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Abstract: The Cryogenic Underground Observatory for Rare Events (CUORE) is the first bolometric
experiment searching for neutrinoless double beta decay that has been able to reach the 1-ton scale.
The detector consists of an array of 988 TeO; crystals arranged in a cylindrical compact structure of
19 towers, each of them made of 52 crystals. The construction of the experiment was completed in
August 2016 and the data taking started in spring 2017 after a period of commissioning and tests.
In this work we present the neutrinoless double beta decay results of CUORE from examining a total
TeO, exposure of 86.3 kg yr, characterized by an effective energy resolution of 7.7 keV FWHM and
a background in the region of interest of 0.014 counts/ (keV kg yr). In this physics run, CUORE placed
a lower limit on the decay half-life of neutrinoless double beta decay of '3*Te > 1.3 -10% yr (90% C.L.).
Moreover, an analysis of the background of the experiment is presented as well as the measurement
of the 1%Te 2vBB decay with a resulting half-life of Tf), = [7.9 4+ 0.1 (stat.) £ 0.2 (syst.)] x 102 yr
which is the most precise measurement of the half-life and compatible with previous results.

Keywords: neutrinoless double beta decay; CUORE; Majorana Neutrino

1. Introduction

Double beta decay is a rare process in which a nucleus (A, Z) decays to (A, Z +2) +2e~ +2v.
This process is allowed by the Standard Particle models, although it is very rare. After the discovery of
neutrino flavor oscillations in the early 2000s [1-5] and the consecutive deduction that neutrinos are
not massless particles, the search for rare nuclear decays to infer the neutrino mass had a considerable
boost [6]. In spite of about 20 years of searches so far, neither the scale nor the nature of the neutrino
mass are clear. In fact, the neutrino could have either a Dirac or a Majorana mass type. In the latter case,
it would imply violation of the lepton quantum number and new physics beyond the Standard Model.
Moreover, it would have an implication for the matter-antimatter asymmetry of the Universe. It is
worth noting that, if neutrinos are Majorana particles, neutrinoless double beta decay (0vBp) can take
place. It is a so far unobserved nuclear process in which a nucleus (A, Z) decays to (A, Z +2) 4+ 2¢~,
manifestly violating lepton number conservation.

The Cryogenic Underground Observatory for Rare Events (CUORE) experiment has the search of
the neutrinoless double beta decay of 130Te to 139Xe + 2¢~ as its main scientific goal [7]. In the case
of a positive signal, this would be a conclusive indication that the neutrinos are Majorana particles.
Moreover, it would provide a measurement of the neutrino mass. The search for neutrinoless double
beta decay is a very active field of research with several collaborations around the world looking for it
with several techniques (e.g., Ge-diodes [8], liquid scintillators [9,10], and TPCs [11]). CUORE is the
first tonne-scale experiment for the search of neutrinoless double beta decay with cryogenic techniques.
It was designed based on the experience of previous demonstrators and experiments [12-16] and it is
currently in the data taking phase at Laboratori Nazionali del Gran Sasso (central Italy).

In neutrinoless double beta decay searches, the figure of merit that drives the sensitivity can
be expressed as ~e\/MT/(bAE) where € is the total signal efficiency, M is the active mass, T is
the live time, b is in background in counts/ (keV - kg - yr) around the endpoint of the double beta
decay spectrum (Qpg) and AE is the energy resolution [17]. CUORE aims for an energy resolution
of about AE ~ 5 keV full-with half-maximum (FWHM) at Qgg and a background index b of about
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0.01 counts/ (keV - kg - yr) [18]. The ultimate CUORE sensitivity to the half life of 1**Te neutrinoless
double beta decay after five years of livetime is 9 x 10% yr.

2. Detector Design and Construction

The CUORE detector consists of 988 bolometers operating independently, with each bolometer
acting as an individual detector searching for OvBS decay. In this experimental configuration,
the crystal acts as both the source and detector of the decays of interest. A CUORE bolometer
is composed of two main components: an absorber (the crystal), which absorbs the energy released
in a particle interaction increasing consequently its temperature, and a thermistor, which converts
this change in temperature into a measurable change in voltage (see Figure 1). A CUORE absorber
is a Tellurium oxyde crystal, 5 x 5 x 5 cm? in size and about 750 g in mass. Thanks to the relatively
high 3Te isotopic abundance, the crystal is made using "Te. Crystals absorb the kinetic energy of
the electrons emitted by the decay while neutrinos free stream out of the detectors. Consequently,
searching for OvBB implies looking for a peak at the endpoint of the 1*Te decay, Qpp = 2527.5keV.
This source = detector configuration gives us a high signal efficiency of around 85% (full containment
of both the emitted electrons in a single crystal).

(a) (b) (0)

Figure 1. (a) Schematic of a single Cryogenic Underground Observatory for Rare Events (CUORE)
tower, with 13 floors of four crystals. Each tower has 52 crystals for a total mass of ~39 kg of TeO, or
~10.8 kg of 130Te, The CUORE detector is composed of 19 such towers. (b) A schematic of a CUORE
bolometer. The TeO, crystal acts as the absorber, and is connected to a heat bath through a weak
thermal link, L. Each bolometer is instrumented with an NTD thermistor, N, and a heater to inject heat
pulses, H. (c) The CUORE detector assembled and installed in the CUORE cryostat, inside the CUORE
cleanroom. Picture from [19].

In the CUORE detector, crystals are arranged into a cylindrical array of 19 towers, each containing
52 crystals over 13 floors (four crystals per floor). Each crystal has a mass of ~750 g, for a total TeO,
mass of 741kg (~206 kg is 1*Te). In order to profit from the C « T® of dielectric materials (Debye
Law, C heat capacity, T temperature), the detector is contained in a powerful dilution-unit cryostat [20]
at a temperature of about 10 mK (Figure 1). Thanks to the low operating temperature, the crystal
temperature increases by about 100 uK for an energy deposit of 1 MeV.

The crystal is thermally coupled to a neutron transmutation doped thermistor (NTD) with
a resistivity that is exponentially dependent on temperature. Consequently, a ~1% temperature change
causes a ~10% change in resistivity. The NTDs have typical resistances of ~(0.1-1) G(2 and are current
biased and read out using room temperature electronics.

To suppress external y-ray backgrounds, two lead shields are integrated into the cryogenic
volume: a 30-cm thick shield at ~50 mK above the detectors and a 6-cm thick shield at ~4 K around
and below the detectors. The lateral and lower shields are made from ancient Roman lead with
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extremely low levels of radioactivity [21]. Moreover, an external lead shield (25 cm thick) surrounded
by borated polyethylene and boric acid (20 cm thick) ensures additional shielding.

The construction of the CUORE towers was completed in summer 2014 and the commissioning of
the cryostat was completed two years later. The detector was then installed into the cryostat inside
a specially built anti-radon tent in order to minimize the exposure to radon during the installation
process [22]. The first CUORE cooldown started in December 2016 and reached base temperature one
month later.

3. CUORE Data Taking and Neutrinoless Double Decay Searches

After a period of tests and commissioning, CUORE collected the first two datasets in summer
2017. The total exposure was 86.3 kg - yr of TeO, (24.0 kg - yr of 13°Te ). The data, which are shown in
Figure 2, are characterized by an energy resolution AE = 7.7 + 0.5 keV FWHM and a background index
at Qpp of b = 0.014 £ 0.002 counts/ (keV - kg - yr). In the future, an improvement of the background
index is foreseen implementing more sophisticated quality cuts and an improvement of resolution as
we continue refining our understanding of the CUORE cryostat. For example, resolution improved
from 8.3 keV to 7.4 keV between the first two data-taking periods.

© 3
s e Al {
5 2
R

16 CUORE

- Exposure: 86.3 kgiyr
. 14:— Phys. Rev. Lett. 120, 132501 (2018)
E 12;— L s QBB
8 10F ®Co
3 o
5 6
o}

2

0 L | L L L | L L L | L i L | L L H..: | L L

2480 2500 2520 2540 2560

Reconstructed Energy (keV)

Figure 2. Left: reconstructed 2T1 2516 keV line in the calibration spectrum with residuals with data
points (black) and the reconstructed line-shape (red). The dotted blue lines are the components of the
line shape corresponding to different physical processes. Right: the best fit in the ROI The value of the
Q/g/g, is marked in red. Picture taken from [7].

With the data collected in the first two datasets, CUORE was able to set a limit on the Ov 3 half life
of 130Te of T{% > 1.3 x 10% yr which outperforms the expected half life sensitivity (7.6 x 10%* yr) due
to a downward fluctuation of about 20" at Qgg (Figure 2). When combined with results of CUORE-0
and Cuoricino (CUORE predecessor experiments), the most stringent limit on Ovf decay half life of
130Te becomes T?}/z > 1.5 x 10® yr at 90% C.L. [7].
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4. Measurement of the 2v S Half-Life

The same set of data used for the search for the neutrinoless double beta decay has also been
used to analyze the CUORE spectrum at different energies. To understand the observed spectrum, we
simulated many possible background sources from different locations in the detector using a custom
Geant4-based Monte Carlo simulation [23] both close to and far from the crystal, and cosmogenic,
using an approach similar to [7,24]. Data are divided into three parts: multiplicity 1 (M1) spectrum,
multiplicity 2 (M2) spectrum and M2 sum spectrum (X2). M1 comprises events that release all their
energy in a single crystal, M2 is formed by events that release their energy in two crystals and X2
is the sum of the energies of M2 events (Figure 3). Double beta decay events release their energy in
a single crystal in about 90% of cases and consequently are primarily contained in the M1 spectrum.
In contrast, events like y-ray interactions and a-decays happening on the surface of a detector are
usually multi-crystal events and consequently populate the M2 spectrum. Figure 3 shows the M1 and
2.2 spectra. In the « region (reconstructed energy >~3 MeV) the M1 spectrum shows several double
peaks that are not present in X2 spectrum. This double peak structure is due to surface contamination
of surfaces near crystals with x-decaying nuclei. In this case, the a-particle is detected while the
recoiled nucleus remains in the passive material. A wider discussion of this effect can be found in [24].
The M1 spectrum is further divided into M1L0 and M1L1 spectra that contain respectively the 252 inner
core crystals which are expected to be more shielded from external background and the 736 external
bolometers on the surface of the detector.

Figure 3. The CUORE M1 spectrum vs. the ¥2 spectrum. ¥2 is more sensitive to -rays interactions
and surface o events. We can see this by the lack of double peaks in the a-region (reconstructed
energy >~3 MeV), since for an M2 event, the « and recoiling nucleus must both be detected. In case
the a-particle is detected while the recoiled nucleus remains in a passive material facing the crystal,
the event is detected as M1 event and forms the double peak structure. A wider discussion of this
effect can be found in [24]. The peak at ~3.2 MeV corresponds to the a-decay of 190pt, which is a bulk
contamination of the crystal coming from its growing procedure. Since it is a bulk contamination,
the full energy is typically contained in the originating crystal and the peak only appears in the M1
spectrum. Picture from [19].

We reconstruct the CUORE background by fitting the MC simulated spectra to the acquired data
simultaneously across these four spectra using a Markov-Chain Monte Carlo implemented in the JAGS
software package [25,26]. The fit has 60 free parameters and follows the same approach used in the
CUORE-0 experiment [24]. Both the MC and observed spectra have variable bin size to reduce the
effect of complicated line shapes (Figure 4).
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Using data contained in the first two datasets, we were able to extract a robust measurement of the
2vB half-life of 13Te. Thanks to the improvements in the background with respect to the CUORE-0
detector (mainly coming from a better shielded cryostat) and the increased mass in analysis, 2v38
decays are the main composition of the M1 spectrum in the 1-2 MeV region (Figure 4).

To avoid biases in the tuning of the data quality cuts and fitting procedure, any comparison with
previous results was avoided, blinding the MC normalization spectrum constant in order to have
the extracted half-life as function of a unphysical parameter. After finalizing the cuts, we removed
the blinding and we measured a half-life of '3*Te in the 2vB8 channel of Tl/ 2 = [7940.1 (stat.) +
0.2 (syst.)] x 10%0 yr. The measured half-life is consistent with previous measurements [24,27].

The only component of the reconstructed model that strongly correlates with 2v 3 rate is the
40K decay rate in the crystal bulk (8-decays with 1310.9 keV endpoint). The same contamination was
also present in CUORE-0, which has the same crystal growth procedure as CUORE crystals. However,
given the large rate of 2vp events in CUORE, this background accounts for about 1% of the signal,
which is within the statistical uncertainty of the measured rate (Figure 5).

e CUOREPre“m”']ary .................... ettt ettt s T
10? == Exposure: 86.3 kgiyir
>
2 10
) =
= =
3 -
O
1 = ut, L = B | e
—— pata(M1) ™ B S
10’1_FitReC°nStrUCﬂ°n.|....|....|....|....|.;
o : : : :
@ : : : : : :
o)
°
o]
=
®
ko . : : ;
[a} 0 H H ; ; H H
1000 2000 3000 400 5000 6000 7000
Reconstructed Energy (keV)

Figure 4. Top: MI1LO spectrum (blue) and the fit to the spectrum, built out of different simulated
background components (red). The variable binning has been chosen to contain peaks into a single bin
to avoid dependence on details of the peak shape while having good resolution of the model in the
continuum region. Bottom: ratio of the data and reconstructed model with 10, 2¢ and 3¢ error bars.
The continuum is well described while we have moderate disagreement in the heights of a few peaks.
Picture from [19].

One of the major upgrades with respect to CUORE 0vBp analysis is the improvement of the
estimation of signal acceptance efficiency. While previously we used several y-ray lines and we were
looking at the fraction of surviving events after cuts, now the M2 spectrum is considered. The previous
approach was limited by the limited statistics of the events in the peaks (2.4% uncertainty contribution
to the final result). Given the low event rate in CUORE, accidental M2 events are rare (<1%) and
constitute a clean event sample distributed over the whole energy range. Using this approach,
the uncertainty on the efficiency reduces to ~0.2%.

The systematic uncertainty (0.2 x 10%° yr) is dominated by the decision to split crystals between
inner (contributing to M1LO0) and outer (contributing to M1L1) channels. Other causes of uncertainty
(energy threshold and signal efficiency) are about one order of magnitude lower. Our fit reconstruction
splits the data into an inner layer of 252 bolometers and an outer layer of 736 bolometers, however,
other splittings of the data are also possible and yield different results (other splittings include looking
at only even or odd channels, even or odd towers, even or odd floors, the top half vs. bottom half of
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the detector, etc.). The spread of the results is used to evaluate the systematic error. Different results
depending on different channel grouping allow us to probe the uncertainty caused by our present
ignorance of the exact location of contaminations.

10° : — .
E CUORE Preliminary 2Bp Reconsiruction
C Exposure 86.3 kgiyr : DaT I(nMTl) 2
- . é i — - .
107 b g .............................. sl e
> —
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Reconstructed Energy (keV)

Figure 5. The observed M1L0 spectrum with the superposition of the 2v8f component (cyan) and 4°K
(green). The 2vBpB spectrum dominates the spectrum between 1 MeV and 2 MeV. Note: the binning
has been changed for illustrative purpose, the actual fit has been performed with the binning used in
Figure 4. Picture from [19].

5. Conclusions

CUORE, the first 1-ton scale array of bolometers searching for OvBp began collecting data in
summer of 2017. Using data collected in the first two datasets (24.0 kg - yr) of 3Te of exposure,
we set the strongest limit on the Ovp decay half-life of 1*'Te to date at Tfyz > 1.5 x 10%° yr at 90%
C.L. The same datasets were recently analyzed to reconstruct the background rate and we were
able to perform a measurement of the 2vp half-life: Tl/ 2 = [7.940.1 (stat.) + 0.2 (syst.)] x 102 yr.
This is the most precise measurement of the half-life of the 2vBB of 139Te and one of the most precise
measurements of any 2v( rate.
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