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Abstract. The Cryogenic Underground Observatory for Rare Events (CUORE) is an upcoming experiment
designed to search for the neutrinoless double-beta decays. Observation of the process would unambiguously
establish that neutrinos are Majorana particles and provide information on their absolute mass scale hierarchy.
CUORE is now under construction and will consist of an array of 988 TeO, crystal bolometers operated at 10
mK, but the first tower (CUORE-0) is already taking data. The experimental techniques used will be presented
as well as the preliminary CUORE-O0 results. The current status of the full-mass experiment and its expected

sensitivity will then be discussed.

1 Introduction

Since the discovery of neutrino oscillations the interest in
neutrino physics has increased, but some crucial questions
concerning the nature of neutrinos remain open: the order-
ing and the absolute scale of the masses of the three gener-
ations, the charge conjugation and the lepton number con-
servation properties. If neutrinos are Majorana particles
that differ from antineutrinos only by helicity, an impor-
tant consequence is that lepton number violation must oc-
cur. The process of neutrinoless double-beta decay (0v33)
has the potential to provide insights on all these issues with
unprecedented sensitivity. In fact, 0v38 is the most real-
istic process and, at present, the only practical mean of
experimental investigation on these topics [1][2].
Observation of the OvSf process, that violates lepton
number conservation, would demonstrate the Majorana
nature of neutrinos. At the same time it would allow to set
constraints on the absolute mass scale. It should be noted,
however, that Ov33 could also be mediated by some exotic
mechanism that would spoil most of the information con-
cerning the neutrino mass; nevertheless it would still be
the only way to probe the Majorana nature of neutrinos.

2 The neutrinoless double-beta decay
process

Double-beta decay (2v3B) is a rare spontaneous nuclear
transition (Z, A) — (Z+2,A)+2e™ +2v, in which a parent
nucleus decays to a daughter with a simultaneous emission
of two electrons. Within the Standard Model this is an al-
lowed 2nd-order weak process already observed in differ-
ent isotopes with an even number of neutrons and protons
where the single-beta decay is either energetically forbid-
den or kinematically suppressed. The measured half-lives
are as high as 10'8-10?! y, see e.g. [3]. If neutrinos are Ma-
jorana particles, i.e. are identical to their own antiparticle,
the v, from one single beta decay may be absorbed in the
second beta decay vertex (through helicity flipping) which
would result in a final state without neutrinos and a lepton
number violation of two units: (Z,A) — (Z+2,A) +2e".

Half-life limits have been set for several isotopes, no
experimental evidence of Ovf38 has been found to date ex-
cept for a controversial claim in 7°Ge [7] which is hardly
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compatible with more recent results, see for example [8—
10]. At present, a combination of results in "°Ge yields

T%, > 3.0 10% y (90% C.L.).
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Figure 1. Feynman diagram of 0vfg.

2.1 The decay rate

The decay rate of the OvSB process is proportional to the
square of the so-called effective Majorana mass (mgg) and
can be expressed as:

2
(mgg)
a=amenpef L

12 e

where G%(Q, Z) is the phase-space factor (which can be
calculated); M? is the transition nuclear matrix element
(which also can be calculated, but different models may
disagree by a factor of two to three (see, e.g., [5]); and mg,
is the electron mass. (mgg) measure a specific mixture of
neutrino mass eigenvalues:

(mgg) = f(612,623, 013, Amyp, £Amy3, mo) 2

Therefore form the half-life is possible to infer important
information concerning the mass hierarchy (Am,, +Am,3)
and the neutrino absolute mass scale ().

Present data from neutrino oscillation experiments
tend to favour a range of (mgg) values between 10 and 50
meV for the inverted hierarchy and roughly a factor 10
smaller for normal hierarchy [1, 6].

3 Experimental approach
3.1 Signature

A convenient experimental signature is given by the com-
bined energy of the two final state electrons that are emit-
ted simultaneously. Since the nucleus is heavy enough that
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Figure 2. Energy spectrum of the electrons of the 2v33 and 0v58
decays.

all the energy is shared between the two electrons and the
recoil is negligible, the 0vBB decay signature would be a
monochromatic line at the transition energy (Q-value) of
the decay, while for the 2y process a continuum spec-
trum between 0 and the Q-value would be observed. In
both cases the distribution is smeared by the finite energy
resolution of the detector and the tail of the 2v8g distribu-
tion may overlap the Ov8S peak, fig. 2. Should a OvSS peak
be observed, the half-life could be estimated as:

Ngp
T, =In)T & —— 3)
peak
where T is the time duration of the measure, ¢ the detec-
tion efficiency, Ngz the number of source nuclei, and N peqx
the number of observed 0vf5 decays.

3.2 Bolometric technique

CUORE (Cryogenic Underground Observatory for Rare
Events) will use TeO, crystals as bolometers to search for
0vBB decay of '3°Te. This technique was proposed by E.
Fiorini and T.O. Niinikoski in 1984 [11]. A bolometer is a
calorimeter composed of an energy absorber, in which the
energy deposited by a particle is converted into phonons,
and a sensor that converts thermal excitation (temperature
rise) into a readable electric signal. In our experimental
setup the TeO, crystals contain the decay isotope (!*°Te)
and, at the same time, act as detectors (the absorber mate-
rial).

The temperature rise AT is related to the energy release
AE and can be written as AT = AE/C where C is the heat
capacity of the bolometer. When the crystals are cooled
down to very low temperatures (few mK), C becomes so
small that few keV deposited into the detector will pro-
duce a measurable temperature rise. At the projected base
temperature of about 10 mK the typical signal amplitude
is AT = AE~10-20 uK/MeV [4]. The accumulated heat
flows then to a heat bath through a thermal link so that the
absorber returns to the base temperature (this is reached in
less than 5 s). The temperature rise resulting from a sin-
gle nuclear decay is measured by a thermistor. A Neutron
Transmutation Doped thermistor is glued on each crystal.
Since the thermal response of bolometers vary with the

Thermistor

Heat bath ~10 mK /(NTD-Ge)

(Copper)

Absorber Crystal
(TeO2)

|

Thermal coupling
(PTFE)

\Energy

release

Figure 3. Schematic of a single CUORE-0 bolometer (not to
scale).

temperature, a silicon Joule heater is glued to each crystal
for the offline correction of thermal gain drift caused by
thermal gain with time.

The energy resolution of a bolometer is limited, in
principle, only by the thermodynamical fluctuations of
thermal phonons through the thermal link, and does not
depend on the deposited energy AE. In practice, AE is
dominated by other noise contributions; still, by using
large mass bolometers, an excellent energy resolution and
high detection efficiency can be achieved. Bolometers
have also the advantage that they can be built with a wide
range of materials, so several isotopes could be studied
with this technique. The main drawbacks are that the ther-
mal origin of the signal makes them intrinsically slow and
that no event topology recognition is possible.

3.3 Sensitivity

For our kind of experimental setup, the sensitivity can be
computed from simple arguments. The expected number
of Ovf3B events (mean value), in a period T of time, is

T
S oc(ia)yMe o 4)
1/2

where (i.a.) is the isotopic abundance of the decay isotope,
M the overall active mass and ¢ the detector efficiency.
In the same time period, for any experiment in which the
source is embedded in the detector, the background B is
given by:

B~bMTAE (5)

where b is the background rate per unit detector mass
(counts/(keV kg y)), and the energy window of the mea-
sure was approximated with the energy resolution AE [13].
Given the background, the discovery potential of the ex-
periment is given by the minimum signal counts that allow
to reject the background-only hypothesis at a given signif-
icance n, given in terms of gaussian standard deviations
ny = S/VB. The discovery potential (sensitivity) can be
then expressed in terms of the OvSp half-life, for a given
significance n,, as:

]’,?72 o (la)e [MT N detector scale ©)
/ Ne bAE performance
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Figure 4. Sketch of a tower floor with 4 crystals (left). A single
CUORE tower (right).

which links the sensitivity to the detector parameters.
These parameters will be discussed in par. 4.

Expression 6 holds as long as the number of back-
ground events is large enough to be considered gaussian.
For low background experiments Poisson statistics should
be used and, in the limit of zero background, the ex-

pression for the sensitivity would change into: T ?}’2 oc
(i.a.)eT M where the sensitivity scales linearly with the
detector mass.

3.4 A phased search program

The CUORE collaboration is going through a phased
search program at the underground Gran Sasso National
Laboratories where the flux of cosmic radiation is strongly
reduced with respect to the sea level. Such program be-
gun in 2003 with the Cuoricino experiment [12] (ended in
2008). The program resumed in 2013 with the CUORE-0
experiment built to demonstrate the feasibility of a large-
scale bolometric experiment (CUORE) and its potentials,
and to test the stringent procedures to be adopted in the
assembly line and many design improvements. This pro-
gram will continue with CUORE, the full-mass setup. All
experiments share the same bolometric technique and are
built on radio-pure TeO, cubic crystals. The crystals are
5x5x5 cm? in size! arranged in a compact array structure
(“tower”), each floor consisting of 4 crystals.

4 Detector parameters

4.1 Isotopic abundance and detector mass

The choice of Tellurium is due to its high natural iso-
topic abundance (34.2%) of the OvSf decay candidate [14].
Also, the Q-value around 2528 keV of the decay [15-17]
falls in a relatively clean window in which to look for the

ICuoricino tested also some smaller crystals.

signal, between the peak and the Compton edge of the
2615 keV gamma line of 28Tl.

Cuoricino and CUORE-0 have 62 and 52 crystals re-
spectively, with roughly the same detector mass of about
40 kg, organised in a single tower enclosed in a copper
thermal shield and installed in the (same) cryostat. Cuori-
cino set the current lower limit for the half-life of '*°Te to
T?}’z > 2.8-10* y (90% C.L.) [12]. CUORE-0, which is
now taking data, was assembled with the same materials
as CUORE, and according to the same radiopurity con-
straints imposed on all the materials facing the detectors
and on the detectors themselves to reduce the background
sources. Therefore it represents an opportunity to evaluate
the bolometric performance of CUORE but, as a stand-
alone experiment, will be able to produce an improvement
with respect to the Cuoricino results.

CUORE will consist of 988 crystals arranged in 19
towers. The total detector mass will be 741 kg and the
139Te isotope mass is 206 kg. It was designed to search for
0vpB in 130Te with the best sensitivity to date and will con-
tribute in demonstrating the viability of future large-scale
bolometric experiments.

4.2 Background

The background is the main limit to the CUORE sensi-
tivity. To accomplish its suppression the first step was
to identify the main sources of background in Cuoricino.
The dominant source (50+20)% in the energy region of in-
terest (ROI, around the Q-value) was found to be from «
particles emitted by contaminations of 23U, 2*2Th, 2!Pb
present on the surface of the copper parts that hold the
crystals and of the materials facing the bolometers. An-
other (10+5)% was due to « from the same contaminants
on the bolometer surfaces. Both these contribution are re-
duced in CUORE-0 with respect to Cuoricino thanks to the
controlled construction materials and to the new dedicated
surface-cleaning procedures developed for the handling
and cleaning of each detector component. The cleaning
procedure for the copper frames, in particular, was verified
with a dedicated bolometric measurement [18]. Above the
2615 keV %8T1 peak the y background becomes negligible
and the @ background dominates (fig.5).

The second largest source (30+10)% was due to the
y from 29T originated by the decay chain of the >3>Th
contamination in the cryostat materials. In CUORE this
component is expected to be negligible thanks to the better
shielding of the detector from the cryostat.

The background due to cosmics and environmental ra-
diation in ROI is orders of magnitude smaller than that
from the apparatus itself thanks to a combination of the un-
derground location and several shielding layers both out-
side and inside the cryostat. One of the shielding layers is
made of lead bricks recovered from an ancient roman ship
sunk offshore the Sardinia coast around year 50 b.c. [19].

Finally, the tail from 2vf38 is also negligible thanks to
the excellent energy resolution.

The CUORE design background is 0.0l
counts/(kev kg y). The overall backgrounds in ROI
is reported in table 1.

03004-p.4
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Figure 5. Background energy spectrum in Cuoricino and CUORE-0.

4.3 Energy Resolution

The energy resolution in the ROI was evaluated, with the
CUORE-O0 first phase data, as the FWHM of the 2615 keV
photo peak originated by the 2°T1 decay (which is close
to the Q-value of 2527.5 keV). The overall detector reso-
lution was found to be 5.7 keV [20]. During some R&D
runs the target energy resolution of 5 keV was consis-
tently achieved [4], and in phase II of CUORE-0 reached
4.8 keV. It should also be noted that the R&D tests and
CUORE-O run at a base temperature of about 13 mK,
higher than the CUORE projected base temperature of 10
mK. In conclusion it is expected that the CUORE perfor-
mance will reach the project value of AE~5 keV or better.

CUORE-0 Calibration Spectrum (Phase II)

 CUORE-0 Preliminary
[~ Phase II

1000 counts/keV
S

®©
L

[ FWHM:4.8keV

2%60 2570 2580 2590 2600 2610 2620 2630 2640 2650

June 2,2014 Energy [keV]

Figure 6. The 2®TI decay line used to estimate the energy reso-
lution in CUORE-O0.

4.4 Efficiency

The selection efficiency is evaluated mainly using the 2615
keV y peak which offers sufficient statistics at the energy
closest to the ROI. The physical detector efficiency alone

Table 1. Total background in ROI and in the @ region, in
counts/(keV kg y). For CUORE the predicted value is reported.

0v3B 2700-3900 keV
Cuoricino | 0.153+0.006 | 0.110+0.001
CUORE-0 | 0.063+0.006 | 0.020£0.001
CUORE 0.01

is estimated to be (87.4+1.1)% and represents the contain-
ment of the detector to double-beta decay signals. By in-
cluding the trigger and selection efficiencies (see par. 5)
the total OvBB detection efficiency of CUORE-0 is esti-
mated to be (77.6+1.3)%.

5 CUORE-O0 Preliminary Results

CUORE-O0 is operated in the same cryostat, uses the same
external shielding, and is enclosed in the same Faraday
cage that was used for Cuoricino. The front-end electron-
ics and the data acquisition hardware are also the same.
The offline data analysis follows the procedure developed
for Cuoricino [12, 21]. Each bolometer has an independent

30 3
E CUORE-0 Preliminary —05
25 [ Exposure: 18.1kg - yr Salted Peak |
= —o4
> 200 NOT 0vDBD ]
> ]
8 F Jos3
= 15 1
& C ]
8§ F J02
> - ke
S8 9 o ]
sEI a1 X 1L T
iSid T

Covon bbb badua b b b i b ia i
2g70 2480 2490 2500 2510 2520 2530 2540 2550 2560 2578
Energy [keV]

Figure 7. CUORE-0 energy spectrum: preliminary results of
data taking phases I and II.
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signal trigger threshold and is pulsed periodically with a
fixed, known energy through the heater. The pulsed energy
events are used to correct for small shifts in thermal gain of
the bolometers. Bolometer signals are amplified, filtered,
digitized and then converted into energies using calibra-
tion data. Each channel is periodically calibrated using
v rays from daughter nuclei of 232Th in the energy range
from 511 to 2615 keV. Events occurring within +£100 ms
of each other in any two or more crystals are attributed to
background and therefore rejected. The pile-up selection
cut requires that only one pulse exists in a 7.1 s window
around the measured trigger time. Subsequent selections
impose some shape requirements on the signal pulses.

CUORE-0 has been taking data in stable operating
conditions from March to September 2013 (“phase I”’) and
from November 2013 to June 2014 (“phase II”). A third
phase is now going on. Phase I data were published in
[20]; the preliminary results shown in fig. 7 refer to the
data collected during phases I and II. The accumulated
TeO, exposure on 49 fully active channels is 18.06 kg-y
for a 3Te isotopic exposure of 5.02 kg-y.

At present the data in the ROI is blinded while more
statistics is being accumulated and the event selection is
optimised. A blinded fraction of events within +10 keV of
the 2615 keV v peak is randomly exchanged with events
within +£10 keV of the Ovg8B Q-value. Since the number
of 2615 keV v events is much larger than the number of
possible 0vB3B events, the blinding algorithm produces an
artificial peak around the Ovf3g3 Q-value.

CUORE-O0 already demonstrated the feasibility of in-
strumenting an ultra-pure ton-scale bolometer array like
CUORE.

6 CUORE

6.1 Constructions status

While CUORE-O is taking data, the collaboration is build-
ing the full-mass scale experiment, CUORE (fig. 8), with
the goal to begin data taking in the summer of 2015. The
assembly process consists in four main steps. Thermistors
and heathers are glued to the crystals, the instrumented
crystals are assembled together into a single tower, the
readout cables are attached to the tower, for each crystal
the thermistor and heather chips are bonded to the read-
out cable trays. All the assembling procedures are per-
formed in glove boxes flushed with nitrogen in an under-
ground clean room with custom designed tools that make
the whole procedure semi-automatic.

At present, all 19 towers have been assembled, instru-
mented, and stored in nitrogen-flushed atmosphere while
waiting to be installed in the cryostat (fig. 9). The collab-
oration is now moving toward detector integration, which
includes the commissioning of the new cryostat, the in-
stallation of the calibration system, data acquisition sys-
tem, faraday cage and other auxiliary systems like the slow
control and monitoring system.

Dilution ] g m
Unit [l |b_|l.!|| :

Figure 9. The CUORE cryostat, with major components high-
lighted.

6.2 Projected sensitivity

The closely-packed CUORE detector geometry will carry
some benefits with respect to CUORE-0. First, it will
enable a significant improvement in the anti coincidence
analysis between close crystals, further reducing the back-
ground. Second, the fraction of crystals facing the contam-
inated inner shield will be reduced. Additionally, the new
cryostat is built with cleaner materials and better shielded.

CUORE-0 has demonstrated that the CUORE design
parameters of equation 6 reported in table 2, in particular
the total mass, the background rate level and the energy
resolution, can be reached. With such parameters, it is
possible to compute the final sensitivity of CUORE as a
function of the live-time. An overview of the 1o sensi-
tivity of CUORE-0 and CUORE is shown in fig. 10. A
half-life sensitivity close to 10%° years is expected for a

03004-p.6
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Figure 10. 10 sensitivity for CUORE-0 and CUORE computed
using the experimental parameters given in table 2.

2 years live-time of CUORE-0 after which CUORE will
begin data taking.

It is possible, with equation 1, to express the half-life
sensitivity of equation 6 as sensitivity on the effective Ma-
jorana mass (mgg). In fig. 11 the expected CUORE lo
sensitivity to (mgg) is shown overlaid on the bands pre-
ferred by neutrino oscillation data for normal and inverted
hierarchy, as a function of the lightest neutrino mass. The
width of the CUORE band corresponds to the maximum
and minimum (mgg) values obtained from different nuclear
matrix elements.

CUORE will fully explore the half-life corresponding
to the claim of observation in *Ge and will allow the in-
vestigation of the upper region of the effective Majorana
neutrino mass phase space for inverted hierarchy of neu-
trino masses.

6.3 Beyond CUORE

Next generation experiments should be able to explore
the whole inverted hierarchy region of effective Majorana
masses. Should the next generation experiments fail in
finding 0vB3B, it may still be possible, thanks to the input
from other experiments, to draw some conclusions on the
nature of neutrinos: if neutrino is proven to be a Majorana
particle, then the mass hierarchy would have to be normal;
on the other hand, if the mass hierarchy is proven to be in-
verted, then the neutrino would have to be a Dirac particle.

Since it is unlikely that CUORE itself will be able to
reach a rate of 0.001 counts/(keV kg y), several R&D pro-
grams are already underway investigating new ideas and
techniques for active background rejection.

Table 2. Experimental parameter values used for the sensitivity
of CUORE-0 and CUORE. Symbols are defined in equation 6.

ia. & M AE b

(%) | (kg) | (keV) | (go)

CUORE-O | 34.167 | 87.4 | 39 5 0.05
CUORE 34.167 | 87.4 | 741 5 0.01

o 1
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Figure 11. CUORE 1o sensitivity in terms of effective Majo-
rana mass for 5 years live time computed using the experimental
parameters given in table 2. The bands corresponds to the maxi-
mum and minimum {mgg) values obtained from different nuclear
matrix elements.

In CUORE the sensitivity is mainly limited by back-
ground which is characterised by @ and S/y emission in
the MeV region. Particle identification is therefore the
main emphasis on bolometers future application. To this
end, additional detection channels are needed, since the
absorber does not respond differently for energy releases
of different particle types. To distinguish signal electrons
from o background, light emission can be used, either
from Cherenkov radiation [22, 23] or scintillation light
[24, 25, 28, 29], where the auxiliary light detector is usu-
ally another bolometer facing the main one. Recently new
studies on scintillating bolometers showed the possibility
to distinguish @ from S/y particles without light readout
thanks to a different time-dependent shape of the heat sig-
nal [30, 31]. Alternative methods based on the identifi-
cation of surface interactions have also been devised (see,
e.g. [26, 27]).

7 Conclusions

A brief introduction to the bolometric technique used to
search for neutrinoless double-beta decay was given and
the main experimental challenges outlined. The physics
reach of CUORE-0 and CUORE was illustrated.

CUORE-O0 is at present the most sensitive experiment
for searching 0v4 in '3°Te. Although it’s still taking data,
it has already confirmed that the design parameters of the
full-size experiment, CUORE, can be reached, in partic-
ular with respect to the energy resolution and the back-
ground rate.

CUORE is now being built and it is expected that it
will begin taking data in 2015. With excellent energy res-
olution and large isotope mass, CUORE is one of the most
competitive 0y experiments under construction. The tar-
get background of 0.01 counts/(keV kg y) seems within
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reach and in 5 years it is expected to achieve a 1o sensi-
tivity to the half-life of '3°Te of 1.6x10% y (9.5x10% y
at 90% C.L.). In terms of effective Majorana mass, this
corresponds to 1o sensitivity in the range of 40-100 meV
(50-130 meV at 90% C.L.).
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