mode. We set
a 90% confidence upper limit on the decay rates for
the two processes: I Y < 8.8-1072y~! I < 2.8-
10~2*y~1. In turn, these correspond to the following
lower limits for the half lives:

T >17.9-10% y, 90% C.L.,
T2Y > 2.4-10% y, 90% C.L.

We estimate the systematic uncertainties with a proce-
dure identical to that applied in the analysis for Ov503
decay to the ground state [15,16]. We consider two
components for the systematic uncertainty: one factor
which scales with the decay rate (0scating), and one
which is independent of the decay rate (0444). We gen-
erate a large number of simulated spectra with a dis-
tribution taken from the best fit of each signature, but
with the value of a single nuisance parameter modified
by lo; we then fit the simulated spectra with the un-
modified parameter. To probe the value of o4cq1ing, We
repeat the analysis including in the simulated spectra a
fake signal of variable strength. We regress the result-
ing best-fit decay rates against the simulated values to
determine 0,qq and 0gcaling. This procedure is applied
separately to get the systematic contributions from the
uncertainty on efficiency, energy resolution and peak



Additive (10~2%y—1)  Scaling (%)

Energy resolution -0.05 0.17
Peak position 0.01 0.01
Efficiency 0.08 0.27
Bias -0.29 0.18

Table 4 Summary of systematic uncertainties on Fgf

Additive (10~24y—1)  Scaling (%)

Energy resolution -0.05 0.19
Peak position 0.01 0.02
Efficiency 0.12 0.31
Bias -0.35 0.24

Table 5 Summary of systematic uncertainties on Fgf

position. We also run the simulation without changing
any parameter, to check for a possible fit bias. The re-
sulting values for 0444 and osca1ing are reported in Table
4 for OvBpBy+ and in Table 5 for 2v835y+. In both cases,
the dominant effect is a small negative bias.

We combine the CUORE-0 likelihood curves with those
from CUORICINO [20] (Figure 2 for Ov38y+ and Fig-
ure 3 for 2v308y+). We set limits for the decay rates
taking into account both the CUORE-0 systematic ef-
fects and the combination with the CUORICINO re-
sults: I < 4.8-1072y~!, I'Z < 2.7-1072*y~!. These
yield the following limits on the half lives:

70 > 14102y, 90% C.L.,
T3 > 2.5-10%%y, 90% C.L.

Thanks to the improved background and analysis tech-
niques, we achieve similar reach to CUORICINO with
less than half of the exposure. The lower limits for the
half lives of both the Ovg85y+ and 2v38y+ decays ob-
tained by the combination of the results from CUORE-
0 and CUORICINO are the best currently available.
CUORE will achieve even higher sensitivity, thanks to
the improved background and to the powerful coinci-
dence analysis made possible by its closely-packed 988
crystals.
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Fig. 4 CUORE-0 spectra for the five signatures selected for the Ovf38y+ decay. The blue histogram shows the data without
any energy-related cut; the reconstruction of the background model is shown in red; in black are data with energy cuts. The
box shows the fit range, while the black arrow points to the location of the expected 58y+ peak.
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Fig. 5 CUORE-0 spectra for the five signatures selected for the 2v38y+ decay. The blue histogram shows the data without
any energy-related cut; the reconstruction of the background model is shown in red; in black are data with energy cuts. The
box shows the fit range, while the black arrow points to the location of the expected BBy+ peak.
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