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CUORE is a 741 kg array of TeO, bolometers that will search for the neutrinoless double beta
decay of '3°Te. The detector is being constructed at the Laboratori Nazionali del Gran Sasso in
Italy, where it will start taking data in 2015. If the target background of 0.01 counts/(keV-kg-y)
is reached, then we expect that in five years of data taking CUORE will have an half life sensi-

tivity of about 10

y. CUORE-0 is a smaller experiment constructed to test and demonstrate the
performance expected for CUORE. The detector is a single CUORE-like tower of 52 bolometers
that started taking data in March 2013. Here, the status and perspectives of CUORE is discussed,

and the second CUORE-0 data release is presented.
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1. Neutrinoless Double Beta Decay

Currently, there are many open questions about the nature of the neutrino. What is the mass
hierarchy? What is the absolute mass scale of the neutrino? Is the neutrino mass a Dirac type mass
as with the other fermions, or is the neutrino unique in having a Majorana type mass? Finally, why
is the mass scale so different from all the other fermions?

Neutrinoless double beta decay (OvBf), (Z,A) — (Z+2,A) + 23, is an as-yet undiscovered
process that could provide many insights into the fundamental nature of the neutrino as well as
the symmetries of the lepton sector as a whole. Its discovery would indicate a violation of lepton
number and can only occur if the neutrino has a Majorana mass term. In fact, it is currently the
most realistic mechanism for addressing the Majorana/Dirac nature of the neutrino mass [1, 2].
Combined with other experiments, neutrinoless double beta decay could also provide constraints
to the neutrino mass hierarchy and scale.

In the simplest model of Ovf 8, moderated by light Majorana neutrinos, the decay rate is given
by
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where G is a phase space factor, M"Y the nuclear matrix element, (mgg) is the effective Ma-
jorana neutrino mass, and m, is the electron mass for normalization [1]. The phase space factor
is accurately calculable and is proportional to the 5% power of the total decay energy [3]. The
matrix element is the largest source of theoretical uncertainty and different models disagree by
factors of up to 2 or 3. This uncertainty induces a large spread in the limits placed on (mgg)
[4,5,6,7,8,9, 10]. The current generation of Ov3 3 experiments, running or under construction,
are generally sensitive to (mgg) in the range 50 to 200 meV.

Two neutrino double beta decay 2vff), (Z,A) — (Z+2,A) + 2B + 2V,, which is allowed
in the Standard Model, has been observed in a handful of isotopes. Since detectors don’t detect
the energy of the neutrinos, the 2v 3 spectrum forms a continuous spectrum from zero energy
to the full energy of the decay. But since OV produces no neutrinos, its energy spectrum is
not similarly broadened. The experimental signature of Ov3f3 would be a narrow peak at the full
energy of the decay, broadened only by the energy resolution of the detector.

The sensitivity to this process can be modeled as a single bin counting experiment. In the
limit of gaussian statistics, a common relation between the detector parameters and the half-life
sensitivity is
M-t
b-AE

where 1) is the detector efficiency, a is the isotopic abundance, M is the total active mass, ¢ is the

Tl(}vzxn'ax

live time of the experiment, AE is the energy resolution at the region of interest (ROI), and b is the
background rate per unit energy and mass [11].

The CUORE experiment searches for the 0v3 3 of the isotope '*Te. This isotope is an attrac-
tive candidate for at least three main reasons. First, the single beta decay channel is kinematically
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forbidden, so the nucleus can only decay via the higher order double beta decay channel. Second,
130Te has a high natural isotopic abundance (34.4%) [12] and so does not require isotopic enrich-
ment. And finally, its relatively high decay energy, 2528 keV, puts the region of interest above the
majority of the naturally occurring y background.

The predecessor to CUORE, called Cuoricino, ran from 2003-2008 in Hall A of the Laboratori
Nazionali del Gran Sasso (LNGS) in Italy. With an exposure of 19.8 kg-yr of '3°Te, Cuoricino set
the current best limit on the 3°Te Ov 8 of 2.8 x 10** yr (90% C.L.).

In this proceeding, we briefly review the working principle of the CUORE detector and present
the present status of the detector construction. In section 3, we present the second data release from
the CUORE-0 detector, including improvements made since the first data release and increased
statistics. In section 4, I discuss the outlook for both CUORE-0 and its implications for CUORE.

2. The CUORE Experiment

2.1 A CUORE Bolometer

The CUORE detector is an array of 988 bolometers each e /T(E?aniég
operated independently as an individual search for OVvBfB. A \ -
CUORE bolometer is composed of two main components, the (109
absorber which converts an energy deposition into a change in
temperature and the thermistor which converts this change in T %\Energy
temperature into a measurable change in voltage. Thermal coupling release

(PTFE)

A CUORE absorber is a 5x5x5 cm® TeO» crystal weighing Figure 1: Schematic of a
approximately 750 g. Since the crystal is made from "'Te, it bolometer.
is both the source and detector of the decays of interest. The
crystals are arranged into an array of 19 towers, of 13 floors each, with 4 crystals per floor. The
CUORE detector will have a total active mass of 741 kg, for 206 kg of '3°Te. The copper support
frames act as the bolometers’ fixed temperature heat bath. The detector is held at an operating
temperature of ~10 mK in a dilution refrigerator. At this low temperature, the heat capacity of
a single crystal is such that a 1 MeV energy deposition corresponds to a change in temperature
of about 100 uK — about 1%. This small change in temperature is read out using a Neutron
Transmutation Doped Germanium thermistor (NTD). These thermistors have a resistivity which is
exponentially dependent on temperature, and amplify the ~1% temperature change to a change in
resistivity of ~10%. The NTDs have typical resistances of ~ 100 MQ and are current biased and
read out using room temperature electronics.

2.2 Background Reduction Strategy

One of the primary goals in the design and assembly of CUORE was to decrease the back-
ground rate from that seen in Cuoricino. For CUORE, we aimed for a maximum background rate
of 0.01 counts/(keV-kg-yr) at the full energy of the 13Te decay. We worked closely with the TeO,
crystal grower at the Shanghai Institute of Ceramics, Chinese Academy of Science to limit both the
surface and bulk contamination of the crystals themselves [13]. We measured the bulk and surface
contamination to be less than 5.0 x 10~7 and 1.3 x 10~ Bq per crystal, respectively, in >*U and
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6.3 x 1077 and 3.0 x 10~7 Bq per crystal, respectively, in >3>Th (90% C.L.) [14]. We transported
the crystals from Shanghai to LNGS at sea level in order to minimize cosmogenic activation.

To reduce the amount of contamination from the supporting structure of our detector, we devel-
oped and tested strict material selection and cleaning procedures. By redesigning the tower support
structure, we reduced the amount of copper needed per crystal by a factor of about ~ 2. To remove
the contamination on the surface of the copper facing our detectors, we developed a copper treat-
ment procedure that combines tumbling, electropolishing, chemical etching and magnetic plasma
etching. The result of this treatment reduced the total surface contamination of the copper to below
1.3x 1077 Bq/cm2 at 90% C.L. in both 28U and 2*2Th [15]. To minimize re-contamination from
radon in the air, we assemble and store all of the towers in glove boxes under constant N, flux in a
class 1000 clean room.

2.3 Current Status of the CUORE Experiment

As of this writing, the assembly and instrumentation of the entire CUORE detector is complete.
The towers are being stored under constant N, flux awaiting the completion of the CUORE cryostat.
A detailed status of the cryostat can be found elsewhere in these proceedings.

3. Second Data Release from CUORE-0

In addition to the 19 towers produced for CUORE, a 20" tower was produced — the first
tower, in fact — and is being operated in the old Cuoricino cryostat as an independent experiment
called CUORE-0. It was originally foreseen as a full scale debugging of the assembly procedure
for CUORE, but is a formidable Ov3f3 search in its own right. It has been collecting data since
March 2013, and has so far amassed 18.1 kg-yr of total exposure (5.0 kg-yr of 13Te exposure) after
removing noisy periods of the detector. The data taking are split into two phases, Phase I ran from
March 2013 - August 2013 and collected 7.1 kg-yr of total exposure, before a temporary shutdown
to perform maintenance on the cryostat, and Phase II ran from November 2013 - May 2014 and
collected an additional 11.0 kg-yr of total exposure. Here I present the detector performance from
Phase II and the combined statistics from Phases I & I1.
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3.1 Detector Performance

1000 Counts/keV

The data collection for CUORE-O is split into
datasets. Each dataset is about one month long with

FWHM: 4.8 keV

10°

the first and last few days devoted to calibration. The
calibration data are shared between adjacent datasets.
During Phase I, CUORE-0 maintained about 43% live
time efficiency, with much of the down time coming 1

10°

from maintenance of the 30 year old cryostat and cal- T N TP NI 1R
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ibration. During Phase II, we improved the live time Energy [keV]

ffici to about 61% by 1 ing th -t f
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the cryostat and optimizing the amount of time spent Phase 11 calibration data. The FWHM of
collecting calibration data. the fit is 4.8 keV.
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Figure 3: Left: The combined Phase I & II calibration (red) and background (blue) spectrum from threshold
to 2.7 MeV. The calibration data has been scaled to match the background >°®T1 peak rate. The labeled peaks
are from ¥ from (1) e*e™ annihilation, (2) 21Bi, (3) “°K, (4) 29T, (5) °Co, (6) >*®Ac. Right: CUORE-0
Phase I & II combined data plotted against the Cuoricino data in the range 2.5 MeV to 3.9 MeV. The peak
at 3250 keV is due to '°Pt contamination in the crystal bulk.

We calibrate the detectors by inserting thoriated tungsten strings inside the outermost lead
shielding. We use the 7y lines from the thorium daughters to determine the calibration function for
each channel. The highest ¥ calibration line comes from 2%TI decay at 2615 keV — only 87 keV
above from our ROI. Since the rate of the background 7 lines in our Ov 8 search data is very low,
we use this line in the calibration data to determine our energy resolution on a channel by channel
basis.

We determine our energy resolution by first fitting the 2°8TI line with a p.d.f. that accommo-
dates the resolution of the channel, a low energy tail, a compton continuum, a flat background
and a Te X-ray escape peak that lies ~30 keV below the main peak. We then sum the channel
p.d.f.s together, weighted by the number of counts contributing and then measure the FWHM of
the summed p.d.f.

For Phase I, we achieved an energy resolution of 6.3 keV FWHM [16], while in Phase 1I we
improved the resolution to 4.8 keV FWHM. The majority of the improvement came from more
stable and less noisy operation of the cryostat. The fit for Phase II, excludes the first dataset of the
phase, since we were still adjusting the noise level. The combined Phase I & II data, including all
datasets for CUORE-0, has a resolution of 5.3 keV FWHM. The fit to the Phase II data alone is
shown in Fig. 2.

For the Ov 3 search data, we do not have enough statistics to study the detector resolution
on a channel by channel basis, so we simply fit a purely phenomenological double gaussian to the
summed data and measure the FWHM of the fit p.d.f. For the full Phase I & II data, we measure an
energy resolution of 5.2 keV FWHM, improved from 5.9 keV FWHM in Phase I alone. While the
energy resolution in the Ovf3 3 search data is slightly better than the resolution in the calibration
data, it is consistent within statistics.

3.2 Results

The data analysis procedures are identical to those used in Phase I and are detailed elsewhere
[16]. The CUORE-0 OvBf search spectrum below the %3TI is show in Fig. 3 along with the
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Figure 4: Left: The CUORE-0 spectrum around the ROI. The peak at 2505 keV is due to the sum of two
0Co y’s, the peak in the ROI at 2528 keV is the salted peak from our blinding procedure (i.e. not a true
signal peak). Right: Sensitivity projection of CUORE-0 experiment.

calibration spectrum.

The signal efficiency for the event selection is 89.7 +0.9% compared to 92.9 + 1.8% in Phase
I alone. We combine this with the double beta decay single crystal containment efficiency which
we estimate using Monte Carlo to be 87.4 £ 1.1%, and the trigger efficiency which is measured
on pulser events to be 99.00 £ 0.01%. The overall signal efficiency for the Phase I & II data is
77.6 +1.3%. The event selection cuts are not yet optimized, and we plan to optimize them before
unblinding.

The most significant background in Cuoricino came from degraded o particles, which deposit
only a fraction of their total energy into a crystal. These a events form a flat spectrum which
stretch from the « region down through the ROI, limiting the sensitivity of the experiment. We
estimate the degraded o background contribution by measuring the event rate in region 2.7 to 3.9
MeV, excluding the '°°Pt peak between 3.2 and 3.4 MeV. In CUORE-0, we measure this rate to be
0.020 £ 0.001 counts/(keV -kg-yr) as compared to 0.11 £0.001 counts/(keV-kg-yr) in Cuoricino.

In Fig 4, we show the blinded data in the ROI. Our blinding procedure is a form of data salting,
that moves a significant and blinded number of events from the 2Tl line into the ROI, masking
any physical signal or fluctuation and producing an artificial — or salted — peak. The fit is a
flat background with two gaussians, one for the %°Co sum peak fixed at 2505 keV and one for the
salted peak fixed at 2528 keV. The gaussian widths are channel specific, and taken from the fits to
the calibration data. The best fit background rate in the ROI is 0.063 £ 0.006 counts/(keV-kg-year).

4. Discussion and Outlook

4.1 CUORE-0 Outlook

In Phase II of data taking, we have improved the livetime efficiency of the CUORE-0 detec-
tor by about 50%. We have also improved the noise level of the detector and achieved the goal
resolution of 5 keV FWHM.

In Fig. 4, we show the projected sensitivity of CUORE-0. We expect CUORE-0 will sur-
pass the Cuoricino sensitivity with about 1 year of live time. However, we are still developing
algorithms for the analysis chain to remove common mode noise to improve the energy resolution,
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and in parallel we are still developing and optimizing our event selection with the hope of further
decreasing the background. Because of these, the CUORE-O0 sensitivity may improve in the future.

4.2 CUORE Outlook

In CUORE-0, we see a factor of ~6 reduction in the rate of degraded o events. This re-
duction in background demonstrates the success of the background reduction techniques devel-
oped for CUORE. We expect the background rate from degraded o’s to be decreased further
in CUORE due to the smaller amount of copper surface area per crystal. In CUORE-0, we
also see a difference in background rate between the ROI and the degraded o region of about
0.043 £0.006 counts/(keV-kg-yr). This difference is consistent with what was observed in Cuori-
cino and we attribute it to compton scattered 2°TI y rays originating in the cryostat materials. We
expect that this background will also be significantly reduced in CUORE because of better ma-
terial selection for the CUORE cryostat, improved shielding and more effective anti-coincidence
rejection between multiple crystals.

We are confident that the CUORE background goal of 0.01 counts/(keV-kg-yr) in the ROI is
well within reach. With this background rate, and an energy resolution of 5 keV, CUORE will be
sensitive to a 1*Te OvB B half-life of 1.6 x 10?° yr at the 90% C.L. [11] with 5 years of run time.
This corresponds to a 10 sensitivity range in mgg of 41-95 meV.
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