UCLA
UCLA Previously Published Works

Title
Study of rare nuclear processes with CUORE

Permalink
https://escholarship.org/uc/item/4t90v9xi

Journal
INTERNATIONAL JOURNAL OF MODERN PHYSICS A, 33(9)

ISSN
0217-751X

Authors

Alduino, C
Alfonso, K
Avignone, FTIII

Etal]

Publication Date
2018

DOI
10.1142/S0217751X18430029

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4t90v9xr
https://escholarship.org/uc/item/4t90v9xr#author
https://escholarship.org
http://www.cdlib.org/

Int. J. Mod. Phys. A 2018.33. Downloaded from www.worldscientific.com
by UNIVERSITY OF CALIFORNIA @ BERKELEY on 04/08/18. For personal use only.

World Scientific

International Journal of Modern Physics A \\
B~ www.worldscientific.com

Vol. 33, No. 9 (2018) 1843002 (36 pages)
(© World Scientific Publishing Company
DOI: 10.1142/50217751X18430029

Study of rare nuclear processes with CUORE

C. Alduino,! K. Alfonso,? F. T. Avignone III,' O. Azzolini,3 G. Bari,* F. Bellini,?¢
G. Benato,” A. Bersani,® M. Biassoni,? A. Branca,!911 C. Brofferio,?"12 C. Bucci,!3
A. Camacho,® A. Caminata,® L. Canonica,'314 X. G. Cao,'5 S. Capelli,?12
L. Cappelli,”»13:16 1., Cardani,® P. Carniti,?>12 N. Casali,® L. Cassina,?12 D. Chiesa,?12
N. Chott,! M. Clemenza,?12 S. Copello,®:17 C. Cosmelli,’6 O. Cremonesi,® R. J. Creswick,!
J. S. Cushman,'® A. D’Addabbo,'® D. D’Aguanno,!3:19 I. Dafinei,® C. J. Davis,®
S. Dell’Oro,2° M. M. Deninno,* S. Di Domizio,%17 M. L. Di Vacri,'3:21 V. Dompe,!3-22
A. Drobizhev,”16 D. Q. Fang,'® M. Faverzani,? 12 E. Ferri,? F. Ferroni,>% E. Fiorini,? 12
M. A. Franceschi,?3 S. J. Freedman,”16:* B. K. Fujikawa,'6 A. Giachero,? 12 L. Gironi,?!2
A. Giuliani,?* L. Gladstone,'* P. Gorla,'3 C. Gotti,?12 T. D. Gutierrez,2®> K. Han,26
K. M. Heeger,'® R. Hennings-Yeomans,” 16 H. Z. Huang,? G. Keppel,® Yu. G. Kolomensky,”+16
A. Leder,' C. Ligi,?® K. E. Lim,'® Y. G. Ma,'® L. Marini,®7 M. Martinez,?-6-27
R. H. Maruyama,'® Y. Mei,'6 N. Moggi,*28 S. Morganti,® S. S. Nagorny,!3:22 T. Napolitano,?3
M. Nastasi,?”12 C. Nones,2? E. B. Norman,3%:3! V. Novati,?* A. Nucciotti,?>12 I. Nutini,13:22
T. O’Donnell,2° J. L. OQuellet,!* C. E. Pagliarone,!?:19 M. Pallavicini,®17 V. Palmieri,?
L. Pattavina,'® M. Pavan,®!2T G. Pessina,? C. Pira,? S. Pirro,!3 S. Pozzi,212 E. Previtali,®
F. Reindl,® C. Rosenfeld,! C. Rusconi,!»13 M. Sakai,? S. Sangiorgio,3® D. Santone,!3-21
B. Schmidt,'® J. Schmidt,? N. D. Scielzo,3? V. Singh,” M. Sisti,%'2 L. Taffarello,°
F. Terranova,? 2 C. Tomei,® M. Vignati,® S. L. Wagaarachchi,”16 B. S. Wang,30:31
H. W. Wang,'5 B. Welliver,'6 J. Wilson,! K. Wilson,! L. A. Winslow,'* T. Wise,8:32
L. Zanotti,?'2 G. Q. Zhang,'® S. Zimmermann®3 and S. Zucchelli*28

L Department of Physics and Astronomy,
University of South Carolina, Columbia, SC 29208, USA
2 Department of Physics and Astronomy, University of California,
Los Angeles, CA 90095, USA
3INFN — Laboratori Nazionali di Legnaro, Legnaro (Padova) I-85020, Italy
4INFN - Sezione di Bologna, Bologna I-40127, Italy
5 Dipartimento di Fisica, Sapienza Universita di Roma, Roma I-00185, Italy
6INFN — Sezione di Roma, Roma I-00185, Italy
7 Department of Physics, University of California, Berkeley, CA 94720, USA
8INFN - Sezione di Genova, Genova I-16146, Italy
9INFN — Sezione di Milano Bicocca, Milano 1-20126, Italy
W INFN - Sezione di Padova, Padova 1-35131, Italy
1 Dipartimento di Fisica e Astronomia, Universita di Padova, I-35131 Padova, Italy
12 Dipartimento di Fisica, Universita di Milano-Bicocca, Milano 1-20126, Italy
3INFN - Laboratori Nazionali del Gran Sasso, Assergi (L’Aquila) I-67100, Italy
14 Massachusetts Institute of Technology, Cambridge, MA 02139, USA
15 Shanghai Institute of Applied Physics, Chinese Academy of Sciences,
Shanghat 201800, China
16 Nyclear Science Division, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA
17 Dipartimento di Fisica, Universita di Genova, Genova I-16146, Italy

1843002-1


http://dx.doi.org/10.1142/S0217751X18430029

Int. J. Mod. Phys. A 2018.33. Downloaded from www.worldscientific.com
by UNIVERSITY OF CALIFORNIA @ BERKELEY on 04/08/18. For personal use only.

C. Alduino et al.

18 Wright Laboratory, Department of Physics, Yale University,
New Haven, CT 06520, USA
19 Dipartimento di Ingegneria Civile e Meccanica,
Universita degli Studi di Cassino e del Lazio Meridionale,
Cassino 1-03043, Italy
20 Center for Neutrino Physics, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia 24061, USA
21 Dipartimento di Scienze Fisiche e Chimiche,
Universita dell’Aquila, L’Aquila I-67100, Italy
22INFN - Gran Sasso Science Institute, L’Aquila 1-67100, Italy
23INFN - Laboratori Nazionali di Frascati, Frascati (Roma) I-00044, Italy
24 CSNSM, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, 91405 Orsay, France
25 Physics Department, California Polytechnic State University,
San Luis Obispo, CA 93407, USA
26 INPAC and School of Physics and Astronomy, Shanghai Jiao Tong University,
Shanghat Laboratory for Particle Physics and Cosmology, Shanghai 200240, China
27 Laboratorio de Fisica Nuclear y Astroparticulas, Universidad de Zaragoza,
Zaragoza 50009, Spain
28 Dipartimento di Fisica e Astronomia,
Alma Mater Studiorum — Universita di Bologna, Bologna I-40127, Italy
29 Service de Physique des Particules, CEA/Saclay, 91191 Gif-sur-Yvette, France
30 Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

31 Department of Nuclear Engineering, University of California,

Berkeley, CA 94720, USA
32 Department of Physics, University of Wisconsin, Madison, WI 53706, USA

33 Engineering Division, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA
T Mawra. Pavan@mib.infn.it

Received 12 January 2018
Accepted 12 February 2018
Published 29 March 2018

TeO2 bolometers have been used for many years to search for neutrinoless double beta
decay in 139Te. CUORE, a tonne-scale TeOo detector array, recently published the most
sensitive limit on the half-life, TP/VQ > 1.5 x 1025 yr, which corresponds to an upper
bound of 140-400 meV on the effective Majorana mass of the neutrino. While it makes
CUORE a world-leading experiment looking for neutrinoless double beta decay, it is
not the only study that CUORE will contribute to in the field of nuclear and particle
physics. As already done over the years with many small-scale experiments, CUORE will
investigate both rare decays (such as the two-neutrino double beta decay of 39Te and
the hypothesized electron capture in 12?’Te), and rare processes (e.g. dark matter and
axion interactions). This paper describes some of the achievements of past experiments
that used TeO2 bolometers, and perspectives for CUORE.

Keywords: CUORE; double beta decay; second-order weak decays; low-temperature de-
tectors; rare events searches.
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1. Introduction

A CUORE-like TeO2 bolometer is a particle detector that has a relatively broad
dynamic range for energy detection and can achieve excellent energy resolution. In
typical operating conditions, its threshold can be as low as few keV with a resolution
of ~1 keV FWHM,! while the highest detectable energy can go up to 10-20 MeV
with a resolution of ~5 keV FWHM.2

These devices were developed in the 1990s%# and have since been used for almost
30 years to search for neutrinoless double beta (0v33) decay in *°Te, a transition
that — if observed — would prove the nonconservation of the lepton number and
would be a key tool to probe if the neutrino is a Majorana particle.®

The high natural isotopic abundance of °Te, the intrinsic radiopurity of TeOy
crystals, and the energy resolution comparable to that of germanium diodes are
among the main advantages of using TeOy bolometers for a Ov35 decay search.
Moreover, CUORE recently demonstrated the scalability of this technique with
the successful operation of an array of 988 TeOs bolometers installed at Laboratori
Nazionali del Gran Sasso (LNGS), L’Aquila, Italy.® Thanks to these qualities, TeOy
bolometers have been used to explore a number of other rare processes, from two
neutrinos double beta (2v33) decay to the investigation of dark matter and axion
interactions.

In this paper, we will give an overview of the studies done in the past as well
as those that are on the way or that might be possible in the near future. In
Sec. 2, we introduce the detector working principle with a brief description of the
past experiments based on TeO,. In Sec. 3, we discuss the results on 2v35 and
OvBf decays of Te isotopes, in Sec. 4, we discuss the other rare decays (*23Te,
electron decay, etc.) and finally in Sec. 5, we discuss the possible investigation of
rare processes like dark matter interaction and supernova neutrino detection.

2. The CUORE Detector

The word “bolometers,” despite being reserved for devices that measure the power
of incident radiation, is used — in the jargon of particle physics — to indicate a
phonon-mediated single-particle detector: a single crystal cooled to very low tem-
perature, where an attached phonon-sensitive sensor measures the energy deposited
by a particle. If the signal is read out after complete thermalization of the phonons,
the detector is sensitive to all the energy deposited by the particle and not only
to a fraction of it, as it is in the case of a more conventional ionization-based
detector. This implies a number of advantages both on the achievable energy reso-
lution and on the capability of detecting different types of particles. These devices
can efficiently operate only at a very low temperature and are also called Low-
Temperature Detectors (LTDs). LTDs were suggested as high-resolution soft X-ray
detectors in 1984 by D. McCammon and collaborators.” In the same year, Fiorini
and Niinikoski proposed the use of bolometers for neutrino physics.® After more
than 30 years of development, the reliable performance, the excellent achievable
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energy resolution and the scalability make these devices perfectly suitable for use
in rare event physics.

2.1. Low temperature calorimeters

A Dbolometer consists of three main components (Fig. 1): an energy absorber, in
which the energy deposited by a particle is converted into phonons, a temperature
transducer (sensor) that converts phonons into a readable electric signal, and a
(weak) thermal link that connects the absorber to the thermal reservoir (or heat
sink) used to keep the detector at low temperature. In a very simplified model,
a device detecting thermal phonons can be represented as a calorimeter: a heat
capacity C' connected to the heat sink (with constant temperature Tp) through a
thermal conductance G. When a particle deposits an energy E in the absorber, a
temperature rise equal to E/C is produced. Denoting the absorber temperature
at time ¢ with T'(¢) and assuming that temperature variations are small enough
such that C' and G can be considered constant, we can express the temperature
evolution as
E C
AT(t) = |T(t) —To| = = e /7 with 7=—. (1)
C G

To obtain a measurable temperature rise, the heat capacity C' of the absorber must
be very small. LTDs are then operated at a temperature of about 10 mK and are
made of a superconductor or dielectric crystals, since their heat capacity is only
due to the lattice contribution and follow the Debye law: C' o (T/0)3 at low-
temperatures, where © is the Debye temperature of the solid. The decay constant,
7, has to be long enough to avoid signal truncation (since in real detectors the
temperature rise time is finite) but short enough to prevent pile-up.

T,
Heat Sink — ~¢— Copper Holder
Weak Thermal G
Coupling
Absorber c NTD Ge Sensor
Crystal ———p (Thermometer)
(Tc0,) .

Incident
Radiation

Fig. 1. Schematic of a low temperature detector. A CUORE calorimeter consists of an absorber
connected to a heat sink through a weak thermal link and read out by a temperature sensor
attached to the absorber. Figure edited from Alduino et al.?
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The intrinsic energy resolution of a conventional detector is primarily deter-
mined by the statistical fluctuation of the number N of elementary excitations
contributing to the signal. In the case of a thermal-phonon detector, the fluctua-
tions are due to the continuous phonon exchange between the absorber and the
heat sink.” By assuming that these fluctuations are due to a Poisson process with
AN = /N, the intrinsic energy resolution is proportional to the mean energy of
the thermal phonons exchanged (¢ = kgT):

AE = eAN = ¢T/ksC(T), (2)

where T is the detector operating temperature, C(T') its heat capacity and kp
the Boltzmann constant. Finally, € is a dimensionless factor that depends on the
details of the detector and mainly on the phonon sensor (¢ > 1). Equation (2) refers
to the “thermodynamic limit” of the bolometer energy resolution, when all other
sources of noise or energy deterioration are absent or negligible, and is independent
of the incident energy itself. For 838 decay searches using TeOs, we are still far
from achieving this limit since the bolometer resolution is dominated by multiple
“extrinsic” noise sources. These include the noise contributions from the cryogenic

10,11 12,13 olectromagnetic

system, electronics noise from the signal read-out chain,
interferences'# and microphonic noise.1®16 Eventually, this results in an energy reso-
lution of the order of %o in the MeV energy range for macro-bolometers (absorber
mass ~ 0.1-1 kg), still an exceptionally good value when compared to ionization or
scintillation-based detectors that make bolometers appealing for many applications.

Finally, a further remarkable property of LTDs is that the absorber can incor-
porate the radioactive source being studied. This advantage is exploited in investi-
gations of both B decay (as in the direct measurement of the neutrino mass'” 1)

and B3 decay.

2.2. CUORE TeO5 bolometers

In CUORE, the energy absorber is a TeOq crystal, which also acts as the source
of the events of interest (13°Te OvB3S decays). This configuration is referred to
as “source = detector approach” and is widely used in OvBf experiments. This
approach has two main advantages: a simple design of the detector (with a reduction
of passive elements that might be sources of dangerous backgrounds) and a very
high detection efficiency (since the decay under study occurs inside the detector).
TeO, crystals have a relatively high Debye temperature (Op = (232 £ 7) K)?® and,
hence, a small heat capacity at low temperatures. The crystals can have excellent
radiopurity and are suited for ultra-low background experiments.

CUORE crystals are cubic (5 x 5 x 5 cm®) and have an average weight of
~750 g (Fig. 2, left). They are made with " Te and each crystal contains
about 208 g of 13%Te (isotopic abundance n = 34.167%).2* The Shanghai Insti-
tute of Ceramics, Chinese Academy of Sciences (SICCAS) produced the crystals
for CUORE. The production followed a strict crystal growth and handling protocol,
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Copper

Thermal Bath \ = =

PTFE
Weak Thermal Link

NTD-Ge Thermistor

Si Heater

Fig. 2. (Left) Zoomed in view of a CUORE tower highlighting the fundamental components of a
bolometer. (Right) The 19 towers of the CUORE detector just before the closure of the cryostat.

specially developed for CUORE, with the goal of achieving a bulk contamina-
tion of < 107! g/g for both 238U and 232Th, and a surface contamination of
< 1078 Bq cm~2 for both 23%U and 232Th.22

Each crystal is instrumented with a Neutron Transmutation Doped (NTD) ger-
manium sensor.2324 These devices convert the temperature change in the crystals,
(typically, 0.1 mK per MeV of deposited energy) to a resistance change according
to the Shklovskii-Efros law:2?

R(T) = Ry - eV (T/T0) | (3)

where T depends on the doping level (related to the neutron fluence), while Ry
depends on both the doping level and the geometry. The steep dependence of
NTD resistance on the temperature in Eq. (3) makes this material a very sensi-
tive thermometer. By continuously measuring the resistance of an NTD chip, it is
possible to detect sudden changes in the temperature of the absorber with very high
sensitivity.

Each crystal absorber is also instrumented with a heavily doped Si chip which
acts as a Joule heater (Fig. 2, left). The heaters have a nearly constant resistance
at low temperatures (~ 300 k). By pulsing these resistors with a reference voltage,
it is possible to impart a known amount of energy in the detector and periodically

monitor its gain.?6:27

2.3. CUORE and its precursors?®®

The first measurements with TeO? bolometers were carried out with single detector:
6 g and 21 g crystals in 1991,2? then 34 g in 1992,%° 73 g in 19933! and 334 g in
1994.3 The first array of TeO? calorimeters, made by four 3 x 3 x 6 cm? crystals,
each with an average weight of 340 g (Ref. 32) was constructed in 1994. This was
the first cryogenic detector with over 1 kg of mass.

In 1997, a tower made of 20 bolometers (5 floors of 4 crystals each) was assembled
and cooled at LNGS. Each absorber was a 3 x 3 x 6 cm?® crystal and the total
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active mass of the array was about 6.8 kg. The experiment, later named MiDBD
(Milan Double Beta Decay), was the largest operating cryogenic detector of its
time. It showcased an improvement over the previous measurements by reducing
the background rate by a factor of 10, and achieving an energy resolution in the
range of 5-15 keV (FWHM) for the 2615 keV 298T1 line.3® The experiment placed
a lower limit of T/* > 2.1-10%% yr on the Ov33 half-life of 130Te.

In 1998, Prof. Fiorini proposed the idea of CUORE (Cryogenic Underground
Observatory for Rare Events), where an array of ~ 1000 detectors, each with a
mass between 0.5 kg and 1 kg, would be used to search for 0v33 decay in 30Te.34
While Ov83 decay remains the focus of the CUORE experiment, the large target
mass and the ultra-low background would be used to search for exotic and rare
decays, as well as study the interactions of dark matter particles and solar axions

in our detectors.

2.3.1. Cuoricino

The first step towards CUORE was the Cuoricino experiment. The detector con-
sisted of 44 large-size crystals (5% 5x 5 cm?) and 18 smaller crystals (3 x 3 x 6 cm?)
coming from the MiDBD array. Crystals were arranged in 13 floors, with 11 modules
housing four large-size crystals each and two modules housing nine small-size ones.
The total mass of TeO? was 40.7 kg, corresponding to about 11 kg of 130Te.3

Cuoricino took data from April 2003 to June 2008 for a total exposure of
19.75 kg (1¥°Te)-yr. It achieved an effective mean energy resolution of (5.8 4
2.1) keV (FWHM) at the 2615 keV 2°8TI line. The background rates in the
Region Of Interest (ROI: 2474-2580 keV) and in the a-region (2700-3900 keV)
were (0.153 +0.006) counts/(keV -kg-yr)and (0.110 + 0.001) counts/(keV - kg - yr),
respectively.35:36

Cuoricino proved the feasibility of scaling to a 1000-crystals low-temperature
array, achieving a good energy resolution and efficiency. Nevertheless, its perfor-
mances were limited by the nonuniformity of the detector response and by the
background rate in the ROI, attributed primarily to two main sources: radioactive
contamination of the cryostat or its v shields and degraded « particles from the
surfaces of the crystal holder (mainly the copper).

An intense R&D activity was pursued within the CUORE collaboration to mit-
igate the background sources of Cuoricino. We defined a strict protocol for crystal
growth and polishing?? and adopted an elaborate cleaning and storing procedure for
each part of the detector.?” We designed and realized a new detector assembly line
(CTAL, CUORE Tower Assembly Line) to ensure single detector reproducibility

while avoiding recontamination.3®

2.3.2. CUORE-0

CUORE-0? was a single CUORE-like tower made of 52 natural TeO? 5 x 5 x 5 cm?
cubic crystals, arranged on 13 floors, each floor having four crystals. The detector
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had 39 kg of active mass, corresponding to about 10.8 kg of 13°Te. The tower
was constructed using the same procedures and materials selected for CUORE. It
was installed in late 2012 in the former Cuoricino cryostat at LNGS and cooled
to an operating temperature of Ty ~ 12 mK. The main goal of the experiment
was to validate the cleaning and assembling procedures designed for CUORE and
demonstrate the improvement in the background rate with respect to Cuoricino.
The detector collected data from March 2013 until March 2015. After an initial
optimization phase,3? the final exposure of °Te was 9.8 kg - yr.2

CUORE-O0 trigger thresholds ranged from 30 to 120 keV. The effective resolu-
tion (exposure-weighted harmonic mean energy resolution) at the 2615 keV 208T1
line was (4.9 +2.9) keV. The recorded background rate was 0.058 & 0.004(stat) £
0.002(syst) counts/(keV - kg - yr)? in the ROL, with an improvement of about factor 3
with respect to Cuoricino, and (0.016+0.001) counts/(keV - kg - yr) in the a-region,
roughly seven times smaller than in Cuoricino. Both the improvements are mainly
ascribed to a reduction in the amount of degraded « particles coming from the
holder, with the result that the background rate in the ROI of CUORE-0 was
dominated by the irreducible contamination in 2°®T1 of the cryostat.

The new assembly line and procedures resulted in robust and reproducible detec-
tor characteristics, and the detector showed excellent bolometric performances with
an effective background suppression. These results demonstrated that all the solu-
tions and procedures selected for CUORE-0 could meet the goals for CUORE.

2.3.3. CUORE

CUORE*" 2 consists of a closely packed array of 988 39Te crystals (5 x 5 x
5 cm? each) organized in 19 towers, each identical to the CUORE-0 one (i.e. 13
floors with four crystals each). It is, by far, the largest detector operated as a low-
temperature calorimeter. The array is hosted in one of the largest cryostats ever
constructed to reach a base temperature of <10 mK.*3>%4 Even from the point
of view of radioactivity the cryostat is one of the significant differences between
CUORE-0 and CUORE. One of the major sources of y-ray background in CUORE-
0 was indeed the cryostat itself. By carefully selecting the materials for the cryostat
construction, we hoped to have mitigated the ~-ray background substantially for
CUORE.

The full detector assembly took almost two years, from September 2012 to July
2014. The successful completion of the task definitively proved the effectiveness of
the CTAL, gluing and bonding protocols. Before being installed inside the CUORE
cryostat, the towers were stored inside the CUORE cleanroom into sealed con-
tainers constantly flushed with clean N? gas to prevent any contamination from
radon, waiting for the end of the commissioning of the cryogenic system. The tower
installation was successfully performed in summer 2016, and CUORE started its
commissioning phase at the beginning of 2017. The initial months were dedicated
to the system optimization and setting of the optimal working points.
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For the initial phase of CUORE, we operated the detectors at 15 mK, where
we found the signal-to-noise ratio from the thermistors to be optimal. After a
total TeO? exposure of 86.3 kg-yr, the preliminary background rate in the ROI
is (0.014 +0.002) counts/(keV - kg - yr), with a dramatic improvement with respect
to CUORE-0. Concerning detector performances, in this first phase an effective
mean energy resolution, on 984 of 988 functioning channels, of (7.7 4+ 0.5) keV has
been obtained. Additional optimization campaigns are in progress with the aim to
improve the detector performances by optimizing the experimental operating condi-
tions. The first CUORE preliminary science results have been recently published.®

2.4. Detector read-out and acquisition

We present here a brief description of the read-out chain and the data acquisition
systems adopted in both CUORE-0 and CUORE (the systems used in the pre-
vious experiments were quite similar as was data production, later described). To
read out the signal, each thermistor is biased in differential configuration with a
bipolar voltage generator connected to a pair of load resistors, finally connected
to the thermistor terminals. The resistance of the thermistor varies in time with
the temperature, R(t), and the voltage across it, Vg(t), is the bolometer signal.
The value of the load resistors, Ry, is chosen to be much higher than R(¢) so that
Vr(t) results only dependent to R(t), following the law introduced in Eq. (3). The
signal Vg(t) is amplified by a low-noise front-end electronics,'? filtered by a 6-pole
active Bessel-Thomson filter> and then digitized with an 18-bit analog-to-digital
converter?®47 (ADC) with a sampling rate of 1 kHz (125 Hz in CUORE-0). The
front-end boards, which provide the bias voltage, the load resistors, the amplifier
and the filter boards are placed outside the cryostat, at room temperature.

2.5. Data production

A software derivative trigger is used to identify thermal event pulses and collect
them in 5s windows. Each window is divided into two parts: 1s before the trigger
and 4s after it. The period before the trigger (pre-trigger) is used to establish the
baseline temperature of the crystal, and the remaining 4 s is used to determine the
pulse amplitude. Forced random triggers are used to evaluate the detector noise
and to perform threshold studies. As mentioned in Subsec. 2.2, a Joule Si-heater
resistor is also coupled to each crystal with epoxy and is used to generate reference
thermal pulses every 300s. These induced pulses are used to stabilize the gain of the
bolometer against temperature fluctuations. To improve the signal-to-noise ratio,
an optimal filter is applied to each pulse,*® exploiting the distinct power spectra of
particle-induced and noise waveforms. The pulse amplitude is determined from the
maximum value of the filtered waveform. The data are grouped into datasets, which
last approximately one month. At the beginning and at the end of each dataset, the
detector is exposed to a radioactive source to calibrate the detector. The CUORE
calibration system consists of 12 low-intensity 232Th sources attached to Kevlar
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strings.*® During the calibration, the strings are lowered from room temperature
into the cryogenic volume amongst and around the towers. In CUORE-0 and its
precursors, calibration procedure were similar but the source was external to the
cryostat.

The data production is a procedure that converts the data from a series of
triggered waveforms into a calibrated energy spectrum. The procedure developed
for CUORE is similar to the one developed for CUORE-0,%° but scaled to 1000
channels. First, a time-coincidence analysis is performed to search for events due
to external sources that deposit energy across multiple bolometers. Then, a series
of event selection cuts are performed to maximize the sensitivity to physics events.
This selection includes the identification of cryostat instability and malfunction
periods and a series of pulse shape cuts to reject deformed or nonphysical events.
The probability that a particle pulse is discarded by these cuts is of about 19%
for CUORE-0%° and about 6% for CUORE.S The searched-for events are usually
confined within one crystal. However, many background sources deposit energy in
multiple crystals within the response time of the detector. By event multiplicity, it
is possible to form multiplets of events that occur within a coincidence window of
+5 ms in different crystals. For each multiplet it is possible to build the related
spectrum:

e M spectrum is the energy spectrum of all events, each hit crystal corresponds to
an entry in the spectrum and no coincidence criteria are applied;

e M spectrum is the energy spectrum of the events with the requirement that
only one bolometer is involved (multiplicity 1 or M events);

e M, spectrum is the energy spectrum of the events with the requirement that
two bolometers triggered (multiplicity 2 or My events);

e Y5 spectrum is the energy spectrum associated to My pairs, each pair produces
an entry with an energy F(Xs) that is the sum of the energies of the two events.

Higher-order multiplets are used only to evaluate the contribution to the back-
ground from muons. The signal cut efficiency as a function of energy is defined as
the fraction of true signal events that pass all the event cuts. More details on these
selection techniques are presented in dedicated papers.>%-2!

To optimize the search for low-energy rare events,>? such as solar axions or
WIMP scattering, the standard derivative trigger is replaced by an optimum trigger
(OT), that allows us to lower the threshold below 30 keV. The OT algorithm
used in CUORE is an improved version to that presented in the past.?® The data
buffer is divided into slices that are continuously filtered in the frequency domain
with the optimal filter mentioned above. The filtered waveforms have an improved
signal-to-noise ratio, and baseline fluctuations are reduced. This allows triggering
on the filtered signal in the time domain with a threshold as low as < 10 keV. The
optimum-triggered waveforms are converted into physics data following a procedure
similar to the standard data production introduced above.
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2.6. Dangerous backgrounds and mitigation strategies

The search for a rare event, such as a Ov3[ decay source, means operating a detector
avoiding, as far as possible, any spurious sources that can mimic the event under
study (e.g. radioactive sources or cosmic rays). Any event producing an energy
deposition similar to the searched-for decay increases the background and hence
spoils the sensitivity of the experiment. Background sources are cosmic rays, nat-
ural or artificial radioactive contaminations in the laboratory environment and in
the experimental setup, and finally the radio-impurities contained in the detector
itself. A combination of approaches is necessary to reach a low background rate.
First, an underground location is fundamental to get rid of cosmic rays. Shielding
the detector components from environmental radioactivity, screening materials to
achieve low radioactive contamination, carefully preventing recontamination with
radon daughters, and actively rejecting background events are all also required.

CUORE, as its precursors, is operating in Hall A of the LNGS laboratory. This
provides the detector with an overburden of 1400 m of rock (3600 m of water
equivalent) which reduces the cosmic ray rate by 6 orders of magnitude relative to
the surface. The measured residual rate is roughly one muon per hour in CUORE.*
The CUORE detector is completely surrounded (laterally, below and above) by lead
shields. In particular, the innermost one is made of ancient Roman lead. This is
characterized by an extremely low radioactivity and it is almost fully depleted
of 219Pb. The outer shields protect the detector from environmental v-rays and
neutrons. The innermost shields protect the detector from the v radiation produced
in the outer shields or in the cryostat itself and have to meet strict radioactivity
limits in order to be a negligible source of background.

The contaminants present in the detector raw materials were reduced through a
careful screening. Three main techniques for screening materials were used: direct
~v-ray and a-particle spectroscopy, inductively coupled plasma mass spectroscopy
(ICP-MS) and neutron activation analysis (NAA). The CUORE towers were built
using clean and controlled techniques. All activities were carried out in a dedicated
class 1000 (ISO 6) cleanroom located in the underground CUORE hut. The clean-
room contained glovebox-enclosed systems for assembling the towers in radioclean
conditions under nitrogen atmosphere. The assembly procedure used two separate
workstations: one for gluing chips to crystals and one for building and instrument-
ing the towers. At the end, the tower installation was performed in a controlled

cleanroom environment with radon-free air, filtered by a dedicated system.>?

3. Second-Order Weak Decays of Te

2v3 decay is a second-order weak decay, which occurs in a few of the even—even
nuclei. In 74~ transitions the initial nucleus (A, Z) can decay into its isobar
(A, Z + 2), emitting two electrons and two anti-neutrinos in the process. For a
fraction of these nuclei, the decay to neighboring odd—odd isobar (A,Z + 1) is
either energetically disfavored or forbidden by the spin-parity conservation laws,
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and the experimental observation is easier. The process conserves lepton number
and is consistent with the “Standard Model” of particle physics. 2083 decay has
been observed for 11 nuclei.’® However, if the final states have only two electrons and
no anti-neutrinos are emitted, then can we have another rare mode of decay which
is known as OvS3f decay which violates lepton number by 2 units (AL = 2). Both
the decay modes can occur either to the 0T ground state or to the excited states
(07, 2%, 2F) of the final nuclei. Similarly, a second-order weak transition can happen
from (A, Z) to (A, Z — 2) through B+3T, ECST or EC-EC decay modes. In 873+
transitions a significant fraction of the available energy goes to the positron masses.
The transition energies as well as the experimental sensitivities are correspondingly
lower.

Naturally occurring tellurium contains three candidate isotopes which can
undergo second-order weak decay: Te (8= 37), 28Te (8~ 87) and 12°Te (B+5+/
ECBT/EC-EC). 139Te and '2°Te have relatively high @ values and, hence, have a
higher expected decay rate. The sensitivity of the search is further enhanced by the
fact that there are less background sources to contend with at higher energies. In
the following subsections, we will highlight the results for the 838 decay searches
from CUORE-0 and CUORE.

3.1. 130Te neutrinoless decay

The search for Qv 33 decay is mainly motivated by its ability to probe the Majorana
nature of the neutrinos. The existence of Ov35 decay necessarily implies a Majorana
mass for the neutrino, regardless of the mechanism that is used to induce Ov533 decay
in a gauge theory.?”®® The importance of Majorana neutrino mass stems from
the fact that it cannot only help explain the smallness of the observed neutrino
masses,”®%0 but it also provides a mechanism to explain the matter—antimatter
asymmetry in the universe.®:62 Further, the search for Ovj3j3 decay also probes
the absolute mass of the neutrinos and their hierarchy.®® The decay rate of 0vj343,
assuming light Majorana neutrino exchange, takes the form

(Ty)?) ™t = G| M [2|(mee) (4)

where G% is the phase-space factor, M is the nuclear transition matrix element,
and (me.) = |X;U%m;]| is the effective Majorana mass for light neutrinos and is the
only relevant parameter measured in Ov3/ decay. m; denotes the neutrino mass and
U,; is the corresponding component of the neutrino mixing matrix. The sensitivity
of the search depends on how precisely we can measure Tollf %,

The crystal size of CUORE ensures that both the electrons emitted in the Ovgs
decay of 30Te are mostly contained inside a single detector crystal, unless the event
occurs near the surface. In fact, Monte Carlo simulations place the containment
efficiency to be ~88%. Therefore, the experimental signature that we are looking
for is a mono-energetic peak at the Q-value of the 13°Te decay, Qps = 2527.515 +
0.013 keV.%466 In the presence of background fluctuations, the sensitivity of the
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experiment can be expressed as

M-t
B-4E’

Tyl oy e (5)
where 7 is the isotopic abundance of the candidate nuclei, € is the efficiency of the
detector, M is total active mass of the detector, ¢ is the livetime of the experiment,
B is the background rate expressed in counts/(keV -kg-yr) and §F is the energy
resolution in the ROI. As mentioned before, bolometers have excellent energy reso-
lution and are suited for a sensitive OvBf3 search. On the other hand, considerable
effort is needed to reduce the background rate in the ROI. While the Q)gg lies in
between the 2615 keV line from 2°%T1 and its Compton edge, the primary back-
ground contribution to our ROI is from degraded « particles from materials near
the surface of the detector and the multi-Compton scattered ~-rays, namely, from
208T] and 2'4Bi.

3.1.1. CUORE-0

CUORE-0 was designed to validate the background rejection techniques that were
developed for the construction of the CUORE detector. It was the first of the 20
towers to have come out of the CUORE detector assembly line. Despite being a
prototype for CUORE, CUORE-0 has been a sensitive experiment in itself, search-
ing for OvA3S3 in 139Te with a total exposure of 35.2 kg - yr of TeOs, or 9.8 kg - yr of
130Te. In the following subsections, we will first discuss the results from CUORE-0
before dwelling on the results from CUORE, pointing out the subtle differences
between the two experiments wherever necessary.

The analysis techniques and results from CUORE-0 have been well described in
the literature.®® We will simply cite the results here. Figure 3 shows the CUORE-0
spectrum around the ROI which we defined as the energy range 2470-2570 keV.
One can clearly see that the shape of the background in the ROI closely matches
the shape of the normalized calibration data. This indicates that the background
in the ROI is dominated by the multiple scattered v background rather than a
flat a background as expected from degraded «’s. The ROI also shows a peak at
~ 2507 keV which is attributed to the sum peak of ®°Co gammas. The presence
of %°Co is due to the activation of the copper frames and internal shielding in the
cryostat. The 9Co sum line is still far away from the Q-value of 0v33, but needs to
be taken into account while fitting the ROI. To fit a peak in the ROI, it is necessary
to understand the response of each detector to a mono-energetic Ovg35 decay. We
modeled the response based on the measured response to the 2615 keV calibration
peak. The full calibration response was modeled using a five component un-binned
extended maximum likelihood (UEML) fit to 2615 keV line for each detector in
a dataset (see Fig. 4). The mono-energetic peak is well described by a double-
Gaussian, where both the means and standard-deviations are free parameters for
the fit. The secondary Gaussian has a slightly lower mean energy (~ 0.997 times
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Fig. 3. (Color online) The CUORE-0 spectrum (M) around the region of interest. The calibra-
tion data (red) has been normalized to the physics data (blue) at 2615 keV to elucidate the shape
of the background in the ROI. The shaded region corresponds to the energy range used in the
ROI fit.
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Fig. 4. A 5-component fit to the 2615 keV calibration peak (M) for a single detector in a
CUORE-0 dataset: (a) A primary Gaussian for the main peak; (b) a secondary Gaussian at a
slightly lower energy; (c) the smeared step-function; (d) the X-ray escape peak and (e) a flat
background. The primary and secondary Gaussians are considered to be the detector’s response
to a mono-energetic peak and are defined as the lineshape of the detector.
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Fig. 5. The simultaneous UEML best-fit to the data (M) in the region of interest for CUORE-0.
The dashed-dotted line shows the position of the Qgg. The total 130Te exposure was 35.2 kg - yr.
Figure from Alfonso et al.2

the mean energy of the primary Gaussian) and accounts for ~5% of the events
under the peak. The reason for the presence of a secondary peak is still under
investigation. The substructure was independent of the data analysis steps and the
double-Gaussian reproduced the data well across the energy range.

Once the lineshape is known, we fit the ROI to determine the yield of Ovj3f
events. We performed a simultaneous UEML fit in the ROI (Fig. 5). The fit compo-
nents included a double-Gaussian at the Q-value, another double-Gaussian account-
ing for the %°Co sum peak, and a constant background attributed to multi-Compton
events from 2°8T1 and « decays at the surface.

We obtained a best-fit decay rate of?

Lo, = [0.01 £ 0.12(stat) + 0.01(syst)] x 10724 yr~? (6)
and a background rate in the ROI of
bror = [0.058 £ 0.004(stat) & 0.002(syst)] counts/(keV - kg - yr). (7)

The 90% C.L. median sensitivity for half-life, assuming no Ov38 signal and the
above background, was calculated to be 2.9 x 10%* yr. We obtained a Bayesian
upper limit on the decay rate by using a profile likelihood method. We got an
upper limit of T'g, < 0.25 x 10724 yr=1 or Tp/? > 2.7 x 10%* yr at 90% C.L.
The probability to obtain a more stringent limit is 55% and the limit is slightly
worse than the median sensitivity because of the slight upward fluctuation in the
background at the Q-value.
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Fig. 6. (Color online) The CUORE spectrum (M) around the region of interest (exposure
86.3 kg - yr). The calibration data (red) has been normalized to the physics data (blue) at 2615
keV to elucidate the shape of the background in the ROI. The shaded region corresponds to the
energy range used in the ROI fit.

3.1.2. CUORE

The physics spectrum for CUORE,S close to the ROI, is shown in Fig. 6. We see
that the background in the ROI is relatively flat and does not follow the shape of
the Compton-scattered background as expected from ~-rays. This is an important
distinction to make from CUORE-0; we did manage to significantly reduce the ~y-
ray background, but are limited by the background from the degraded a’s near the
detector surfaces.

We have also found the response of the CUORE detectors to be different from
that of CUORE-0. Unlike CUORE-0, where a double-Gaussian was used to fit a
photopeak, in CUORE the same peak was better described by a triple-Gaussian
fit, with subpeaks on the left and right of the main peak, respectively. We are
currently investigating the origin of these substructures. However, we did take the
lineshape uncertainty into account and treated it as systematic uncertainty in our
final calculations. Figure 7 shows the combined fit for the 2615 keV photopeak of
all the channel-dataset pairs in CUORE.

Following the procedure outlined for CUORE-0, we performed a simultaneous
UEML fit in the ROI (2465—2475 keV) to determine the yield of 0v353 events
(Fig. 8). The fit components included a triple-Gaussian at the @-value, another
triple-Gaussian accounting for the %°Co sum peak, and a continuum background
attributed to multi-Compton events from 2°%T1 and « decays at the surface. Figure 8
shows the 155 events that passed all the selection criteria together with the UEML
fit. We observed a large negative fluctuation for a signal at the Q-value, leading to
a best-fit decay rate of

Do, = [~1.0703(stat) + 0.1(syst)] x 10725 yr~t. (8)
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Fig. 7. (Color online) 2615 keV lineshape of all the 19 towers of CUORE summed together (M1).
The red line is the sum of the fits of all individual channels while the blue-dashed lines shows the
different components of the lineshapes. The subcomponents were identified as (a) multi-Gaussian
peak describing the main photopeak, (b) contribution from multi-scatter Compton events,
(c) a peak ascribed to the escape of 27-31 keV X-rays from Te after a 2615 keV deposition,
(d) flat background due to degraded as and (e) a peak attributed to the single escape peak of the
coincident absorption of 2615 keV and 583 keV 7-rays. Figure from Alduino et al.%
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Fig. 8. The simultaneous UEML best-fit to the data (M) in the region of interest for CUORE.
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Figure from Alduino et al.%
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Fig. 9. Dependence of mgg on the absolute mass of the lightest neutrino. CUORE yields an mgg
value of < (140-400) meV at 90% C.L., depending on the nuclear matrix element. It will get very
close to probing the inverted hierarchy region in five years of livetime.

The best-fit background index in the ROI was
bror = [0.014 £ 0.002] counts/(keV -kg - yr). 9)

We integrated the profile likelihood for positive values of fgy and obtained a
90% C.L. upper limit to the half-life of Tj/? > 1.4 x 10%® yr. The probability of
obtaining a more stringent limit was 2% and the median 90% lower sensitivity
of Tolf was 7.0 x 10%* yr. A frequentist treatment of the data yielded Tolu/2 >
2.1x10% yr at a 90% C.L., with a lower limit sensitivity of 7.6 x 1024 yr (90% C.L.).

Combining the negative log-likelihood curve of CUORE with that of CUORE-0
and Cuoricino, we obtained a decay-rate of I'g, < 0.47 x 10725 yr—!, corresponding
to a half-life of Toly/ ® > 1.5 x 10% yr. A frequentist treatment of the data yielded
T)/% > 2.2 x 10% yr (90% C.L.).

v

The obtained half-life limit was used to constrain the effective Majorana mass of
neutrinos in the framework of Ov83 induced by light Majorana-neutrino exchange.
While the phase-space factor for the decay has been precisely calculated, the nuclear
matrix element calculations are model dependent. Depending on the model con-
sidered, we obtained an upper limit of mgg < (140-400) meV (see Fig. 9).

Efforts are going on to improve our experimental conditions and analysis tech-
niques, through which we hope to meet our background level expectation of
~0.01 counts/(kg-keV -yr) and an energy resolution of <5 keV. This will yield
a sensitivity of TOIV/2 > 9 x 10% yr (90% C.L.) with 5 years of live time, and will be
very close to probing the inverted hierarchy mass region as shown in Fig. 9.
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3.2. 130Te two-neutrino decay

In 20303, two electron anti-neutrinos are emitted in addition to the two electrons.
The decay occurs whether or not neutrinos are their own antiparticles and it is the
only decay mode allowed by the Standard Model for 33 candidates like 39Te. This
process is the slowest nuclear decay directly observed.67:68 It is studied because it
can provide relevant insight into nuclear theory®® and may as well represent an
important irreducible source of background for the search of Ov33 decay. Indeed,
the energy resolution of the detector produces a smearing of the spectrum that, near
the end point, leads to a mixing of 2v88 and OvSf signals so that the former can
be a relevant background source for the latter. However, '3°Te has a long half-life
and this effect is completely negligible for bolometers”™ while it is sizable in poor
energy resolution detectors like liquid scintillators.”

Bolometers are certainly among the most sensitive detectors that can be used
to search for long lived decays. However, the measurement of 2v33 half-life is
extremely challenging, unlike the transitions with a strong signature (e.g. the
monochromatic lines of 2°?Bi a decay”®73) where the measurement is quite straight-
forward. The two electrons emitted in the 2v33 decay of '3°Te travel at most 3 mm
in TeOq crystals, so that in most cases both are detected in the same bolometer
where the decay occurs (M signals). The resulting energy spectrum of the sum
kinetic energies of the two electrons has a bell-like shape extending from 0 up to
the 39Te Q-value, with a maximum at about 850 keV. The signature of the decay
is therefore quite weak. Moreover, a number of background sources contribute to
the detector counting rate in the same region.

3.2.1. 2upB decay in MiDBD

MiDBD was a small array of TeO5 bolometers, among which two crystals were
enriched in 139Te and two in '?®Te (therefore being depleted in 13°Te). These four
crystals were used to measure the 2v343 half-life of 3°Te studying the difference
between the spectra recorded by two '3Te enriched and two depleted ones.?3 As-
suming a similar background recorded by the four crystals and due to contaminants
isotropically distributed around them, the only difference in their counting rate
could be ascribed to '3°Te 2033 decay in the enriched ones.

An excess of the counting rate of the 13°Te enriched detectors with respect to the
depleted was indeed observed. However, it was immediately evident that the condi-
tion of identical contaminants isotropically distributed in the crystals and around
them was not met. This required a careful analysis of the contribution of sources vio-
lating this hypotheses, that resulted in a large systematic uncertainty (see Table 1).

3.2.2. 2vpBB decay in CUORE-0

To disentangle the 2v30 signal in CUORE-0 data, we had to identify and estimate
all the major background sources, resulting in a “background model” which was
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Table 1. Estimates of the 39Te half-life
obtained by CUORE-0 and MiDBD (bolometric
experiments using TeOz detectors) and NEMO.

Experiment Half-live [x 1020 y]
CUORE-05! 8.2 £ 0.2 (stat) & 0.6 (syst)
MiDBD33 6.1+ 1.4 (stat) "33 (syst)
NEMO™4 7.0 £0.9 (stat) £ 1.1 (syst)

able to explain the counting rate of the array over a wide energy range.’? In the
following subsections, we will briefly describe the procedure adopted for the model
construction before discussing the main results.

(1)

We developed a detailed Monte Carlo simulation of the detector, the cryogenic
apparatus and the shield system, taking special care in reproducing not only the
geometry of the setup but also the response of the detector (energy resolution,
threshold, etc.) and the daq/analysis procedures (pile-up treatments, definition
of coincidences, etc.) so that simulated data closely resembled the real data;
We validated the simulation using a calibrated source, proving that the repro-
duction of experimental data is extremely good above 300 keV;

We defined the list of all the sources that could contribute to the counting rate
of an underground experiment, from the environmental neutron, muon and -y
fluxes to the usually present U, Th and K radioactive contamination of mate-
rials. The list was completed using information from the material radioactive
assay campaign preceding CUORE-0 detector construction. Complementary in-
formation also came from the analysis of the CUORE-0 spectrum itself: from
the analysis of o peaks, we reconstructed the violation of secular equilibrium in
U and Th chains; from « and  peaks, we identified some radioactive contam-
inant specific of our experiment (e.g. 12°Sb likely due to Te activation, Pt
due to crystal contamination during the growth procedure, etc.);

We produced a set of simulations, one for each source and each possible loca-
tion of the source (here we made the assumption of an uniform distribution of
contaminants in bulk and/or surface of the various geometrical elements) and
fitted their sum to CUORE-0 experimental data, with activities being the free
parameters to be estimated by the fit;

We fitted experimental data with a Bayesian algorithm adopting, for source
activities, priors defined using constraints from material assays (already men-
tioned at point 3). The experimental data used in this analysis were M7, My
and Yo spectra averaged over the whole array. These three spectra were simul-
taneously fit to their simulated counterpart deriving posterior estimates for the
background source activities together with estimates of the correlation among
the different sources;

We investigated possible bias in source activity estimate by observing how the
fit was dependent on binning, threshold, data-sample, etc.
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Fig. 10. (Color online) Comparison between the experimental M and its reconstruction (top
panel). A variable size bin is here adopted in order to be insensitive to the exact line-shape
(see Ref. 51 for more details). In the bottom panel, the bin by bin ratios between counts in
the experimental spectrum over counts in the reconstructed one are shown; the corresponding
uncertainties at 1, 2, 30 are shown as colored bands centered at 1. Fit residuals distribution is
approximately Gaussian with p = (—0.0340.09) and o = (1.140.1). Figure from Alduino et al.5!

Figure 10 shows the reconstruction of the M spectrum (Ms and Xs reconstruc-
tions are shown in Ref. 51). Figure 11 shows the 2v3 contribution predicted by the
fit. The obtained 2v 3 half-life is shown in Table 1 together with those reported by
previous experiments: NEMO and MiDBD. The large systematic error gives a clear
indication of the difficulties that are faced in this kind of analysis, difficulties that
are all related to the identification and quantification of the competing background
sources.

3.2.3. 2vppB decay, from CUORE-0 to CUORE

The CUORE-0 result was obtained using only natural crystals and using a full back-
ground reconstruction. This means that instead of having few free parameters as in
MiDBD (the activities of the few sources that affected the counting rate of the two
couple of enriched and depleted detectors differently), the whole background had
to be studied and activities estimated for 57 sources. However, thanks to the good
energy resolution and threshold of the detectors (both much improved with respect
to the MiDBD ones), a larger coincidence efficiency together with an enhanced
ability in reproducing detector behavior through Monte Carlo simulation, the sys-
tematic uncertainty is five times lower than in MiDBD. The main contribution to
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Fig. 11. CUORE-0 M; compared to the 2v3f3 contribution and the radioactive source that has
the strongest correlation with 2083, 4°K in the crystal bulk. Both the 2038 and the 49K con-
tribution are normalized to the activities resulting from the reconstruction. Figure from Alduino
et al.51
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Fig. 12. Energy spectrum of M events recorded in a 35.2 kg-yr exposure by the CUORE-0
array and in a 86.3 kg yr exposure by the CUORE one. At a first sight it is clear that 2v30 is
not the dominant contribution to the counting rate.

the systematic uncertainty in CUORE-0 analysis, is still due to the imperfect re-
production of the contaminant distribution topology, in and around the detectors,
a weakness that very likely CUORE, thanks to the high granularity of its detector
will overcome.

CUORE analysis will adopt a procedure similar to the one used for CUORE-0.
Given that the mass is nearly 20 times larger and the background counting rate
reduced by about a factor 4 (see Fig. 12), the statistical error will accordingly
be reduced. Moreover, the self-shielding of the detectors implies that the inner
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Fig. 13. Decay scheme for 130Te, showing the energy levels and the branching ratios for the
rays.

core of the array should be less sensitive to external sources (from shielding and
cryostat) with two advantages: a lower counting rate and a reduced number of
sources contributing to systematics. This study is presently in progress.

3.3. 13%Te decays to excited states

130Te double beta decay may occur — in both 2v and O modes — not only as a
ground-state to ground-state transition (0% — 0%) but also as a transition from
130Te ground-state to the *°Xe 0 excited state at 1793.5 keV (0T — 07). This
level de-excites through three different cascades crossing the 1122.15 keV (25) and
the 536.09 keV (2]) levels as shown in Fig. 13. Despite the long life-time theo-
retically predicted for this decay channel, the interest in its study arises from the
fact that in an array of close packed detectors the strong signature provided by
the simultaneous detection of one or two gammas in the detectors that are close
to the one where the decay occurs, can lead to an improved signal identification
reducing background. Less appealing is on the other hand, the study of the transi-
tion to one of the two 2+ excited levels (0T — 27 ,) since its amplitude is strongly
suppressed by angular momentum conservation.

The strategy adopted for this analysis is to exploit multiple coincidence pat-
terns that are combined together to extract the partial decay widths: ng and I‘g}t.
The events considered are My and M3, corresponding to the simultaneous energy
deposition in two or three nearby bolometers. One of the bolometers is the source
of the decay. The other one or two are the spectators: they just detect the photons
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escaping from the source. The spectators are required to record a monochromatic
signal, corresponding to the full conversion of one or more 4’s (this implies a dra-
matic reduction of the background counting rate).

The 90% C.L. limits obtained with Cuoricino™ are:

Ty 9(2vB8 — 0F) > 1.3 x 10%% yr, (10)
Ty 2(0vBB — 07) > 9.4 x 107 yr. (11)

A similar analysis, using CUORE-0 data and exploiting the reduced background
levels and the improved performances of the detectors, has recently allowed to
improve these limits.”®

3.4. 120Te decays

While 875~ decay remains the most promising mode for the possible detection
of neutrinoless mode in double beta decay experiments, there has been a renewed
interest in other lepton number violating processes, namely, the neutrinoless modes
of double positron decay (3%371), positron emitting electron capture (EC31) and
double electron capture (EC-EC). These processes are interesting because they
are dominated by right-handed weak currents, and can provide crucial inputs for
understanding the underlying mechanism of Ov30, if observed. Tellurium has one
candidate isotope, '2°Te, for which ECB+ and EC-EC decays are allowed. The
BT BT decay in '2°Te is energetically forbidden, since the mass difference between
the neutral mother and daughter atoms (12°Te and 12°Sn, respectively) is less than
4m.c?. On the other hand, the EC-EC decay is typically suppressed since the final
state requires emission of additional particles (namely, two inner-bremsstrahlung
photons) to conserve energy—momentum. That leaves ECS™T as the most favorable
decay channel that can be probed experimentally with 12°Te. The Q-value of the
reaction, for ECB™, is given by

Qrcp+ = M (33°Te) — M (33°Sn) — 2m,c?
=AM —2m.c?, (12)
where the atomic mass difference, AM, is 1714.8 + 1.3 keV. We should also take

into account the binding energy of the captured electron which lowers the available
kinetic energy (Kgcg+) of the emitted positron

KECﬁ+ =AM -2 ’I’TLEC2 — Eb
= (692.8 +1.3) keV — Ej, (13)

where Ej, is the binding energy of the absorbed atomic electron. X-ray and/or Auger
electrons are emitted in the de-excitation of the ionized daughter atom. However,
the characteristic energy of these are of O(30 keV), and they mostly deposit their
energy inside the crystal where the decay has occurred, unless the decay is near the
surface.
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Table 2. Table with signatures for 120Te
0v-ECB™T decay and its associated multiplicity.

Signature Multiplicity
(0) Eg92.8 My
(1) E692.8+511 My
(2) E692.84511+511 My
(3) E¢92.8 + Es11 Mo
(4) Ep92.8+511 + Es11 Mo
(5) E¢92.8 + Es11 + Es11 Ms

At 0.09(1)% the natural isotopic abundance of 120Te is very low and far from
ideal for a rare decay search. However, the emission of a positron followed by a pair
of 511 keV ~ rays provides a very clean experimental signature for the EC3™ decay
mode. CUORE and CUORE-0 can make use of the segmented detector array to
look for events with different multiplicities. In CUORE-0,”" we looked for an energy
deposition of 692.8 keV within a crystal, in coincidence with one or two 511 keV
~ rays in the same or nearby detectors. The possible scenarios for detection are
listed in Table 2, and the containment efficiency for each floor of the CUORE-0
tower is shown in Fig. 14. The absorption length of 511 keV ~ in TeOq is less
than 2 cm and, hence, the probability that it will escape a detector is small. It
is, therefore, not surprising that the cleanest of the signature (Ms) has, unfortu-
nately, the smallest probability of detection for our crystals. The highest proba-
bility of detection corresponds to events in which one or both the 511 keV ~ get
absorbed in the primary crystal where the decay takes place. However, in these
cases it is difficult to discriminate the background based on the multiplicity of
the events.

We used the entire CUORE-0 dataset, which corresponds to 35.2 kg - yr of TeOq
exposure, for the search of ECB* decay of '20Te. We implemented a simultaneous
unbinned Bayesian fit of the energy spectra for all signatures using the Bayesian
Analysis Toolkit (BAT) software package. We performed the fit separately on each
signature, as well as on all of them together. In the likelihood, we parametrized
the signal as an N-dimensional Gaussian distribution centered at the characteristic
energies reported in Table 2. The background in the ROI was modeled as the
sum of a linear background together with a Gaussian for each of the v peaks in
the vicinity of the ROI. The background arising from Compton-scattered ~ rays,
namely from %°Co and 2'Bi, was also taken into account for the double (M)
and triple-coincidence (M3) data. Table 3 shows the limit on Tj/, for each of
the signatures. The efficiencies, the Q-value and the isotopic abundance of 12°Te
were treated as nuisance parameters for the Bayesian fit. We deliberately treated
the uncertainty on the energy resolution as a systematic effect to keep the analysis
simple. If we varied the energy resolution by 4 1o, the limit on the T} /5 only changed
by F 7%.
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Fig. 14. Detection efficiency for aforementioned signatures (see Table 2) in different floors of the
CUORE-0 tower. Floors 9-11 have lower efficiencies because of a not working detector. Figure
from Alduino et al.””

Table 3. Results of the 120Te 0v-ECBT
decay analysis on each individual signa-
ture. A combined analysis of all signa-
tures together improves the limit.

Signature Limit on 77 /5 [yr]
(0) 2.5 x 1019
(1) 1.4 x 1029
(2) 4.2 x 1020
(3) 4.4 x 1020
(4) 1.1 x 10%!
(5) 1.5 x 1020
All 1.6 x 1021

As can be seen from Table 3, the fit on all signatures provides a limit of 7' 5 >
1.6 x 102! yr at 90% CI for 0v-ECBT decay of '?°Te. A much stronger limit of
Tyjp > 2.7 % 102! yr (90% C.L.) is obtained by combining the results of CUORE-0
and Cuoricino. This result has a systematic uncertainty of 5% which is due to the
uncertainty on the CUORE-0 energy resolution.
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CUORE has the potential to improve this limit significantly. Apart from having
a mass which is about 19 times that of CUORE-O0, it is also a closely packed array
which will result in an enhancement of efficiencies for signatures with M > 2. We
envisage that we should be able to improve the present limit by at-least two orders
of magnitude with CUORE.

3.5. 128Te decays

128Te is the second most abundant natural occurring tellurium isotope, with an iso-
topic abundance of ~ 31.7%. Like 13%Te, it is a double beta decay emitter, although
the decay has never been directly observed. The ratio between its half-life and the
heavier isotope, one has been precisely measured by geochemical experiments to be
~3 x 107*, a result determined by the much smaller phase-space.’®

The small Q-value of the decay (865.87 keV'®) makes its direct detection parti-
cularly challenging, both for the already cited small phase-space and correspond-
ingly long lifetime, (2.040.3 x 10%* yr®%), and because the electron energy spectrum
is located in a region where the background generated by the environmental v radio-
activity is typically quite high. Although a positive observation is beyond the reach
of present generation experiments, CUORE will certainly be able to largely improve
the direct detection limits both for the two-neutrino and neutrino-less decay modes.
The MiDBD experiment set a lower limit achieved to the Ov35 half-life of this iso-
tope of 1.1 x 10?3 yr,33 CUORE, thanks to a more than two orders of magnitude
increase in the isotope mass and the reduced background, will be able to achieve a
much better sensitivity in a short time.

4. Other Rare Decays

Thanks to the performance of the CUORE detector, both in terms of active mass,
almost 100% detection efficiency in a wide energy range and the almost unitary
energy quenching (i.e. all particles have a similar energy response despite their
different specific ionization), a number of rare decays can be studied with high
sensitivity and small systematic effects. These processes include both the decay
of nuclei that are currently considered stable, and processes not allowed by the
Standard Model whose observation would be a hint of Physics beyond it.

4.1. FElectron decay

Electron decay is an electric charge-violating phenomenon. The search for charge-
violating processes is a sensitive test of the Standard Model, as electric charge
one of its most relevant building blocks. Although lepton and baryon numbers are
violated in a number of grand unified models, the experimental search is generally
limited to decays that violate electric charge while conserving all the other conserved
numbers.
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Possible final states include a photon and a neutrino, or three neutrinos, in order
to conserve lepton number.

€T — Ve, (14)

€ — VelUxlx . (15)

The search for both final states can profit from CUORE’s large detection effi-
ciency, energy resolution and low threshold. For both the decay modes, the X-rays
from the de-excitation of the atom whose electron has decayed are expected. Given
the very high probability of containing X-rays and Auger electrons in TeO crys-
tals, an energy deposition corresponding to the binding energy Fj of the decaying
electron is expected in the crystal where the decay occurs. In (14), an extra energy
deposition

mec® — By

E, = 5

(16)
is expected when the ~-ray is absorbed. This can occur in the same crystal where
the electron decay took place, or in one of the neighboring crystals, thus allowing
a further background reduction by studying the event topology.

4.2. Lorentz invariance violation

Lorentz invariance violation arising from the spontaneous breaking of the underlying
space—time symmetry is an interesting theoretical feature that can be parametrized
within the so-called Standard Model Extension (SME). In the literature,” double
beta decay is presented as a process where Lorentz violating effects in the neutrino
sector can be investigated. The effect of SME Lorentz invariance violating terms
can be studied both in the two-neutrino and in the neutrino-less decay mode.

For what concerns the two-neutrino mode, a distortion of the two-electron
summed energy is expected due to an extra term in the phase-space factor, with a
maximum effect at an energy value that can be predicted by the theory. Therefore
an observation would allow to both quantify the magnitude of the violation and
confirm the theoretical model describing the physics behind it. For 139Te, the maxi-
mum of the residual spectrum is expected at 1.05 MeV. Between this energy and the
@-value, the majority of the events recorded by CUORE are expected to be to the
two-neutrino decay (as can be extrapolated from the comparison of backgrounds in
Fig. 12 and signal in Fig. 11), thus allowing a high precision measurement of the
spectral shape and its possible deformation.

The neutrino-less decay mode would also be affected by a Lorentz invariance
violating term. Supposing that no Majorana mass term exists, it can be shown™
that a Lorentz invariant violation can alone generate the process. In this case,
the decay rate measurement would be sensitive to the same SME coefficient that
controls the CPT violation.
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4.3. 123Te decay

The electron capture decay of 123Te (a naturally occurring isotope of Te) to the
ground state of 123Sb, although expected to occur, has never been experimentally
observed. This isotope has an isotopic abundance of 0.908 4= 0.002% and a Q-value
of 51.9 keV. Because of the large spin difference between the parent and daughter
nuclei, the EC decay occurs primarily from the L and M shells3%8! while the capture
from the K shell is suppressed by about three orders of magnitude.

A sensitive search for the K-shell EC performed with TeOy thermal detectors
have been able to put only a lower limit on the half-live of 9.2x10'6 yr.832 Given
the enormously increased exposure (the exposure used in the analysis of the cited
result corresponds to a single hour of CUORE data taking), CUORE can improve
this result by orders of magnitude.

The advantages of the thermal detector technique are the same already dis-
cussed for the electron decay: as the source is part of the active volume, a signal
corresponding to the total binding energy of the captured electron can be measured
with almost 100% efficiency. For the (suppressed) K-capture a line at 30.5 keV is
expected, while for the most probable Lz capture (L; and Lo intensities are about
one and three orders of magnitude lower than L33!) the line should appear at
4.1 keV. Finally, the M transitions are all beyond any possible detection capability
given their too small energy release (of the order of e€V). The excellent energy
resolution helps in disentangling these low-energy signals from the most relevant
backgrounds, i.e. the X-ray/Auger electron cascades generated when a hole is left
in a !23Te atom by the interaction of an externally generated . Moreover, in a
high granularity array like CUORE, these events have a high chance of generating
energy depositions in multiple crystals, while a genuine EC process is most likely
a single-crystal event. Other possible backgrounds can come from the EC of 121 Te
and 2" Te, both generated via neutron activation of the naturally occurring '2°Te.
The neutron flux in the underground location of CUORE, however, is small enough
to assume the in situ activation to be negligible, while the activity generated be-
tween the growth of the crystals and the storage underground is expected to have
already decayed by many orders of magnitude (and could anyway be tagged thanks
to its well-known time-dependence).

The experimental measurement of 123Te half-life has important theoretical im-
plications: very low rates are predicted if a strong (up to six orders of magnitude3?)
suppression of the nuclear matrix element is generated by the cancellation between
particle—particle and particle-hole correlations. An experimental study of this effect
would be a severe test of the nuclear models that are used to calculate the matrix
elements for rare electroweak decays.54

5. Other Rare Processes

Despite being mainly a tool for studying rare nuclear decays happening inside its
active mass, some features of CUORE make it a sensitive probe for the study of
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other rare processes. Most of these processes have a signature at the lower end
of the energy spectrum. The excellent energy resolution of single-particle thermal
detectors typically translates into a low-energy threshold that combined with an
almost 100% detection efficiency and signal quenching and low background level
make them versatile instruments for searches at low energy as well.

5.1. Dark matter search

As discussed extensively in a dedicated paper,®® CUORE is characterized by an
excellent sensitivity for dark matter searches. In particular, very promising is the
sensitivity to the expected annual modulation of the dark matter interaction rate.
This modulation is a consequence of the variation of the relative speed of the Earth,
during its revolution motion, with respect to the galactic DM halo. Given the detec-
tor characteristics, one of the most sensitive DM searches relies on the detection of
WIMPs interaction via the measurement of the recoil energy of a scattered nucleus
in the crystal lattice. The recoil energy spectrum is quasi-exponentially shaped and
extends to only few tens of keV for a typical WIMP mass of ~ 100 GeV/c?. As a
consequence of the modulating relative velocity of the Earth with respect to the
posited WIMPs galactic halo, a change of the recoil spectral shape and a corre-
sponding modulation of the interaction rate is expected as a function of time, with
well-defined frequency and phase. This modulation results in a time-dependent ob-
served rate of events with energy close to the detector energy threshold.

Critical aspects of the detector performance to make it suitable for WIMPs
search are, obviously, a low-energy threshold®® and large nuclear recoil quenching
factor (almost unitary in the case of TeOy thermal detectors).

The CUORE-0 detector was used as a test bench for the algorithms needed to
lower the threshold and for the analysis procedures. A critical aspect of this analysis
is the stability of the background count rate, that is strongly related to the stability
of the efficiency of the cuts used to select particle events from any spurious event
generating a triggered waveform with similar energy. These cuts are mainly based
on the shape of the waveform, thus a large effort has been put into the study of
their efficiency and the systematic effect associated to its evaluation.

The large nuclear recoil quenching factor is one of the key advantage of thermal
detectors when compared to other detection techniques. CUORE-0 data have been
used to evaluate this quenching factor by looking for simultaneous energy deposi-
tions in facing crystals, where the sum energy equals the Q)-value of an alpha decay.
A fraction of these events are generated by alpha-decaying contaminations located
on the very surface of a crystal, so that the recoiling nucleus is fully contained in
one crystal, while the emitted alpha particle is absorbed in the facing one. This
analysis resulted in a value of the quenching factor compatible with unity.

Another aspect of the detector response that has been studied is the energy
scale uncertainty at the lower end of the spectrum. Calibration curves are typically
built by measuring the detector response to v radiation at energies starting from
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above 200 keV. The extrapolation of these response functions at lower energy can
be checked by measuring the position of peaks associated to the absorption of Te
X-rays (around 27 keV and 30 keV). A negligible systematic shift is measured.

Based on the experience accumulated with the analysis of CUORE-0 data, the
expected sensitivity of the CUORE experiment can be evaluated, taking into ac-
count the increased active mass and exposure time. The result is that the CUORE
sensitivity, after 5 years of data-taking, is expected to be enough to fully explore
the parameter region where a positive annual modulation signal is claimed,®” pro-
viding an important independent contribution to the dark matter particle search
via direct detection with solid-state devices.

5.2. Axions search

Axions (or more generally axion-like particles, ALPs) are considered an elegant
theoretical solution to the strong CP problem in QCD. They appear as the Nambu—
Goldstone bosons of a spontancously broken U(1)pq global symmetry of the strong
sector, introduced by Peccei and Quinn®®23? to explain the observed upper limit of
the neutron electric dipole moment, much smaller than the otherwise predicted one.

Light “invisible” axions are considered good candidates for Dark Matter. They
are expected to couple both with the electromagnetic field and directly to leptons
and quarks, therefore a comparatively large production yield should be associated
with dense and hot matter, like the sun’s core.

The ®"Fe 14.4 keV nuclear transition is a good candidate process where a
monochromatic axion can be emitted in place of the gamma or conversion elec-
tron. This nuclear level can be populated in the inner region of the sun via thermal
excitation, and °“Fe is a natural occurring isotope with and isotopic abundance of
2.2%. The axions produced in the Sun can subsequently convert (via the so-called
inverse Primakoff effect®’) into photons in the electric field of a Te nucleus in the
CUORE crystals, generating a 14.4 keV photon that is fully absorbed and detected
as a monochromatic peak in the low-energy region of the spectrum. As the conver-
sion probability depends on the electron charge distribution, a daily modulation in
the counting rate is expected, depending on the orientation of the crystallographic
axes of TeOs with respect to the Sun direction.

A study®! has been published where the sensitivity of the CUORE experiment
to this process is computed, based on realistic assumptions for the background levels
and energy resolution. An interesting contribution to the exclusion of large axion
mass regions of the m, — gawgﬁflfv parameters space is discussed.

5.3. Supernova neutrinos and neutrino-nucleus coherent
elastic scattering

Core-collapse supernovae emit a large fraction of the explosion energy through
neutrinos. These neutrino fluxes carry rich information on the particle nature (mass,
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oscillations) and the supernova mechanism and their detection constitutes the only
available prompt signal of the supernova explosion itself.

Some present water Cherenkov or liquid scintillator based experiments (Super-
Kamiokande,”? Borexino?® and LVD%) are able to detect supernova neutrinos
through Charged Current and Neutral Current scattering on electrons or inverse
beta decay processes, but their sensibility is almost limited to electron neutrinos v,.
An alternative and promising mechanism to detect MeV SN neutrinos is neutrino-
nucleus coherent elastic scattering on target nuclei.?® This flavor blind, Neutral
Current process presents a highly enhanced cross-section for small enough momen-
tum transfer allowing the detection of all neutrinos’ flavors (ve, 7. and v,, i.e. the
sum of v, U, vy, ;) with the same efficiency of a much larger (about 100 times
larger) water Cherenkov or liquid scintillator based experiment. The possibility of
detecting all neutrinos’ flavors gives valuable model-independent information on
emission spectra. Moreover, neutrino-nucleus coherent scattering, predicted by the
Standard Model, has only recently been observed.?¢

The CUORE®#Y experiment can be considered as a potential “light” (compared
to detectors usually built for this purpose) coherent scattering-based supernova
observatory. The capability of CUORE of using coherent elastic scattering to detect
supernova neutrinos can be studied and its sensitivity calculated based on expected
signal and available information on the background and energy threshold.

A supernova neutrino detector must be able to detect a burst of neutrinos with a
continuum energy spectrum reaching the Earth in a time interval of few seconds. As
long as coherent elastic scattering is the mechanism of interaction in the detector,
the signal is given by the recoils of the nuclei inside the detector lattice, hit by the
interacting neutrinos. Typical energies for nuclei scattered by supernova neutrinos
are below 10 to 100 keV (depending on whether the scatter happens on Te or
O nuclei), with an exponentially shaped spectrum. Detector threshold is a very
important parameter to be taken into account evaluating the detector sensitivity.

Based on Ref. 95 and assuming a threshold around 3 keV,®8 ~ 10-15 neutrino
scattering-generated events are expected within the first ~30 keV above thresh-
old for a galactic supernova explosion (~ 10 kPc). These events are exponentially
distributed in time with a time constant of ~ 3.5 s, and must be compared with
the average number of uniformly distributed background events in the same energy
window. In CUORE, this rate is conservatively expected to be around 1 Hz over
the whole detector, making it sensitive to this kind of event.
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