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We have performed a search for neutrinoless B+EC’ decay of *°Te using the final CUORE-0 data
release. We describe a new analysis method for the simultaneous fit of signatures with different event
topology, and of data subsets with different signal efficiency, obtaining a limit on the half-life of the
decay of T/ > 1.6 - 10*' yr at 90% CI. Combining this with results from Cuoricino, a predecessor
experiment, we obtain the strongest limit to date, corresponding to T3, > 2.7 - 10%! yr at 90% CI.

I. INTRODUCTION

The search for neutrinoless double beta (0vj353) de-
cay [1, 2] aims at answering questions regarding the con-
servation of total lepton number [3], the Majorana or
Dirac nature of neutrinos [4], and the mechanism induc-
ing non-zero splittings between the neutrino mass eigen-
values [5-10]. The process can consist of the emission of
two electrons — which is the most commonly investigated
option — or of two positrons (Ouﬁ+ﬁ+). In the latter case,
one or both positrons can be substituted by an electron
capture (EC). For OvECEC decay, the decay rate is
typically suppressed because an additional radiative pro-
cess is required by energy and momentum conservation.
Hence, the OVEB+ and 0Vﬂ+EC decays are more interest-
ing from the experimental perspective.

The Cryogenic Underground Observatory for Rare
Events (CUORE) [11, 12] and CUORE-0 [13, 14] are
experiments searching for the Ov3/3 decay of 3°Te with
TeOy crystals operated as bolometric detectors. The
use of tellurium with natural isotopic composition in the
crystals also allows us to search for the decay of isotopes
other than 3%Te. In particular, 2°Te, present with a nat-
ural abundance of 0.09(1)% [15], can decay via OvECEC
and via 0VB+EC disintegration. In this work, we present
the search for Ouﬂ+EC' decay using CUORE-0 data. At
present, no calculation of the nuclear matrix element is
available in literature for 2°Te decay. For other isotopes,

the expected 0VB+EC half-lives are a few orders of mag-
nitude larger than that of Ov33 decay for the most com-
monly investigated cases [16, 17]. Despite this, and the
low abundance of 12°Te, the presence of the ﬁ+ with the
consequent emission of a pair of back-to-back 511 keV
rays provides extremely clean signatures of Ouﬂ+EC' de-
cays. The Ouﬂ+EC' decay of '2°Te can be written as:

120Te—|—eb_ 120 g% +ﬁ+
12084 X + 4
—1208n + X + 29511

where e, indicates the atomic electron captured from a
shell with binding energy Ejp, while X indicates an Auger
electron or an X-ray emitted in the process. In OV[3+EO
decay the available energy is shared between the four
emitted particles, with the daughter nucleus being al-
most at rest because of its larger mass. Here, we assume
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that the X-ray or the Auger electron are fully absorbed
in the same crystal where the decay takes place. The K-
shell binding energy of tin is 29.2 keV [18]. Electrons and
~ rays of this energy have a chance to escape the crystal
only if they are emitted at < 10 pm and < 260 pm from
the surface, respectively. The atomic shell recombination
following a Ou[fEC’ decay would in most cases involve
the emission of multiple X-rays whose energies sum up
to 29.2 keV. Computing the containment efficiency for
the X-rays and Auger electrons involves a full simula-
tion of the atomic recombination following the 0u[3+EC
decay [19]. A simpler solution is to assume every decay
is followed by the emission of just one X-ray of exactly
29.2 keV, and to apply a volume cut corresponding to the
most external layer of 260 pm thickness of each crystal.
This yield a 3% systematic effect.

Given the absence of neutrinos carrying away part of
the available energy, the kinetic energy K of the emitted
positron is peaked at K = Q — 2m. — E}, where @ is the
Q-value of the reaction:

Q = m(***Te) —m("*°Sn) , (1)

and m are the masses of the considered nuclei. Only one
direct measurement of @), obtained with a Penning trap,
is available in literature, i.e. @ = 1714.8 + 1.3 keV [20].

The energy deposited inside the crystal where the de-
cay takes place, u, is the sum of the kinetic energy of the
positron and that of the X-ray or Auger electron. Since,
in most of the cases, the positron is fully absorbed, we
can write:

p=K+E,=Q—2m.=6928+13keV . (2)

The expected energy spectrum for Ouﬁ+EC decay in the
detector where the process occurs is therefore a peak at
w. If we also consider the two 511 keV ~ rays, six different
signatures are possible. These are depicted in Fig. 1 and
reported in Table I (we refer them with the symbol (s),
with s = 0,...,5). Each v can either be absorbed in
the same crystal, or in a different crystal, or escape the
detector volume and be absorbed elsewhere.

The most stringent limit on '2°Te Ouﬁ+EC half-life,
Ty/5 >1.9-10*" yr at 90% confidence level (C.L.) [21],
was obtained by Cuoricino [22].  The exposure of
CUORE-O0 is just about half of the Cuoricino one, how-
ever the lower background and higher signal efficiency
lead to a higher sensitivity. Moreover, in the present
work we develop an analysis method which fully exploits
the information available in all the six different 0VB+EC
decay signatures. These factors allow to reach a sensi-

tivity to Ouﬁ+EC decay comparable to that of Cuoricino.
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FIG. 1. Signatures of '*°Te 01/5+EC decay in CUORE-0.
The red stars represent the 87 energy depositions, and the
arrows represent the 511 keV ~ rays following its annihilation.
The shaded squares represent the crystals with non-zero en-
ergy depositions. We do not apply any distance cut for sig-
natures (3)—(5) and accept also events depositing energy in
non-neighboring crystals.

CUORE will have a much higher sensitivity due primar-
ily to the larger mass and efficiency of detecting the two
511 keV gammas.

II. CUORE-0

CUORE-0 was a prototype of CUORE operated be-
tween 2013 and 2015. In addition to being a test
stand for the CUORE assembly [23] and cleaning proce-
dures [24, 25], CUORE-0 provided data leading to com-
petitive physics results [26, 27]. CUORE-0 consisted
of 52 TeOs crystals with natural Te composition op-
erated as source and detector for the OvfSp decay of
130Te, The crystals are 5 cm cubes mounted in a tower of
13 floors, with 4 crystals per floor. They were operated
as cryogenic calorimeters (bolometers) at a temperature
of ~ 10 mK and read-out with neutron transmutation
doped germanium thermistors. The total TeOy mass is
39 kg. Using the most recent evaluation of the '20Te
natural abundance, fi120 = 0.09(1)% [15], the 12°Te mass
contained in CUORE-0 is 28 g, corresponding to 1.3-10%3
atoms of 12°Te. We note that this value of fio9 differs
from the 0.096(2)% used by Cuoricino [21], which was
taken from Ref. [28].

CUORE-0 used the same cryostat and shielding as
Cuoricino [29, 30]. The shielding consists of two exter-
nal layers of low radioactivity lead for a total thickness
of 20 cm and a 1.2 cm internal layer of cold ancient Ro-
man lead [31]. The cryostat thermal shields are made of
electrolytic copper which provides an additional layer of
shielding (~ 1.5 cm), and the whole cryostat is enclosed
in a 10 cm layer of borated polyethylene shielding. The
front end electronics and the data acquisition were the

same as for Cuoricino. For a more detailed description,
see Refs. [13, 30, 32, 33].

IIT. DATA ANALYSIS

We use the entire CUORE-0 data set, which corre-
sponds to 35.2 kg-yr of TeO5 exposure. We use the same
data processing and selection as described in Ref. [34], ex-
cept for anti-coincidence cut, since we now select events
with multiplicity M (i.e. numbers of crystals with a non-
zero energy deposition) and energy which satisfy the cri-
teria reported in Table I.

The application of the selection cuts introduces an ef-
ficiency term, e.u4, which is common to all signatures.
This is the product of the trigger and reconstruction
efficiency, €qigger, and of the pile-up and Pulse Shape
Analysis (PSA) efficiency, epgsa. We use the same val-
ues reported in [34], i.e. Egpigger = 98.529 & 0.004% and
epsa = 93.7 £ 0.7%. The product of the two yields
Ecut = 92.34+0.7%. We apply these cuts independently to
each channel, exponentiating the efficiency term to the
corresponding multiplicity: €24,

Additionally, the selection of events with M =1, 2 or
3 introduces a further efficiency term, ep. We exploit
the CUORE-0 event rate (~ 0.001 Hz) to compute the
probability of having random coincidences, which induce
pile-up events in the M =1, M = 2 and M = 3 spec-
tra [35], obtaining the following coincidence efficiencies:
EM=1 = 99(1)%, EM=2 — 992(1)% and EM=3 = 988(1)%

Finally, we consider the containment efficiency, i.e. the
probability for an event of each signature to be fully con-
tained in the TeOs volume. We compute the contain-
ment efficiency ene using Monte Carlo (MC) simulations
(Sec. IV) and expect it to be floor dependent. Specifi-
cally, in signatures (0) and (1) emc should be larger for
the uppermost and lowermost floors (floors 1 and 13) be-
cause these crystals only have neighbors on three sides
rather than four, hence the ~ rays have a higher chance
of escaping undetected. Instead, signature (2), in which
both v rays are absorbed in the same crystal where the
decay occurs, should have the same efficiency in all floors.
Finally, we expect signatures (3), (4) and (5) to have a

larger efficiency for 0VB+EC decays taking place in the
inner floors (2-12). Based on these considerations, we
divide the data into subsets having the Ou[fEC’ decay
in floors 2-12 (subset 0) or floors 1,13 (subset 1). We
give more details on the computation of the containment
efficiency in Sec. IV.

We determine the energy resolution using the back-
ground peaks present in the CUORE-0 M = 1 physics
spectrum, and keeping the distinction between floors 1,
13 and 2-12. We fit the most prominent peaks in the en-
ergy spectrum: the Annihilation Peak (AP) at 511 keV
and the Single Escape Peak (SEP), plus a variety of ~
lines ranging from 238 keV to 2615 keV. We find the AP
and the SEP to be wider than the v lines both in cal-
ibration and physics data. Signatures (3), (4) and (5)



TABLE I. Signatures of 12°Te 0Vﬂ+EC decay in CUORE-0. For each signature (s) we report the signal peak position [ of

0V6+EC’ decay, the multiplicity M corresponding to the number of crystals with a non-zero energy deposition, and the fit
range(s) AE;, with ¢ = 1,..., M. The range of signature (0) is narrower than all others due to the presence of shoulders at
~ 640 keV and ~ 740 keV which would require the parameterization of the continuum background with a high-order polynomial.
We also report the average containment efficiency emc, i.e. the probability of having a full energy deposition in the detector
volume. We obtain this from MC simulations, and report it with its relative binomial uncertainty for floors 2-12 and 1,13. The
last two columns show the Background Index (BI) obtained from the final fit (Sec. VI), which corresponds to the marginalized
number of background events divided by the exposure and by the energy range(s).

Energy range [keV] emc|%] BI [counts/ (keVM kg-yr)]
Signature i [keV] M AE, AE, AE; FlL 2-12 FL 1,13 FL 2-12 FL 1,13
(0) 692.8 1 [657,720] 0.162(2)  0.309(4) 5.87 + 0.06 7.5+0.2
(1) 1203.8 1 [1150,1250] 1.23(2) 1.60(2) 2.15 +0.03 3137009
(2) 1714.8 1 [1665,1775] 0.90(1)  0.92(1) (5.4+02)-10"" (6.9193) .10
(3) (692.8,511) 2 [650,750]  [460, 560 0.317(3)  0.303(3) (1.027998)- 10  (9%3)-10™
(4) (1203.8,511) 2 [1150,1250] [460, 560) 0.657(5)  0.471(4) (2.1£0.3)-10* (2.7792)- 107
(5) (692.8,511,511) 3  [650,750]  [460,560] [460,560] 0.0559(5) 0.0196(3) (1.87 %) . 107  (4t!). 107
feature the annihilation peak in the signal parametriza- 3F
tion, therefore we need to treat them separately from -
the 7 lines. In signatures (1) and (4) a line at 1203.8 keV 2.59-
also appears in the signal parameterization: this line cor- T T Eo e o S T S
responds to the sum energy of the Bﬁ the X-ray or Auger 2
electron, and a 511 keV annihilation ~, hence it is also =
expected to be broadened. 215
We fit the energy resolution (o) of the «y lines in the °
CUORE-0 physics spectrum as a function of energy with 1=
the following function: C
0.5—
o(B)=vath- B ) A %+ boppiertroandened ine
where a describes the thermal and electronic noise, while 0 500 1000 Enerég%?ev] 2000 2500 %

b is a parameter connected to the phonon production and
collection. The fit results are reported in Table II. On
the other hand, the presence in the physics spectrum of
only two broadened peaks prevents a proper fit of energy
resolution as a function of energy. Therefore we take op,
the resolution of the broadened lines, to be the average
of the resolutions of the AP and SEP (Table II). The fits
of 0, and op for floors 2-12 are also shown in Fig. 2.
This procedure differs from that used in Ref. [26] in the
separation between floors 1-13 and 2-12, and in the ad-
hoc treatment of the broadened lines.

TABLE II. Best fit values for the parameters of Eq. (3), and
op of broadened peaks for subsets 0 and 1. The uncertainties
correspond to the statistical errors of the fit.

d a [keV? b [keV) op [keV)
0 1.2(1) 1.37(7) - 1073 2.1(2)
1 1.5(1) 1.70(9) - 1073 2.4(2)

The energy resolution of the signal peaks (see Eq. (9) of
Sec. V) is taken as 0., or o, depending on the presence of
broadening in the considered signal. The same approach
is used for the background components.

FIG. 2. Resolution curves for + lines (black triangles, red solid
curve) and broadened peaks (blue circles and blue dashed
curve) for floors 2-12.

IV. MONTE CARLO SIMULATIONS

We use MC simulations to extract the containment
efficiency, and to get an understanding of the most ap-
propriate fit model for each signature. Specifically, we
use the background model described in Ref. [27] to de-
fine a maximal fit model that contains, for each signature
and subset, all components visible in the simulated spec-
tra. As an example, Fig. 7 depicts the simulated spectra
of signatures (3) and (4) for a hypothetical live time of
10 yr.

In order to compute the 20Te OvB EC decay con-
tainment efficiency, we simulated 107 positrons with
692.8 keV kinetic energy uniformly distributed in the
TeOy volume. We define the containment efficiency enc
for a given signature and subset as the number of events
which deposit energy in a +40 window around the ex-
pected OVB+EC decay peak position i, divided by the



number of generated primaries:

N(E € [y — 4o, p + 40])
Ntot ' (4)

EMC =

We chose the number of generated primaries in order to
have 0.y, /emc ~ 1%. In all cases, we account for the
non-operative channel in floor 10 [26]. For the signatures
with M > 1 we also account for the live time fraction of
the secondary channels.

Fig. 3 shows enc for all Ou[fEC’ decay signatures
and for each single floor of CUORE-0. As discussed in
Sec. ITI, the top and bottom floors feature different effi-
ciencies for all signatures, except signature (2). In this
signature, all of the energy is deposited in a single crystal
with no energy escaping, so the efficiency is unaffected by
the detector geometry (see Fig. 1). The containment ef-
ficiency for each signature and subset is also reported in
Table L.

2
- =(0) < (3)
18- (1) =(4)
— ¥ (2 5
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FIG. 3. Containment efficiency enmc for each floor and for all
considered OVﬂJrEC’ decay signatures. The uncertainty of the
values is hidden by the markers. The efficiencies for signatures
with M > 1 are corrected by the live time fraction of the
secondary channels. All efficiencies of floors 911 are reduced
because one of the detectors in floor 10 was not operative.

V. STATISTICAL APPROACH

We search for OVB+E C decay by means of a simultane-
ous unbinned Bayesian fit of the energy spectra of all sig-
natures and subsets using the BAT software package [36].
The likelihood function is the product over the signa-
tures (index s) and subsets (index d) of the unbinned

(extended) terms:

r_ HH/\ZUE

5=0d=0

Hf( Eeaildsa) ,  (5)

where n4 is the number of events in the spectrum sd, \gq
is the corresponding expectation value, f is the expected
energy distribution of the signal and background events,
Esdz represents the event energy values and Hsd are the
model parameters. We drop the indexes s and d from
here on where not necessary.

The expectation value A is the sum of the expected
number of signal events S, of linear background events
B, and of events belonging to other possible background
components. For all signatures, we can consider the pres-
ence of additional background peaks in the vicinity of
the Ou[fEC’ decay peak position. We indicate these with
an index p and a number of expected events F,. More-
over, the signatures with multiplicity > 1 can feature
the presence of additional background events distributed
on horizontal, vertical or diagonal bands, as visible in
Figs. 6 and 7. Namely, events in which a background
~v undergoes a Compton scattering in one crystal and
then is fully absorbed in a neighbor one, so that the two
energy depositions sum up at the energy of the ~, are
distributed on a diagonal band. On the other hand, a
background v can undergo a pair production followed by
an electron-positron annihilation. If one of the 511 keV
~ rays is absorbed in a neighbor crystal, while the other
undergoes a Compton scattering within the original crys-
tal and then escapes undetected, we measure a M2 event
with 511 keV in the neighbor crystal and somewhat less
than the energy of the SEP in the original one. Events of
this type are distributed on a horizontal band. Finally,
a background event can consist of two 7 rays emitted in
coincidence: if one is fully absorbed and the other under-
goes a Compton scattering in a neighboring crystal and
then escapes, the event lies in a vertical band. This can
occur in %0Co events, for example. We will refer to the
horizontal /vertical bands with an index ¢ (and expecta-
tion value 73) and to the diagonal ones with an index
¢ (and expectation value @4). The expectation value is
therefore given by:

)\sd - Ssd + Bsd + Z Ppsd + Z Ttsd + Z Qqsd (6)
P t q

For the background contributions we use the number of
background events as a fit parameter, while for the signal
contribution we express S as a function of the 0VB+EC
half-life:

Ssa = b2 &fuo €sd *Md *td , (7)

T1/2 ma

where N4 is the Avogadro number, m 4 is the molar mass
of TeOs, fia0 is the 129Te isotopic abundance, €4 is the
total efficiency, i.e. the product of the containment ef-
ficiency emc,sa, the coincidence efficiency for the con-
sidered signature multiplicity ey (M = 1,2,3) and the



selection cut efficiency Ecut!, while mg and tgq are the
TeOs mass and the measurement live time of subset d,
respectively.

We model the energy distribution for every signature
and subset according to the contributions considered in
Eq. (6). In general, we can express f(E|f) as:

f (EW) =§fs (E‘W)

+§f3 (EA@)

— signal

— linear background

+ Z %fp (E:|6‘j — background peaks
P

+ Z %ft (E}W) — hor. /vert. bands
¢

4 Z %fq (E}W) — diagonal bands.
q

(8)

For all signatures, we parameterize the signal as an M-
dimensional Gaussian distribution centered at the ener-
gies i reported in Table I:

=N o 1 (Eir - Mr)z
fs (Ei|9) = 7«1;[1 mexp l—T .9

where 7 is the dimension index running from 1 to the
considered multiplicity M. We do not include cross-
correlation terms since we find them to be negligible in
the 2-dimensional peaks of M = 2 spectra of both data
and MC simulations.

The distribution of background events depends both
on the considered signature and subset. In general, we
implement it as a linear distribution in all considered
dimensions:

Lo Moy R
I (Ez'|9) = U {AET + B (B — Er)| (10)

where AFE, and ET are the fit range and its center, re-
spectively, for the dimension index r = 1,..., M, while
[ is a parameter which describes the slope of the back-
ground distribution.

In case other background peaks are present in the fit
region, we parameterize them as n-dimensional Gaussian
peaks centered at energy [i, and with sigma &):

g o 1 (Ezr - Npr)2

T Notice that €MC,sd is different for each signature and subset, en;
depends on the event multiplicity for the considered signature,
while ecyt is common to all signatures and subsets.

The signatures with multiplicity > 1 can feature the
presence of horizontal and/or vertical background bands
(Figs. 6 and 7), which we implement as:

i (B46) = LSS Sy €75 7 i AP

! ! \/%Ut AEU*M 20t2 '
where £ is the index indicating the direction of the band

in the 2-dimensional spectrum.
Finally, we fit the diagonal bands with:

exp |:_ (Ei0+2Ei;7:U‘q)2:|
fq (E‘Aé’) = (Tq ,
(Bio+FEi1—p1q)?
i) o, ap, O [— S }dEldEQ
(13)

where E;y and E;; are the energies measured in the two
crystals, ji, is the energy of the original v, and o is the
combination of the energy resolution in the two channels:
Og =/ a% + J%.

The fit parameters with no prior information available
are the normalization terms for the background contri-
butions Bgg, Ppsd, Qqsa and Tisq, and the parameter of

interest is the Ou[fEC’ inverse half-life, 1/77 /5. The nui-
sance parameters for which prior measurements are avail-
able are the containment efficiencies ey, the coincidence
cut efficiencies ey, the selection cut efficiency ecyt, the
120Te isotopic abundance fi29 and the 0Uﬁ+EC Q-value
Q. The last three parameters and the inverse half-life are
common to all signatures.

We use two sets of priors for the fit parameters. If
an independent measurement is available for a parame-
ter, we use a Gaussian prior centered at the measured
value and with a o equal to the corresponding uncer-
tainty. This is the case for the efficiencies, @ and fi29.
For all other parameters we use a flat prior in a range
large enough to allow the corresponding marginalized
posterior to go to zero, and bound to non-negative val-
ues if the considered parameter represents or is propor-
tional to a number of counts. The choice of a flat prior
does not influence significantly the posterior for the back-
ground components, because the information contained
in the data is generally stronger than that provided by
the prior. This is not true for the very small or negligi-
ble background components — with a posterior peaked at
zero or compatible at 2 o with it — or 1/77 /5. In these
cases, a log-flat prior, i.e. a prior flat in the logarithm
of the variable, would yield a much stronger limit on the
number of counts assigned to the considered background
components, or on 1/77 /5. Therefore, the flat prior rep-
resents a conservative choice.

The inclusion of the energy resolution o as a nuisance
parameter would involve a further complication of the
analysis software. Namely, while all other parameters
can be either characteristic of each single fit component,
or common to all of them (within the same signature
and subset), the energy resolution is common to multiple
background components of different signatures, and at
the same time different background components of the



same signature can have different resolutions. For sake
of simplicity, we preferred to treat the energy resolution
as a systematic effect and to run the analysis multiple
times after shifting all o values up and down by their
uncertainties.

VI. RESULTS

We use the MC simulations [27] described in Sec. IV
to define a maximal model containing all possible back-
ground contributions. We fit the maximal model to the
data and iteratively remove those contributions for which
the minimum of the 95% interval around the marginal-
ized mode is zero. The only exception is made for the
linear background contribution, which we always keep in
the fit. We denote the final fit model containing only
the components with > 20 significance the “minimal
model”. To better understand the relative importance
of each signature and the effect of the nuisance parame-
ters, we perform the fit on each signature separately, as
well as on all of them together, and under the following
conditions:

e with the minimal model and including the efficiencies,
@ and f199 as nuisance parameters. This is our baseline
approach;

e with the minimal model, keeping the efficiencies, @) and
f120 fixed;

e with the maximal model and including the efficiencies,
@ and f129 as nuisance parameters.

The background components of the minimal model for

signatures (0)—(4) are shown in Figs. 5 and 6. These fig-

ures also show the best fit curves with the 0VB+EC decay
signal contribution normalized to the 90% credibility in-
terval (CI) limit. Signature (5) has only 8 events hence
we parameterize its background with a uniform distribu-
tion.

We report in Table I the marginalized values for the
background index, defined as the number of background
events divided by the exposure and the energy range, for
each signature and for floors 2-12 and 0, 13 as obtained
with the baseline fit. In all cases, the background of floors
0,13 is higher than for floors 2-12. In view of an anal-
ogous analysis of the CUORE data, we expect a strong
background suppression in the inner crystals thanks to
the larger number of channels.

The 90% CI limits from all fits are reported in Ta-
ble III. The inclusion of additional nuisance parameters
for the efficiencies, @ and f129 weakens all limits by
~ 10%, with the largest effect obtained for signature (2)
and the greatest reduction coming from the uncertainty
on f199. The effect is not the same for all subsets: the
reason comes from the presence of additional statistical
fluctuations to which the fit becomes sensitive when @
is not constrained to its best fit value. When we run
the fits simultaneously on all signatures, the inclusion of
additional nuisance parameters affects the limit by just
1%. Additionally, the effect of the switch to the maxi-

TABLE III. Results of the 01/ﬂ+EC decay analysis on each
individual signature, as well as on the combination of all sig-
natures. We use the minimal model keeping the efficiencies, Q
and fi20 fixed (column “Less Pars.”), or considering them as
nuisance parameters (column “All Pars.”). We consider the
maximal model only in the case of signatures (2), (3), (4),
and for the combination of all signatures. For signatures (0),
(1) and (5) the maximal model is equivalent to the minimal
model with additional nuisance parameters.

Limit on T2 [yr] (90% CI)

Minimal Maximal
Signature Less Pars. All Pars. All Pars.
(0) 2.8-10% 2.5 10" -
(1) 1.6 - 10%° 1.4-10%° -
(2) 4.7-10% 4.2-10% 4.2-10%°
(3) 5.2-10% 4.4-10% 4.4-10%°
(4) 1.2-10% 1.1-10% 1.1-10%
(5) 1.6 - 10%° 1.5-10%° -
All 1.6 - 10* 1.6 - 10* 1.6 - 10

mal model is at the percent level for all signatures, and
indicates that the minimal model already provides an ap-
propriate description of the data.

Finally, we consider the uncertainty on the energy res-
olution as a systematic. We re-run the minimal model on
the data with all efficiencies, @ and fi5¢ as nuisance pa-
rameters and with the energy resolution increased or de-
creased by +1 standard deviation. This variation yields
a F7% change in the T /o limit, respectively. With the
described procedure we are neglecting all correlations be-
tween the uncertainties reported in Table II. Hence, this
result represents a conservative estimation.

The fit of the minimal model on all signatures together
with the inclusion of the efficiencies, @@ and fi29 as nui-
sance parameters, and without considering the system-
atic induced by energy resolution, gives a limit of

Tijo > 1.6-10*" yr (14)

for a 90% CI. The limit obtained with CUORE-0 data
is slightly weaker than that achieved with Cuoricino.
Specifically, the limit is weakened by the presence of a
small upward fluctuation in signature (1), with signifi-
cance of ~ 1 o.

We combine the results of CUORE-0 and Cuoricino
through a Bayesian fit with a flat prior on 1/77 /,, rescal-
ing the Cuoricino result to account for the corrected iso-
topic abundance. Thus, we obtain the strongest limit to

date on 0v3 EC decay of 120Te:
Ty o > 2.7-10*" yr (90% CI), (15)

with a 5% systematic uncertainty induced by the un-
certainty on the CUORE-0 energy resolution and a 3%
systematic uncertainty given by the assumption of full
containment for the X-rays and Auger electron following
a 01//)’+EC decay (Sec. I). The 1/T}/, posterior distri-



bution for the combination of CUORE-0 and Cuoricino
results is shown in Fig. 4.

0.16— —— Cuoricino
— CUORE-0
—— Combined
T
o
[a)
t:
o
a
Oj' { Lo e v, 10
0 0.5 1 1.5 2 2.5

UT, Y

FIG. 4. Posterior distribution of 1/}, obtained from Cuori-
cino (green), CUORE-0 (red), and their combination (black).
The gray area corresponds to the 90% quantile.

VII. CONCLUSIONS

We performed a search of 03 EC decay of 120Te on
CUORE-0 data. The lower background, the higher total
efficiency and the development of a dedicated fit which
we can run simultaneously on multiple signatures with
different multiplicities and on multiple data subsets al-

lows us to reach a limit comparable to that of Cuoricino
with approximately half the exposure. We can apply
the analysis procedure developed for this work directly
to CUORE data, once available, for the search of 129Te

0Uﬁ+EC decay and other physics processes, e.g. the Ov5
decay of ¥%Te to excited states of 3Xe, already stud-
ied with Cuoricino [37] and CUORE-0 [35]. The larger
mass and higher containment efficiency for events with
multiplicity > 1 could provide an increase of two orders
of magnitude for all analyses of this kind.
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FIG. 5. Energy spectra for floors 2-12 (left) and 1,13 (right) relative to the signatures (0), (1) and (2) (top to bottom). The

curves correspond to the best fit minimal model, with the 0VB+EO decay peak normalized to the 90% CI limit. The shaded
area corresponds to a 10 keV region around the expected signal peak position.
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FIG. 6. Energy spectra for floors 2-12 (left) and 1,13 (right) relative to the signatures (3) and (4) (top to bottom). The squares

correspond to the measured events. The contour curves correspond to the best fit minimal model, with the 0Vﬂ+EC decay

contribution normalized to the 90% CI limit. The shaded area corresponds to a 10 keV region around the expected signal peak
position.
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FIG. 7. Same as Fig. 6 but using MC simulations. The relative normalization of the background contributions is taken from
the CUORE-0 background model [27]. The global normalization corresponds to a live time of 10 yr.



