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Double-beta decay of 1*'Te to the first 0 excited state of 13Xe
with CUORE-(

C. Alduino!, K. Alfonso?, D. R. Artusa'~, F. T. Avignone III!, O. Azzolini*, T. I. Banks>-°, G. Bari’, J. W. Beeman®,
F. Bellini’-'%, A. Bersani!!, M. Biassoni'?, C. Brofferio!2-13, C. Bucci®, A. Camacho®, A. Caminata'l,

L. Canonica’®??, X. G. Cao'4, S. Capelli'>-'3, L. Cappelli®, L. Carbone!?, L. Cardani®-'°, P. Carniti!>!3,

N. Casali’!0, L. Cassina!?'3, D. Chiesa'?-!3, N. Chott!, M. Clemenza'2-'3, S. Copello!'-1°, C. Cosmelli’-'°,

0. Cremonesi'>2, R. J. Creswick!, J. S. Cushman'’, A. D’Addabbo?, I. Dafinei'?, C. J. Davis!’, S. Dell’Oro’-'8,

M. M. Deninno’, S. Di Domizio'!-'®, M. L. Di Vacri’, A. Drobizhev>°, D. Q. Fang'*, M. Faverzani'>'3, J. Feintzeig®,
G. Fernandes'!-'%, E. Ferri'3, F. Ferroni”'?, E. Fiorini'>'3, M. A. Franceschi*’, S. J. Freedman’°, B. K. Fujikawa®,
A. Giachero'3, L. Gironi'?"13, A. Giuliani?', L. Gladstone?2, P. Gorla®, C. Gotti'>!3, T. D. Gutierrez>>,

E. E. Haller®>*, K. Han!7-?>, E. Hansen”>2, K. M. Heeger'’, R. Hennings-Yeomans>-°, K. P. Hickerson?,

H. Z. Huang?, R. Kadel?®, G. Keppel*, Yu. G. Kolomensky>®2%, A. Leder*?, C. Ligi’’, K. E. Lim'’, X. Liu?,

Y. G. Ma'4, M. Maino'%!3, L. Marini' 16, M. Martinez’-'*-?’, R, H. Maruyama'’, Y. Mei®, N. Moggi’ -},

S. Morganti'?, P. J. Mosteiro'?, T. Napolitano?’, C. Nones?’, E. B. Norman®*-3!, A. Nucciotti'>!3, T. O’Donnell>°,
F. Orio'?, J. L. Ouellet®>®22, C. E. Pagliarone®!>, M. Pallavicini!'-'°, V. Palmieri*, L. Pattavina3, M. Pavan!2-13,

G. Pessina'3, V. Pettinacci'?, G. Piperno?’, C. Pira*, S. Pirro’, S. Pozzi'?-13, E. Previtali'3, C. Rosenfeld’,

C. Rusconi'3, S. Sangiorgio®®, D. Santone®!”, N. D. Scielzo*’, V. Singh’, M. Sisti'>!3, A. R. Smith®, L. Taffarello®?,
M. Tenconi?', F. Terranova'%!3, C. Tomei'?, S. Trentalange”, M. Vignati'?, S. L. Wagaarachchi’, B. S. Wang30-3!,
H. W. Wang'4, J. Wilson!, L. A. Winslow??, T. Wise!”-33, A. Woodcraft34, L. Zanotti'>!3, G. Q. Zhang'*,

B. X. Zhu?, S. Zimmermann>>, S. Zucchelli’-*

1 Department of Physics and Astronomy, University of South Carolina, Columbia, SC 29208, USA

2 Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA

3 INFN-Laboratori Nazionali del Gran Sasso, 67010 Assergi, L’ Aquila, Italy

4 INFN-Laboratori Nazionali di Legnaro, 35020 Legnaro, Padua, Italy

5 Department of Physics, University of California, Berkeley, CA 94720, USA

6 Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

7 INFN-Sezione di Bologna, 40127 Bologna, Italy

8 Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

9 Dipartimento di Fisica, Sapienza Universita di Roma, 00185 Rome, Italy
10 INFN-Sezione di Roma, 00185 Rome, Italy

T INEN-Sezione di Genova, 16146 Genova, Italy
12 Dipartimento di Fisica, Universita di Milano-Bicocca, 20126 Milan, Italy

13 INFN-Sezione di Milano Bicocca, 20126 Milan, Italy
14 Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China

15 Dipartimento di Ingegneria Civile e Meccanica, Universita degli Studi di Cassino e del Lazio Meridionale, 03043 Cassino, Italy
16 Dipartimento di Fisica, Universita di Genova, 16146 Genoa, Italy

17 Department of Physics, Yale University, New Haven, CT 06520, USA

18 INFN-Gran Sasso Science Institute, 67100 L’ Aquila, Italy

19 Dipartimento di Scienze Fisiche e Chimiche, Universita dell’ Aquila, 67100 L’ Aquila, Italy
20 INFN-Laboratori Nazionali di Frascati, Frascati, 00044 Rome, Italy
21 CSNSM, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, 91405 Orsay, France
22 Massachusetts Institute of Technology, Cambridge, MA 02139, USA
23 Physics Department, California Polytechnic State University, San Luis Obispo, CA 93407, USA
2 Department of Materials Science and Engineering, University of California, Berkeley, CA 94720, USA
25 Department of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
26 Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
27 Laboratorio de Fisica Nuclear y Astroparticulas, Universidad de Zaragoza, Zaragoza 50009, Spain
28 Dipartimento di Scienze per la Qualita della Vita, Alma Mater Studiorum-Universita di Bologna, Bologna 47921, Italy
29 Service de Physique des Particules, CEA/Saclay, 91191 Gif-sur-Yvette, France

Published online: 24 September 2019 &)\ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-019-7275-5&domain=pdf

795 Page2of9

Eur. Phys. J. C (2019) 79:795

30 Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

31 Department of Nuclear Engineering, University of California, Berkeley, CA 94720, USA

32 INFN-Sezione di Padova, Padua 35131, Italy

33 Department of Physics, University of Wisconsin, Madison, WI 53706, USA

34 SUPA, Institute for Astronomy, University of Edinburgh, Blackford Hill, Edinburgh EH9 3HJ, UK

33 Engineering Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

36 Dipartimento di Fisica e Astronomia, Alma Mater Studiorum-Universita di Bologna, 40127 Bologna, Italy

Received: 29 November 2018 / Accepted: 28 August 2019
© The Author(s) 2019

Abstract We report on a search for double beta decay of
130Te to the first 01 excited state of '3°Xe using a 9.8kg - yr
exposure of 3°Te 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 beta decay modes. We find no evidence for either
mode and place lower bounds on the half-lives: T(%f >

7.9 - 103yr and Tozr > 2.4 - 10%yr (90% CL). Combining

1
our results with those obtained by the CUORICINO experi-
ment, we achieve the most stringent constraints available for
these processes: Té)f > 1.4-10**yr and T021+" > 2.5-10%yr

(90% CL).

1 Introduction

Two-neutrino (2vB8) [1] and neutrinoless (OvBB) [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 number 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 particles [4,5].

The CUORE experiment (Cryogenic Underground Obser-
vatory for Rare Events) [6-9], which is currently running at
Laboratori Nazionali del Gran Sasso (LNGS), is designed to
perform a high-sensitivity search for 0vg8 decay of '3°Te to
the ground state of 130Xe[10]. The active isotope is contained
in TeO, crystals, which are operated as thermal detectors in
a cryostat capable of reaching temperatures below 10 mK.
At this temperature, the crystal heat capacity becomes very
small and consequently a release of energy within a crystal
results in a detectable increase of its temperature. The sought-
after experimental signature of OvBg8 decay is a monochro-
matic peak in the summed energy spectrum 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

S. J. Freedman: Deceased.

#e-mail: cuore-spokesperson @Ings.infn.it

@ Springer

of the search, the radioactive 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 vali-
date several key aspects of CUORE, including detector con-
struction, data acquisition and the analysis framework. In
addition to this, CUORE-0 provided a sensitive probe of sev-
eral rare decays, including OvBB[15,16] and 2v86[17] decay
of 130Te to the ground state of 130Xe and the BT EC decay of
120Te[18]. In this work we focus on a search for double-beta
decay of 130 to the first 07 excited state of 1**Xe (,B,BOT) with
CUORE-O0. As shown in Fig. 1 this decay emits two elec-
trons, which share a maximum energy of 734 keV, followed
by a gamma cascade to the ground state of '3°Xe. The most
probable de-excitation pattern, which has a branching ratio of
86.0%, involves the emission of two gamma rays with ener-
gies of 1257.5 (3) keV and 536.1 ke V. Two more patterns are
also possible, namely the emission 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 1122.1 keV (branching ratio of
1.8%). These gamma lines result in multi-detector coinci-
dence 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 spectrum of
the emitted electrons is distinctly different in the 2v,3,30;r Vs.
the 0v,3;301+ case. The former is a continuous spectrum (0—
734keV), whereas the latter is a monochromatic peak cen-
tered at 734 keV.

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

Toolr >9.4-.10%yr,

T% > 13108 yr.

2 Experiment

The CUORE-0 tower, just like all the CUORE towers, con-
tains 52 "TeO, crystals (i.e., '3'Te is present at its natural
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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 750g, for a total
detector mass of TeO» of 39kg or 10.8kg of 130Te.

The crystals are operated as thermal detectors at a work-
ing temperature of ~ 10 mK to minimize the heat capacity.
In CUORE-O, this temperature is obtained using the same
dilution refrigerator infrastructure as CUORICINO [22]. The
detector thermal link to the fridge is provided by the poly-
tetrafluoroethylene supports which hold each crystal in the
copper frames and by the golden wires used to carry the elec-
trical 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 digitized at an
acquisition rate of 125 samples/s. Signal pulses correspond-
ing to thermal events are identified through a software trig-
ger, 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 determine the deposited energy. In order to monitor
and correct for changes in detector gain due to temperature
drifts, a silicon resistor (heater) [24] is coupled to each crys-
tal and is used to generate reference thermal signals every
3005 [25,26]. A time-coincidence analysis can be performed
to search for events that involve multiple crystals simultane-
ously. 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 acciden-
tal (i.e., causally unrelated) coincidences is extremely small
(>~ 1072).

In order to reduce background due to environmental
radioactivity, the tower and cryogenic infrastructure are sur-
rounded by several layers of shielding, including an inter-
nal low-background Roman lead layer and an external anti-
radon box. The details of the CUORE-O detector design,
operation and performance are described in [14,16]. The
dilution refrigerator, shielding, and other cryostat compo-
nents are those from the CUORICINO experiment [22,
217].

3 Analysis

In this work we exploit the multi-detector coincidence pat-
terns expected to accompany ,B,BOTr decays to maximize our
sensitivity. The emitted electrons and gamma rays can inter-
act in multiple crystals, producing a variety of experimental
scenarios or signatures depending on the number of detectors
involved in the process (event multiplicity). We first identify
all the possible signatures that can be detected and rank them

5+
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31 N

0* 4
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5 Te N
0+
—L g6 1s 1793.5 keV
2+
2 13 87 1122.1 keV
+
Zi 100_536.1 keV
0gg=2527.5 keV
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e

Fig. 1 Decay scheme of !3Te showing the energy levels and the
branching ratios for the y rays [10]

by their expected sensitivity to 0\),3/30?r or 21)/3,30;r decays.
Our determination of the most significant signatures to be
used in the final analysis makes use of both real and simu-
lated data.

3.1 Signature identification

To simplify the analysis we restrict ourselves to signatures in
which the energy deposition from electrons is limited to the
crystal where the decay took place. We further require that
each individual de-excitation gamma is completely absorbed
in a single crystal, thus discarding events where these gamma
rays scatter but subsequently escape the detector. Scenarios
where gamma rays are absorbed in the same crystal where
they originated from are considered valid. Since the maxi-
mum number of gamma rays emitted in the decay is three
(Fig. 1), these choices imply that the maximum number of
crystals involved in an event is four (one crystal contains
the two electrons). We considered adding a constraint on the
proximity of the involved crystals but found that it does not
increase our sensitivity significantly.

For every possible signature satisfying these conditions,
both for the 21)/3,80Tr and the 0vg ,301+ decay modes, we identify
a single monochromatic line in one of the up-to-four crys-
tals which can be used to estimate the decay rate through the
fit described in Sect. 3.5. For this reason, at least two crys-
tals must be involved in 21)/3;30?r 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
distribution spread over a 734 keV-wide range. The analysis
therefore ultimately involves searching for the peak asso-
ciated with each signature. Taking as an example the most
likely de-excitation pattern (two gammas with energies of
1257.5 keV and 536.1 keV), the allowed scenarios resulting
from this set of rules are reported in Table 1.

@ Springer
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Table 1 Allowed scenarios for the most likely de-excitation pattern
(two gammas with energies of 1257.5 keV and 536.1 keV), resulting
from the rules defined in Sect. 3.1. The decay always takes place in
detector A. B, which represents the energy deposited by electrons,
corresponds to 734 keV for the Ovﬂﬂor decay and to any energy in
the 0 = 734 keV range for the 21),8,130Tr decay. An energy deposition of
1793.5 keV is recorded when both gammas deposit their energy in the
same crystal. Scenarios where only one crystal is involved (Multiplicity
1) are valid only for OV'BﬁOT

Scenario Multiplicity Energy (keV)
Det.A Det.B Det.C
1 1 BB
2 1 BB +536.1
3 1 BB +1257.5
4 1 BB +1793.5
5 2 BB 536.1
6 2 BB 1257.5
7 2 BB 1793.5
8 2 BB +536.1 1257.5
9 2 BB + 1257.5 536.1
10 3 BB 536.1 1257.5

3.2 Sensitivity evaluation

Considering all the possible gamma cascade patterns and the
aforementioned constraints, a total of 57 signatures remain.
However, only a few of them produce a sizable contribu-
tion 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 dependence on the
experimental parameters [28]:

1/2 M -t
T/ =k s 1
of T Vb aE )

where € is the total detection efficiency, M -¢ is the exposure, b
is the background rate per unit energy (background index) in
the energy region of interest (ROI), AE is the energy resolu-
tion near the ROI and the constant k incorporates the isotopic
abundance of 139Te, the molecular mass of the source mate-
rial and the required significance level. While the exposure
(35.2kg -y of TeO,) and k are always the same, the other three
parameters vary significantly depending on the signature and
associated peak under consideration.

We measure the energy resolution and its energy depen-
dence 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
AE(2615) = 4.9keV is the average FWHM of the 2615 keV
line obtained during the calibration runs, pg = 0.49 £ 0.04
and p; = (2.22 4+ 0.15) x 10~*. To avoid biasing our rank-
ing procedure, the background index for each signature is

@ Springer

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 spec-
tra with highly detailed Monte Carlo simulations based on
the Geant4 package [29]. The selection conditions (cuts)
associated with each analysis signature are applied to the
simulated data and the background index is evaluated in the
relevant energy range. Finally, the efficiency term accounts
for the probability that a 5,301+ event is triggered, produces
the multi-detector coincidence signature in question, and the
peak is properly reconstructed at the expected amplitude. The
quantities involved in the efficiency calculation are described
in detail in Sect. 3.4. Some 21),8,30;r scenarios have similar
energy deposition patterns, requiring the same event multi-
plicity and energy of the associated monochromatic peak, but
different energy ranges in the crystal where the decay took
place. If there is an overlap between these ranges, we apply
an additional procedure to properly evaluate the detection
efficiency. For example scenarios #6 and #8 from Table 1
both search for a time coincidence between a peak at 1257.5
keV and an event in a wide energy range (0734 keV for #6,
536.1 + 1270.1 keV for #8). The range between 536.1 and
734 keV is included in both scenarios. If Pg and Pg are the
probabilities of detecting a decay from scenario #6 and #8
respectively, the probability of detecting a decay in the over-
lapping energy region is Ps + Pg. Any time we observe a sit-
uation like this, we modify the original scenarios to exclude
the overlapping energy region, which we use instead to cre-
ate an additional scenario. Referring again to the previous
example, a first scenario will require events in the 0 = 536.1
keV range, a second in the 536.1 < 734 keV range and a
third in the 734 = 1270.1 range. For this reason, some of the
scenarios we considered for our final 21),8,807r analysis do not
cover the whole 734 keV-wide range.

We define our total sensitivity to 0vﬁﬂ01+ /2vBBy+ decay
as the sum in quadrature of the sensitivities given by each
signature. We consider a signature to be relevant if its contri-
bution to the total sensitivity to the process exceeds 1%. Only
five such scenarios are identified for both the OvB8,+ and the
2vBBy+ channels, and they are ranked by their sensitivity
in Tables 2 and 3 respectively. The selected scenarios cover
~ 97% and ~ 99% of the total sensitivity for the 21),8,80Tr
and Ovﬂ,B()T cases respectively.

3.3 Data selection

We first remove time periods where the data quality are poor;
the effect of this is accounted for in the exposure. We next
remove events that are either poorly reconstructed by our
analysis or are non-signal-like using the pulse shape meth-
ods described in [16]. We then impose cuts based on the
deposited energy and on the event multiplicity (i.e., the num-
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Table 2 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 numbers within parentheses show how the energy is
split between electrons (734 keV) and gammas in detector "A’. The final
fit is performed at the highest energy monochromatic peak measured
in each signature, marked here in bold. The observed spectra for each
scenario are shown in Fig. 3. Scenario numbers are unrelated to those
in Table 1

Scen. Energy (keV) b €

# Det.A Det.B  Det.C

1 734 536 1257 246E—6 6.47E-3
2 1991 (734 +1257) 536 2.84E—5 147E-2
3 734 536 9.03E—4 2.71E-2
4 1270 (734 +536) 1257 1.22E-3 2.28E-2
5 734 1257 3.52E—4 1.50E-2

Table 3 The five most relevant scenarios that contribute to the total
sensitivity to the two neutrino 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 monochro-
matic peak measured in each signature, marked here in bold. The energy
ranges in detector *A’ do not always cover the full 734 keV-wide range
to properly evaluate the efficiency (see Sect. 3.2). The observed spectra
for each scenario are shown in Fig. 2. Scenario numbers are unrelated
to those in Table 1

Scen.  Energy (keV) b €

# Det. A DetB  Det.C

1 0734 536 1257 6.28E—4  6.05E-3
2 536 + 734 1257 3.01E-2  225E-2
3 734 + 1270 1257 344E-2  1.18E-2
4 1405 + 1991 536 591E-2  1.08E-2
5 1320 + 1405 536 1.36E-2  4.11E-3

ber of crystals involved in the event). For the 01),3,807r case
(Table 2), the energy and multiplicity rules a candidate event
must pass are listed below.

— Inscenario 1, events must involve exactly three hits in the
same coincidence time window. One of the three crys-
tals must contain a signal with energy E in the range
(734450734) keV. The notation 0734 indicates the energy
resolution at 734 keV, which is estimated from the res-
olution function reported in Sect. 3.4. Another of the
three crystals must have energy, E7, in the (536 &= 50753¢)
keV range. No requirement is imposed on the energy
deposited in the third crystal.

— In scenarios 2-5, events must have exactly two crystal
hits. No requirement is set on the individual measured
energies of the hits (£ and E»), but rather on their sum,
E;ot = E1 + E;. Labeling as E4 and Ep the energies

indicated in Table 2 that are expected to be deposited
in detector A and B respectively, and as E 4 p their sum
(Es+EB),then E;,; mustliein therange (E4op£5048),

where oop = ,/af‘ + aé.

We apply a similar logic to the 2"/3/30;’ decay (Table 3),
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, £, isboundintherange0 < E| <
734; the energy of the second hit, E>, must be in the range
(536 + 5053¢6). No requirement is set for the hit on the
third crystal.

— For scenarios 2-5, two hits are required in the same coin-
cidence window. Again, we don’t set a requirement on the
individual hit energies, but on their sum, E;,; = E1+ E>.
The continuous electron spectrum, contained in detector
A (Table 3), defines two energy limits, E 1’3”” and E/**.
We require that E;,, satisfy the condition Ef" + E <
Eipr < EX* + Ep.

3.4 Efficiency evaluation

The detection efficiency is the probability that a ,Bﬁorr eventis
triggered and properly reconstructed, including the produc-
tion of the required multi-detector coincidence signature. The
detection efficiency is a product of several factors:

— the probability that an event is triggered, which we esti-
mate 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 behavior
(pulse shape efficiency);

— the probability to correctly measure the number of crys-
tals involved in an event (i.e., the event multiplicity);

— the fraction of 5:‘30;’ events that deposit energy according
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 crystals involved.
The probability that an event involving a single crystal (mul-
tiplicity 1) is actually recorded as one is calculated using
the 49K 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 effi-
ciency directly, so we resort to a statistical derivation. We
take into consideration the two main effects that can alter

@ Springer
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Table 4 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%)

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

the multiplicity of one event: accidental coincidences and
pile-up.

— Accidental coincidences are events that happen simul-
taneously by chance and not due to causally correlated
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 coincidence calculation. This
artificially reduces the multiplicity; if, for example, two
signals are coincident but one of them is removed due
to pile-up, the second 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 s long signal window and a 10 ms coin-
cidence window. The resulting efficiencies for events with
multiplicities 1 through 4 are listed in Table 4. While multi-
plicity 4 scenarios are possible, none of them gives a signif-
icant contribution to sensitivity.

The final term in the efficiency, related to BB+ decay
itself, is evaluated using dedicated Monte Carlo simula-
tions. 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
ﬁﬂofr events for each of the 57 scenarios. Due to the high
statistics of these simulations, the error associated to this
efficiency term is extremely small (< 0.1%).

3.5 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 monochro-
matic peak with the highest energy as, due to the shape of
our observed spectra, it usually has the lowest background.

@ Springer

To simplify the fits, ranges are chosen to exclude any peak
from other y lines. This selection is based on the CUORE-0
background model[17] rather than the data. The final spectra
for the 01)/3,30;r decay search are shown in Fig. 2, while those
for 2v,3,801+ decay are shown in Fig. 3. 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:

Beonst + Biin - E + : G(Elg/gv o), 2)

where Beons: and By, are parameters describing a linear
background, € is the detection efficiency, ¢ is the live time,

of . . . .
Iy é is the :3/301* decay rate, and G is a gaussian function cen-
of . .
tered at E ﬁ; and with a resolution of ¢. The expected values

of E 0f for each signature are indicated in bold in Tables 2
and 3. We perform a simultaneous unbinned extended maxi-
mum likelihood (UEML) fit on the five signatures belonging
to each ﬂ,301+ decay, using the RooFit fitting package [30].
The fit parameters are constrained as follows:
0+
— the decay rate Fﬁé 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 2 and 3 for each signature;
— the exposure is fixed at 35.2 kg-y;
— theenergy resolution is fixed at the value determined from
the AE(E) curve reported in Sect. 3.4;

+
— the peak position (Eg}g) is fixed at the expected value
reported in Tables 2 and 3 .

Each fit has 11 free parameters: two background parameters
for each of the five signatures (for a total of 10) and the decay

ot C . .
rate Fﬁﬁ' , which is common for all signatures.

4 Results

We find no evidence of a B+ signal, either for the neutri-
noless or the two neutrino decay mode. We set a 90% con-
fidence upper limit on the decay rates for the two processes:
Foof <8.8.1072y~ 1, FOzf < 2.8-1072*y~! In turn, these
correspond to the following lower limits for the half lives:

TO(L“ >7.9.10% y,90% CL,
1

T2 > 2.4-107y,90% CL
1
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Fig. 2 CUORE-0 spectra for the five signatures selected for the
0v/f3,801+ decay. The blue histogram shows the data without any energy-
related cut; the reconstruction of the background model is shown in red;
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Fig. 3 CUORE-O spectra for the five signatures selected for the
211,3,301+ decay. The blue histogram shows the data without any energy-

related cut; the reconstruction of the background model is shown in red;

We estimate the systematic uncertainties with a procedure
identical to that applied in the analysis for Ov8g decay to
the ground state [15,16]. We consider two components for
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in black are data with energy cuts. The non-shaded area represents the
fit range, while the black arrow points to the location of the expected
,Bﬂor peak

the systematic uncertainty: one factor which scales with the
decay rate (0scaling), and one which is independent of the
decay rate (0,44). We generate a large number of simulated

@ Springer
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Table 5 Summary of systematic uncertainties on Foof ; 10 =
! 2 of
Additive (10~24y~1) Scaling (%) £ N
Energy resolution —0.05 0.17 7 ;
Peak position 0.01 0.01 6l
Efficiency 0.08 0.27 =
Bias —-0.29 0.18 =
4 E CUORE-0
s 0 e e CUORE-0 + Syst
Table 6 Summary of systematic uncertainties on 1“02; 2 ; _ EEZEEZZ:::::;M
. —24 —1 : 1
Additive (107“*y~") Scaling (%) E
ot L e b e L L
Energy resolution —0.05 0.19 o 08 k e 2 28 : 03,,'?1 0.24y)4
Peak position 0.01 0.02 »
Efficiency 0.12 0.31 Fig. 4 Negative log likelihood (NLL) from CUORE-0 and the combi-
Bias 035 0.24 nation with CUORICINO for Ovﬂﬂor decay

spectra with a distribution taken from the best fit of each
signature, but with the value of a single nuisance parame-
ter modified by lo; we then fit the simulated spectra with
the unmodified parameter. To probe the value of Gycqjing, We
repeat the analysis including in the simulated spectra a fake
signal of variable strength. We regress the resulting best-fit
decay rates against the simulated values to determine 0,44
and 0ycq/ing. This procedure is applied separately to get the
systematic contributions from the uncertainty on efficiency,
energy resolution and peak position. We also run the simu-
lation without changing any parameter, to check for a pos-
sible fit bias. The resulting values for 0,44 and oycaring are
reported in Table 5 for 0v,3ﬂ01+ and in Table 6 for 2vﬂ,301+. In
both cases, the dominant effect is a small negative bias.

We combine the CUORE-O likelihood curves with those
from CUORICINO [20] (Fig. 4 for 0vl3ﬂ0+ and Fig. 5 for
2v,3;30+) We set limits for the decay rates taklng into account
both the CUORE-0 systematic effects and the combination
with the CUORICINO results: Fof < 4.80 - 1072y~

F%f < 2.73 - 1072y~ These yleld the following limits
on the half lives:

Tof > 1.4-10**y,90% CL,
2+“ >2.5-10%%y,90% CL

Thanks to the improved background and analysis techniques,
we achieve similar reach as CUORICINO with less than half
of the exposure. The lower limits for the half lives of both
the 01);8,30Tr and 21)/3;60?r decays obtained by the combination
of the results from CUORE-0 and CUORICINO are the best
currently available. CUORE will achieve even higher sensi-
tivity, thanks to the improved background and to the powerful
coincidence analysis made possible by its closely-packed 988
crystals.

@ Springer
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Fig. 5 Negative log likelihood (NLL) from CUORE-0 and the combi-
nation with CUORICINO for 21)/3,301+ decay
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