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Initial performance of the CUORE detector
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Abstract. CUORE, the Cryogenic Underground Observatory for Rare Events, is an
experiment searching for the neutrinoless double-beta decay of '**Te. The first CUORE dataset
was acquired in May and June 2017 and consisted of 10.6 kg-yr of TeO2 exposure, with several
days of calibration data before and after the physics dataset. We discuss here the initial
performance of the CUORE detector and cryostat in this first dataset.

1. Introduction

Double-beta decay is a rare process in which a nucleus decays by emitting two electrons
simultaneously. The ordinary form of this decay, ’gX — ,21 +2X’ + 2e~ + 27,, has been observed
in a variety of isotopes, and generally has half-lives on the order of 10 to 10! y [1]. There is
another hypothesized form of this decay, however, in which no neutrinos are released. This decay,
known as neutrinoless double-beta (0v3/3) decay, can occur only if the neutrino is a Majorana
particle; that is, if the neutrino is its own antiparticle. Observation of Ov33 decay would be the
first evidence of lepton number violation and unambiguously establish the Majorana nature of
the neutrino.

Because there are no neutrinos in the final state of Qv decay, the total energy of the
electrons released in the decay is fixed at a specific value, ) 3g, which is the difference in binding
energy between the initial and final nuclei. By contrast, in normal double-beta decay, the
neutrinos carry away a portion of the energy, and the total energy of the electrons is a continuum
from 0 to Qgg. Thus, the goal of any 0v33 decay search is to capture and record the energy of
electrons released in the decay and search for an excess of events near Q) gg.

CUORE, the Cryogenic Underground Observatory for Rare Events, is an experiment
searching for the neutrinoless double-beta decay of 30Te [2]. It is located deep underground, at
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a depth of ~3600 m.w.e, at the Laboratori Nazionali del Gran Sasso in Assergi, Italy. CUORE is
composed of 988 TeOq crystals, which serve as both the Ov33 decay sources and as bolometric
detectors — ultra-low temperature devices that measure the energy of incident particles via
a rise in temperature. These high-resolution crystal bolometers, with a total mass of 742 kg,
corresponding to 206 kg of 139Te, are operated at ~15 mK.

CUORE is a successor experiment to CUORE-0 [3] and Cuoricino [4]. The CUORE family
of detectors is distinguished from other Ov(33 searches by the high natural isotopic abundance
of 139Te, the @Q-value of ¥°Te decay above the Compton edge of the dominant ~ background
(2615 keV from 208T1), and the high resolution of TeOs bolometers (~0.2% at Qgp).

2. CUORE Detectors and Cryostat

The 988 TeOy bolometric detectors are arranged into 19 towers, each with 13 floors of 4 crystals.
The frame of each tower is copper, and the crystals are thermally coupled to the copper frame
with polytetrafluoroethylene (PTFE) supports. Each crystal is instrumented with a resistive
heater, which is used for stabilizing the detector gain over time, and a neutron transmutation
doped germanium (NTD-Ge) thermistor [5], for measuring the crystal temperature.

Energy depositions in the TeOy crystals are measured by continuously recording the voltage
across each thermistor. Each pulse is filtered, digitized, and saved. The amplitude of each pulse
is proportional to the energy deposited in the crystal, and the bolometers take ~5 s to recover
their baseline temperature after each pulse.

CUORE is operated in a cryogen-free cryostat that cools the 742 kg of TeOy and several
tons of shielding to cryogenic temperatures. The first step is the fast cooling system, which uses
liquid helium vapor to cool the cryostat to ~50 K. Five pulse tube cryocoolers then work to
cool the detectors to ~4 K, and, finally, a dilution refrigerator cools the detectors to 15 mK,
with a cooling power of 3 uW of power at 10 mK. During operations, the detector temperature
is stable to within ~0.25 mK.

Inside the CUORE cryostat is a series of copper vessels at successively colder temperatures.
There is also a lead shield directly above the detectors, at 50 mK, and additional lead around
the sides of the detector and below the detector, at 4 K. The lateral and bottom lead shields are
composed of ancient Roman lead with especially low levels of 2!°Pb. The CUORE cryostat is
suspended from a steel platform that is connected via sand-filled columns to concrete walls that
are seismically isolated from the bedrock. The detectors are suspended independently from the
rest of the cryostat and are further isolated from this steel platform with the use of three passive
mechanical vibration isolators. During operations, a lead shield is raised around the outside
of the cryostat for protection from external v sources. This lead shield is also surrounded by
borated polyethylene and boric acid panels, which provide protection from external neutrons.

We have employed a variety of strategies to minimize noise through vibration isolation. The
pulse tube system is a primary contributor to the overall noise, as the pulse tube lines move
and vibrate continuously when in operation. We mitigate this noise in a variety of ways. Cold
mechanical decouplers above the 40 K and 4 K plates isolate the colder cryostat stages from the
vibrations that the pulse tube lines induce on the top (room-temperature) cryostat plate. We
also use remote motor heads that are suspended independently from the cryostat and from the
detectors. Finally, we have implemented active phase cancellation between the 5 pulse tubes,
following a scan to select the most desirable relative phases.

3. Data acquisition

The first CUORE dataset was acquired in May and June 2017. The dataset began and ended
with approximately 3 days of calibration with ?*2Th sources. Of the 988 total bolometers, 984
(99.6%) are operational; this first analysis is performed with the best-performing 889 (90%)
bolometers. We acquired 38.1 kg-yr of exposure with these 889 channels, corresponding to
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10.6 kg-yr of 139Te exposure. In total, 65% of the run time in this dataset was devoted to
physics data taking, with 22% devoted to calibration and the rest to test and other operations.

Calibration is performed by a semi-automated system that lowers warm 232Th calibration
sources into the cryostat and cools them to base temperature monthly [6]. The use of internal
sources is necessary due to the tightly-packed array of detector towers and the presence of
shielding inside the cryostat, both of which limit our ability to effectively use calibration sources
external to the cryostat. We use several lines from the 232Th decay chain to calibrate the
detector, including the 239 keV line from 2'?Pb; 338 keV, 911 keV, and 969 keV lines from
228 Ac; and 583 keV and 2615 keV lines from 208T1 (see Figure 1).

We acquire data continuously from each of the 984 operational detectors at a sampling
rate of 1 kHz. Data is acquired in runs of approximately 1 day and grouped into datasets
of approximately 1 month. Each dataset begins and ends with a calibration to ensure that the
detector response has not changed over the course of the month. At the end of each dataset,
we compute an average pulse shape and average noise power spectrum and use this to filter the
software-triggered 5-second waveforms. We then compute the amplitude of each filtered pulse
by looking for the first local maximum in the signal after the trigger and extrapolating between
the points on either side of the maximum.

Using the silicon heaters attached to the crystals, we periodically inject fixed amounts of
energy into the crystals over the course of the dataset. We use these pulses to stabilize the
detector gain over the dataset. We then search for the known energy of peaks in the calibration
spectrum to get a mapping from this stabilized amplitude to a true energy, which is stable on
time scales of at least 1 month.

In order to select Ov35 decay candidate events, we apply a variety of cuts to the data. Several
pulse-shape parameters are measured, and we set limits on a combination of the baseline slope,
pulse rise time and shape, and decay time and shape. Any Ovf3 decay events would be entirely
contained in 1 crystal 88% of the time, so we also exclude events that happen in coincidence
with (within 5 ms of) events in other bolometers.

4. Resolution and energy reconstruction
The resolution and response function of each detector is calculated from a fit to the 29Tl
2615 keV line in calibration data. We estimate the resolution of the physics data by comparing
the resolution of the 2615 keV line in physics data to that of calibration data. We do not have
enough statistics to do an independent fit to the 2615 keV line in physics data in each channel,
so we use the line shape and resolutions in calibration data. Because the 2615 keV line is close
to Qg = 2528 keV [7], we take this to be the approximate resolution of a potential 0v3( signal.
In all, we find that the harmonic mean of our channel resolutions in calibration data
is 10.6 keV at 2615 keV (see Figure 2), and the resolution of the physics data is 74% of
the calibration data resolution. Thus, the resolution of our physics data is estimated to be
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Calibration resolution at 2615 keV
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(7.94+0.6) keV at 2615 keV.

We also use the visible peaks in the physics spectrum to estimate the resolution of lines
in the physics spectrum at different energies and the energy bias of our data processing (see
Figure 3). We find that our energy reconstruction is accurate to within 0.5 keV, which we treat
as a systematic uncertainty in our Ov3g3 decay fit.

5. Future prospects

CUORE plans to accumulate 5 years of live time over the course of the experiment. Our expected
5-year sensitivity is Tlo/"2 > 9 x 10% yr [8]. In the framework of Ov33 decay mediated by light
Majorana neutrino exchange, this corresponds to a limit on the effective Majorana neutrino
mass of mgg > 60 — 160 meV, depending on the nuclear matrix elements used.
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