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Cryogenic Underground Observatory for Rare Events

• Actually … our rare event is 0𝛎ββ of 130Te  
(Q-value = 2527.5 keV)

• The detector uses the cryogenic bolometer 
technique with natural TeO2 crystals
• Isotopic abundance  ~ 34 %



Lawrence Livermore
National Laboratory

SOL PER
NOCTEM

CUORE

Invent the Future®

CUORE Collaboration



Sample Particle Pulse 

• Energy deposit results in temperature rise 

• For TeO2 crystals configured for CUORE at 
~10mK, ΔT ~ 0.1mK per MeV  

• Temperature change read out with NTD-Ge

Energy release
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CUORE Bolometer concept



• M: Massive array of 130Te (~20x Cuoricino) 
- 988, 5x5x5 cm3  natTeO2 crystals

- 742 kg of natTeO2 or 206 kg of 130Te
- Assembled into 19 towers, 13 floors per tower,  

4 crystals per floor

• b: Background goal
- Goal  0.01 counts/keV/ky/yr (~20x lower than CUORICINO ) 

• t: Cryogen-free dilution refrigerator
➡ Improves detector duty cycle
➡ Improves stability 

• δE: Resolution goal
- Resolution of TeO2 bolometers is excellent, 

5keV @ 2615keV is demonstrated
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• 4 crystals per floor
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copper frames

PTFE Spacers

• 19 Towers
• => 742 kg TeO2 
• => 206 kg 130Te

CUORE: Overview of bolometer array

• 13 floors per tower

NTD-Ge chip

Stabilization 
heater
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CUORE Background reduction strategies

Average depth ~ 3500 m.w.e.  

μ flux: (2.58 ± 0.3)·10-8 m/s/cm2  

n flux <10 MeV: 4·10-6 n/s/cm2  

γ flux < 3 MeV: 0.73 g/s/cm2  

1.  located in Hall A of Gran Sasso National Lab in Italy 
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CUORE Background reduction strategies

2.  Shielding 
During the projected 5-year operating period of

CUORE, we will calibrate the bolometer–thermistor pairs
regularly, as detector conditions can change over time.
In CUORE-0, a predecessor experiment, calibration was
performed monthly [6], and we expect the calibration fre-
quency to be similar for CUORE. Each calibration period
is kept as short as possible to maximize the live time for
physics data taking. At the same time, because of the ⇠4-
second response and recovery time of the bolometers [7],
the source activity must be su�ciently low to avoid pile-
up. Because of the compact configuration of the CUORE
detector towers, the outer bolometer towers in the cryo-
stat partially shield the innermost towers from external
radiation. As a result, to achieve calibration periods of
one or two days while not saturating the outer detectors,
calibration sources must be placed near each bolometer
throughout the tower array during calibration. Because
these sources will be removed from the cold detector re-
gion of the cryostat during physics data taking, they must
be cooled to the cryostat’s base temperature for each cal-
ibration and subsequently warmed up again.

Deploying calibration sources into a cold cryostat with-
out significant disruption to the cryostat operating tem-
perature poses demanding technical challenges. To ac-
complish this task, we have designed and implemented the
CUORE Detector Calibration System (DCS). In Section 2,
we present an overview of the DCS, including the design
and production of the calibration sources, the motion con-
trol and monitoring hardware, and the tubes and other
hardware that guide the calibration sources through the
cryostat. In Section 3, we discuss the electronic control
system for the DCS and the remote and automatic DCS
software controls. Finally, we present and discuss the re-
sults of a calibration source deployment down to base tem-
perature in the CUORE cryostat in Section 4.

2. System overview

The CUORE cryostat contains a large custom-built
cryogen-free dilution refrigerator assisted by pulse tube
cryocoolers [3]. It comprises six plates and correspond-
ing copper vessels held at successively colder temperatures
(see Figure 1). A stainless steel room-temperature (300 K)
plate provides all connections to the outside of the cryo-
stat and supports the calibration system and other hard-
ware. Copper plates at 40 K and 4 K are cooled by pulse
tube cryocoolers. A gold-plated copper plate at 600 mK
is thermally coupled to the still of the dilution unit, and
there are similar plates at 50 mK and at 10 mK, coupled
to the heat exchanger and mixing chamber, respectively.
The detector towers are located below the mixing cham-
ber, underneath the top lead shielding. The DCS is the
motion and thermalization hardware that guides calibra-
tion sources into the cryostat and extracts them after each
calibration period has concluded.

Each calibration source carrier is a collection of in-
dividual source capsules attached to a continuous string.

Detector
Towers

Top Lead
Shield

Side Lead
Shield

300 K

40 K

4 K

600 mK
50 mK

10 mK

Bo�om Lead
Shield

Plates:

Figure 1: Illustration of the CUORE cryostat with a quar-
ter cutout.

Figure 2: Illustration of the DCS in the CUORE cryostat.

2

• Low background ancient lead and Cu radiation shielding inside cryostat
• Low background Cu thermal shields and structural materials
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CUORE Background reduction strategies

2.  … more shielding 
During the projected 5-year operating period of
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be cooled to the cryostat’s base temperature for each cal-
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Deploying calibration sources into a cold cryostat with-
out significant disruption to the cryostat operating tem-
perature poses demanding technical challenges. To ac-
complish this task, we have designed and implemented the
CUORE Detector Calibration System (DCS). In Section 2,
we present an overview of the DCS, including the design
and production of the calibration sources, the motion con-
trol and monitoring hardware, and the tubes and other
hardware that guide the calibration sources through the
cryostat. In Section 3, we discuss the electronic control
system for the DCS and the remote and automatic DCS
software controls. Finally, we present and discuss the re-
sults of a calibration source deployment down to base tem-
perature in the CUORE cryostat in Section 4.

2. System overview

The CUORE cryostat contains a large custom-built
cryogen-free dilution refrigerator assisted by pulse tube
cryocoolers [3]. It comprises six plates and correspond-
ing copper vessels held at successively colder temperatures
(see Figure 1). A stainless steel room-temperature (300 K)
plate provides all connections to the outside of the cryo-
stat and supports the calibration system and other hard-
ware. Copper plates at 40 K and 4 K are cooled by pulse
tube cryocoolers. A gold-plated copper plate at 600 mK
is thermally coupled to the still of the dilution unit, and
there are similar plates at 50 mK and at 10 mK, coupled
to the heat exchanger and mixing chamber, respectively.
The detector towers are located below the mixing cham-
ber, underneath the top lead shielding. The DCS is the
motion and thermalization hardware that guides calibra-
tion sources into the cryostat and extracts them after each
calibration period has concluded.

Each calibration source carrier is a collection of in-
dividual source capsules attached to a continuous string.
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Figure 1: Illustration of the CUORE cryostat with a quar-
ter cutout.
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Neutron shield (18 cm PET + 
2cm of H3BO3) 

External lead (35 cm thick) 

multiple crystals, however can cause irreducible backgrounds if they clip corners or interact in
the surrounding materials to create secondary products that can produce particles that can mimic
0⌫��-like signal. Muons that go through multiple crystals will be easy to tag, but corner clippers
and nearby events that produce cosmogenic neutrons or gammas will be harder identify. Neutrons
produced by cosmic rays are energetic and di�cult to shield. Photons emitted in (n, n’�) or (n, �)
reactions can appear near the 0⌫�� energy region of interest.

The muon flux at Gran Sasso National Laboratory is ⇠ 2.6 ⇥ 10�8 cm�2s�1, as reported by
MACRO and BOREXINO [26, 27, 28]. The muon-induced backgrounds in Cuoricino have also been
measured and projected onto what we expect in CUORE [29, 30]. As summarized in Fig. 5, the total
background rate expected from muons in the CUORE detector is ⇠ 17cnts/ROI/ton/year. With
cuts for anti-coincidence of nearby crystal applied, this rate drops down to 1.9 cnts/ROI/ton/year,
and with a global anti-coincidence cut, 0.1cnts/ROI/ton/year. Most sources except for the en-
vironmental muons and neutrons are conservative upper limits derived from limits of radioassay
measurements on individual components. Once CUORE is operational we will have measurements
of the other backgrounds. As we reduce our backgrounds even further for CUPID, understanding
better their origins and impact of the cosmogenic backgrounds on CUORE and its future successors
is essential.

Figure 8: Left: 3D view of the CUORE apparatus and geometry implemented in Monte Carlo
simulations. Cold lead shields are cyan colored. Center: Simulated muon event in CUORE. The
solid red color indicates crystals hit by muons, the transparent colors indicate the simulated base
temperature of each crystal. Muons that go through multiple crystals will be easy to tag. Right:
CUORE Pb and polyethylene shielding outside the cryostat.

6.4.2 Muon Tagger

The proposed muon tagger consists of a set of vertical scintillator panels to be arranged around
the CUORE cryostat. The large scintillator panels will be read out with optical fibers and PMTs
to provide good coverage at economical costs. The dimensions and segmentation of the tagger

25
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CUORE Background reduction strategies

3.  Materials selection 

5

This is consistent with the signal cut e�ciency quoted
in [12] of 0.937 ± 0.007. Above E ⇠ 7MeV the M2

spectra have insu�cient statistics to give meaningful
fit results. Therefore, in this analysis we do not include
events with energy above 7MeV.

3 Background Sources

In rare event searches, some backgrounds are ubiquitous
due to the natural decay of 40K and the daughters of
the 232Th and 238U decay chains, including the surface
implantation of 210Pb from environmental 222Rn. Based
on the results of previous bolometric experiments [15,
16,17], we expect these radioactive contaminants to be
located in the whole experimental setup, including the
detector itself. The cosmogenic activation, especially of
copper and tellurium, resulting in 60Co is also of con-
cern. A small contribution from cosmic muons [18], en-
vironmental gamma rays (�) [19], and neutrons inter-
acting directly in the detector is expected [19]. With
this in mind, extreme care was taken into the selection
of the materials used to build the CUORE-0 detector
[14], and in the cleaning of all surfaces facing each TeO2

crystal [20,21]. A lot of e↵ort was also devoted to: the
detector design, to minimize both the total mass of the
inactive parts of the detector tower and the surface area
facing the array; the detector assembly procedure un-
der controlled atmosphere [14]; and the optimization of
the production protocol of every detector component to
limit exposure to cosmic rays.
Tables 1 and 2 report the bulk and surface activities
from the screening of the CUORE-0 components. A
discussion about the di↵erent assay techniques that we
used to derive the quoted contamination limits can be
found in [17,20]. The Cuoricino results (this experiment
used the same cryostat and shield as CUORE-0) and
screening results guide the construction of the back-
ground model and the definition of the priors on mate-
rial contaminants.

4 Monte Carlo

The background sources are simulated using a Geant4-
based Monte Carlo code called MCuoreZ . The code
generates and propagates primary and any secondary
particles through the CUORE-0 geometry until they
are detected in the TeO2 crystals. The code outputs
the energy and time of the energy depositions (time is
used to properly take into account correlations in nu-
clear decay chains). A second program takes the output
of MCuoreZ and applies a detector response function
and incorporates other read-out features.

Table 1 Measurements and limits on bulk contaminations
of the various detector components, as obtained with di↵er-
ent measurement techniques: bolometric, Neutron Activation
Analysis, Inductively Coupled Plasma Mass Spectrometry,
High Purity Ge � spectroscopy. Error bars are 1 sigma, limits
are 90% C.L. upper limits.

Component 232Th 238U 40K
[Bq/kg] [Bq/kg] [Bq/kg]

TeO2 crystals <8.4·10�7 <6.7·10�7

Epoxy <8.9·10�4 <1.0·10�2 <47·10�3

Au bonding wires <4.1·10�2 <1.2·10�2

Si heaters <3.3·10�4 <2.1·10�3

Ge thermistors <4.1·10�3 <1.2·10�2

PEN-Cu cables <1.0·10�3 <1.3·10�3 <1.3·10�2

PTFE supports <6.1·10�6 <2.2·10�5

Cu NOSV <2.0·10�6 <6.5·10�5 7±2·10�4

Pb Roman <4.5·10�5 <4.6·10�5 <2.3·10�5

Pb Ext <2.6·10�4 <7.0·10�4 <5.4·10�3

Table 2 90% C.L. upper limits for the surface contaminants
of the most relevant elements facing the CUORE-0 detector,
as obtained with di↵erent measurement techniques: bolomet-
ric, Neutron Activation Analysis, and ↵ spectroscopy with
Si barrier detectors. Di↵erent contamination depths are con-
sidered: 0.01-10µm for crystals; 0.1-10µm for heaters, ther-
mistors and CuNOSV; and 0.1-30µm for PEN and PTFE
components (contamination depths are further discussed in
Sec. 6.2).

Component 232Th 238U 210Pb
[Bq/cm2] [Bq/cm2] [Bq/cm2]

TeO2 crystals [22] <2·10�9 <9·10�9 <1·10�6

Si heaters [23,24] <3·10�6 <8·10�7 <8·10�7

Ge thermistors <8·10�6 <5·10�6 <4·10�5

PEN-Cu cables <4·10�6 <5·10�6 <3·10�5

PTFE supports <2·10�8 <7·10�8

CuNOSV [20] <7·10�8 <7·10�8 <9·10�7

4.1 Monte Carlo Simulation

MCuoreZ is implemented in Geant4 version 4.9.6.p03.
↵, � and � particles, nuclear recoils, neutrons and muons
are propagated down to keV energies, with an optimiza-
tion done on the di↵erent volumes to balance simula-
tion accuracy and speed. We have chosen the Livermore
physics list, and particles can be generated and propa-
gated in the bulk and on the surface of all components.
The surface contamination is modeled, according to dif-
fusion processes, with an exponential density profile and
a variable depth parameter.
Single radioactive decays as well as the 238U and 232Th
decay chains have been implemented using the G4RadioactiveDecay
database. 2⌫�� is parameterized according to [25]. The
generation of external muons, neutrons and � is de-
scribed in [18,19].
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found in [17,20]. The Cuoricino results (this experiment
used the same cryostat and shield as CUORE-0) and
screening results guide the construction of the back-
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4 Monte Carlo

The background sources are simulated using a Geant4-
based Monte Carlo code called MCuoreZ . The code
generates and propagates primary and any secondary
particles through the CUORE-0 geometry until they
are detected in the TeO2 crystals. The code outputs
the energy and time of the energy depositions (time is
used to properly take into account correlations in nu-
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TeO2 crystals [22] <2·10�9 <9·10�9 <1·10�6
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4.1 Monte Carlo Simulation

MCuoreZ is implemented in Geant4 version 4.9.6.p03.
↵, � and � particles, nuclear recoils, neutrons and muons
are propagated down to keV energies, with an optimiza-
tion done on the di↵erent volumes to balance simula-
tion accuracy and speed. We have chosen the Livermore
physics list, and particles can be generated and propa-
gated in the bulk and on the surface of all components.
The surface contamination is modeled, according to dif-
fusion processes, with an exponential density profile and
a variable depth parameter.
Single radioactive decays as well as the 238U and 232Th
decay chains have been implemented using the G4RadioactiveDecay
database. 2⌫�� is parameterized according to [25]. The
generation of external muons, neutrons and � is de-
scribed in [18,19].

Parts screened with ICPMS,  HPGe γ-counting, NAA, Si-barrier 
detectors, bolometric measurements, for bulk and surface 
contamination

Bulk Screening Surface Screening

https://arxiv.org/abs/1609.01666
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CUORE Background reduction strategies

4.  Material reduction, surface cleaning and materials handling protocols

• Crystal holder design optimized to reduce passive surfaces 
(Cu) facing the crystals 

• Aggressive mechanical and chemical ultra-cleaning 
processes developed for all Cu components:

- Tumbling
- Electropolishing
- Chemical etching
- Magnetron plasma etching

• All parts tracked, stored underground, under nitrogen after 
cleaning

• All subsequent detector handling done in clean room, 
nitrogen flushed glove boxes or low-radon environment



!15

Class 1000 Clean Room for Detector Assembly and Storage

Gluing

Assembly + Wire bonding

Storage

CUORE Cryostat• All parts cleaned/screened according 
to CUORE protocol

• Underground at LNGS

• Operations in clean room in N2 
flushed glove boxes

CUORE Detector Assembly Facility

 Nuclear Instruments and Methods A 768, 130-140 (2014). arxiv:1405.0852



Sample of assembly steps
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All 19 Towers Assembled



Overview of CUORE Cryogenic System
During the projected 5-year operating period of

CUORE, we will calibrate the bolometer–thermistor pairs
regularly, as detector conditions can change over time.
In CUORE-0, a predecessor experiment, calibration was
performed monthly [6], and we expect the calibration fre-
quency to be similar for CUORE. Each calibration period
is kept as short as possible to maximize the live time for
physics data taking. At the same time, because of the ⇠4-
second response and recovery time of the bolometers [7],
the source activity must be su�ciently low to avoid pile-
up. Because of the compact configuration of the CUORE
detector towers, the outer bolometer towers in the cryo-
stat partially shield the innermost towers from external
radiation. As a result, to achieve calibration periods of
one or two days while not saturating the outer detectors,
calibration sources must be placed near each bolometer
throughout the tower array during calibration. Because
these sources will be removed from the cold detector re-
gion of the cryostat during physics data taking, they must
be cooled to the cryostat’s base temperature for each cal-
ibration and subsequently warmed up again.

Deploying calibration sources into a cold cryostat with-
out significant disruption to the cryostat operating tem-
perature poses demanding technical challenges. To ac-
complish this task, we have designed and implemented the
CUORE Detector Calibration System (DCS). In Section 2,
we present an overview of the DCS, including the design
and production of the calibration sources, the motion con-
trol and monitoring hardware, and the tubes and other
hardware that guide the calibration sources through the
cryostat. In Section 3, we discuss the electronic control
system for the DCS and the remote and automatic DCS
software controls. Finally, we present and discuss the re-
sults of a calibration source deployment down to base tem-
perature in the CUORE cryostat in Section 4.

2. System overview

The CUORE cryostat contains a large custom-built
cryogen-free dilution refrigerator assisted by pulse tube
cryocoolers [3]. It comprises six plates and correspond-
ing copper vessels held at successively colder temperatures
(see Figure 1). A stainless steel room-temperature (300 K)
plate provides all connections to the outside of the cryo-
stat and supports the calibration system and other hard-
ware. Copper plates at 40 K and 4 K are cooled by pulse
tube cryocoolers. A gold-plated copper plate at 600 mK
is thermally coupled to the still of the dilution unit, and
there are similar plates at 50 mK and at 10 mK, coupled
to the heat exchanger and mixing chamber, respectively.
The detector towers are located below the mixing cham-
ber, underneath the top lead shielding. The DCS is the
motion and thermalization hardware that guides calibra-
tion sources into the cryostat and extracts them after each
calibration period has concluded.

Each calibration source carrier is a collection of in-
dividual source capsules attached to a continuous string.

Detector
Towers

Top Lead
Shield

Side Lead
Shield

300 K

40 K

4 K

600 mK
50 mK

10 mK

Bo�om Lead
Shield

Plates:

Figure 1: Illustration of the CUORE cryostat with a quar-
ter cutout.

Figure 2: Illustration of the DCS in the CUORE cryostat.

2

• Cooling to 4K by 5 cryomech PT415 pulse 
tubes (avoids liquid cryogen refills)

• Cooling (~15 tons!) to 4K accelerated by fast 
cooling system — forced convection of pre-
cooled He gas

• Dilution refrigerator cools detector stage to 
~10 mK operating temp (modified DRS-
CF3000 from Leiden Cryogenics) 

Nuclear Instruments and Methods A 727, 65-72 (2013)

Journal of Low Temperature Physics 184, 590-596 (2016
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During the projected 5-year operating period of
CUORE, we will calibrate the bolometer–thermistor pairs
regularly, as detector conditions can change over time.
In CUORE-0, a predecessor experiment, calibration was
performed monthly [6], and we expect the calibration fre-
quency to be similar for CUORE. Each calibration period
is kept as short as possible to maximize the live time for
physics data taking. At the same time, because of the ⇠4-
second response and recovery time of the bolometers [7],
the source activity must be su�ciently low to avoid pile-
up. Because of the compact configuration of the CUORE
detector towers, the outer bolometer towers in the cryo-
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throughout the tower array during calibration. Because
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out significant disruption to the cryostat operating tem-
perature poses demanding technical challenges. To ac-
complish this task, we have designed and implemented the
CUORE Detector Calibration System (DCS). In Section 2,
we present an overview of the DCS, including the design
and production of the calibration sources, the motion con-
trol and monitoring hardware, and the tubes and other
hardware that guide the calibration sources through the
cryostat. In Section 3, we discuss the electronic control
system for the DCS and the remote and automatic DCS
software controls. Finally, we present and discuss the re-
sults of a calibration source deployment down to base tem-
perature in the CUORE cryostat in Section 4.

2. System overview

The CUORE cryostat contains a large custom-built
cryogen-free dilution refrigerator assisted by pulse tube
cryocoolers [3]. It comprises six plates and correspond-
ing copper vessels held at successively colder temperatures
(see Figure 1). A stainless steel room-temperature (300 K)
plate provides all connections to the outside of the cryo-
stat and supports the calibration system and other hard-
ware. Copper plates at 40 K and 4 K are cooled by pulse
tube cryocoolers. A gold-plated copper plate at 600 mK
is thermally coupled to the still of the dilution unit, and
there are similar plates at 50 mK and at 10 mK, coupled
to the heat exchanger and mixing chamber, respectively.
The detector towers are located below the mixing cham-
ber, underneath the top lead shielding. The DCS is the
motion and thermalization hardware that guides calibra-
tion sources into the cryostat and extracts them after each
calibration period has concluded.

Each calibration source carrier is a collection of in-
dividual source capsules attached to a continuous string.

Figure 1: Illustration of the CUORE cryostat with a quar-
ter cutout.
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Figure 2: Illustration of the DCS in the CUORE cryostat.
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https://arxiv.org/abs/1608.01607

Overview of CUORE Calibration System

• Lower and retract calibration sources in and 
around tower array to uniformly “illuminate” 
the detectors as needed



• Ran in the old CUORICINO 
cryostat at LNGS
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• Operated from Mar 2013~Mar 
2015

• Electronics from CUORICINO

CUORE-O
4

External neutron

shield (B+PET)

Roman lead shield

External lead

shield

Roman lead shield

OVC shield (Cu)

IVC shield (Cu)

Mixing chamber

(Cu)

Superinsulation

(Cu+Al+Mylar)

600 mK shield (Cu)

50 mK shield (Cu)

Box + Junction bars

(NOSV Cu)

Cryostat top plate

Roman lead shield

External lead

shield

Main bath (Cu) Anti-radon box

(Acrylic)

Fig. 1 The CUORE-0 as built (Left) compared to the implementation in the simulation (Middle). The details of the tower
structure are shown as implemented in the simulation (Right). Detector floors are numbered starting with floor 1 at the bottom.

9.3 kg·y of 130Te exposure, after all data quality selec-
tions.

The data production converts the data from a series of
triggered waveforms into a calibrated energy spectrum.
The details of the data production can be found in [12],
but we outline the general procedure here. The entire
waveform is used to extract the amplitude of the pulse.
Then, each bolometer in each dataset is calibrated in-
dependently. A time-coincidence analysis is performed
to search for events that deposit energy across multiple
bolometers. Finally, the 0⌫�� ROI (2470-2580 keV) is
blinded for analysis.

Once the data are blinded, we implement a series of
event selection cuts to maximize our sensitivity to physics
events. We exclude periods of cryostat instability and
malfunction. We enforce a pile-up cut of 7.1 s around
each event: the 3.1 s before and 4 s after the event. We
apply a series of pulse shape cuts to reject deformed or
non-physical events.

Double-beta decay events are usually confined within
the crystal they originated from. However, many back-
ground sources deposit energy in multiple crystals within
the response time of the detector. We use this informa-
tion in the analysis by forming multiplets of events that
occur within a coincidence window of ±5ms in di↵er-
ent crystals. We then build energy spectra from these
multiplets:

– M spectrum is the energy spectrum of all events,
with no coincidence criteria applied;

– M1 spectrum is the energy spectrum of the events
with the requirement that only one bolometer trig-
gered (multiplicity 1 or M1 events);

– M2 spectrum is the energy spectrum of the events
with the requirement that two bolometers triggered
(multiplicity 2 or M2 events);

– ⌃2 spectrum is the energy spectrum associated to
M2 multiplets, each multiplet produces an entry
with an energy E(⌃2 ) that is the sum of the ener-
gies of the two events composing the multiplet.

The event rate is low enough that accidental (i.e. causally
unrelated) coincidences are negligible. Higher-order mul-
tiplets are used only to evaluate the contribution of
muons to the background.
The signal cut e�ciency as a function of energy is de-
fined as the fraction of true signal events that pass all
the event cuts. In [12], we calculated the e�ciency of
these cuts by measuring their e↵ect on �-peaks in the
energy spectrum. This takes advantage of the fact that
the events in the �-peaks are a nearly pure sample of
true signal events. In the present analysis we use a new
technique, which takes advantage of the coincidence
analysis and allows a better reproduction of the energy
dependence of the e�ciency. Since accidental coinci-
dences are negligible, M2 events provide a pure sample
of good events on the whole energy spectrum. The cut
e�ciency "

C

is modeled as an exponential function of
the energy, "

C

(1�e

�E/Ec), which is fitted toM2 events
on a bin-by-bin basis; it rapidly reaches a stable value
of "

C

= 0.943± 0.002 at energies above E

c

⇠ 100 keV.

• Shielding from CUORICINO

• First CUORE-like tower 
produced in the assembly facility

• 20 ~month-long datasets, ~1000 
bolometer-datasets
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FIG. 2. Bottom: Calibration data in the region around
the 2615 keV 208Tl �-ray line, integrated over all bolometer-
datasets. The solid blue line is the projection of the UEML
fit described in the main text. In addition to a double-
gaussian lineshape for each bolometer-dataset, the fit function
includes terms to model a multiscatter Compton continuum, a
⇠ 30 keV Te X-ray escape peak, and a continuum background.
Top: Normalized residuals of the data and the best-fit model.

(88.4± 0.09)% using a Geant4 simulation [26, 27], while
the latter we determine to be (99.64 ± 0.10)% using the
1461 keV �-ray line from 40K . The total selection e�-
ciency is (81.3± 0.6)%.

We use the high-statistics 2615 keV 208Tl line in cali-
bration data to establish the detector response to a mo-
noenergetic deposit (lineshape) near the ROI. The data
exhibit a non-gaussian lineshape characterized by a pri-
mary peak and a secondary peak whose mean is lower
in energy by ⇠0.3% and whose amplitude is typically
⇠5% of the primary peak. The physical origin of this
structure is still under investigation. We studied several
lineshapes, including double- and triple-gaussian models;
while the latter perform well at the 208Tl line, we adopt
the double-gaussian lineshape as it is the simplest model
that reproduces the detector response over the broad-
est range of energies. We quantify the systematic uncer-
tainty associated with this choice below.

We parametrize the lineshape ⇢ for each bolometer-
dataset (b, d) as: ⇢b,d = ⇢(µb,d,�b,d, �b,d, ⌘b,d). For each
(b, d) pair, µb,d is the mean of the primary peak, �b,d
is the ratio of the means of the secondary and primary
peaks, �b,d is the common gaussian width of both peaks,
and ⌘b,d is the fractional intensity of the secondary peak.
We estimate these parameter values with a simultane-
ous, unbinned extended maximum likelihood (UEML) fit
to calibration data. Fig. 2 shows the fit result. In what
follows we denote the best-fit lineshape parameters of the
208Tl calibration line as µ̂b,d, �̂b,d, �̂b,d, and ⌘̂b,d; we char-
acterize these parameters in the context of the physics
data below.

We apply this lineshape in a series of UEML fits
to peaks of well-known energy between 511 keV and
2615 keV in the physics data (Fig.1). For a peak of
known energy E, µb,d(E) is allowed to vary around the

expected calibrated energy via a global free parameter
�µ(E). To account for energy dependence of the reso-
lution and a possible systematic di↵erence in resolution
between calibration vs. physics data we vary the �b,d rel-
ative to �̂b,d via a global scaling parameter ↵�(E). For

the �b,d we scale the corresponding �̂b,d by the ratio of E
to 2615 keV; we fix the ⌘b,d to the corresponding ⌘̂b,d.

The energy residual parameter, �µ(E), at each peak
is plotted in Fig. 1. A prominent outlier is the peak
attributed to 60Co double-gamma events which recon-
structs at 2507.6 ± 0.7 keV, 1.9 ± 0.7 keV higher than
the established value [28]; a shift of 0.84 ± 0.22 keV is
also observed for the single escape peak of the 208Tl
2615 keV gamma at 2104 keV. Calibration data taken
with a 60Co source confirm the double-gamma events re-
construct at higher energy, in agreement with our physics
data. Monte Carlo simulations show the double-gamma
energy deposit in a bolometer is significantly less local-
ized than the other single-gamma lines studied. We aim
to clarify if this could be responsible for the shift in re-
sponse with further studies. We note that the double
escape peak of the 208Tl 2615 keV line (E ' 1593 keV)
reconstructs within 0.13±0.30 keV of the expected value.
Since the interaction topology of the e+e� pair is simi-
lar to that expected from 0⌫�� decay we assume that
0⌫�� decay events would reconstruct according to the
calibrated energy scale.

We determine the calibration o↵set at Q�� from a
parabolic fit to the physics-peak residuals in Fig. 1, ex-
cluding the 60Co double-gamma and 208Tl single-escape
lines as outliers . We adopt the standard deviation of the
parabolic fit residuals as a systematic uncertainty. The
result is �µ(Q��) = 0.05± 0.05(stat.)± 0.12(syst.) keV.
Similarly, fitting the resolution-scaling parameter data
with a linear function we find ↵�(Q��) = 1.05 ± 0.05.
As a characteristic value of the detector resolution for
physics data in the ROI we quote the exposure-weighted
harmonic mean of the FWHM values of the ⇢b,d evalu-
ated with �b,d(Q��) = 1.05 ⇥ �̂b,d : 5.1 ± 0.3 keV. The
RMS of the exposure-weighted FWHM values is 2.9 keV.

After unblinding the ROI by removing the artificial
peak, we determine the yield of 0⌫�� decay events
from a simultaneous UEML fit [29] in the energy region
2470–2570 keV (Fig. 3). The fit has three components:
a posited signal peak at Q�� , a peak at ⇠ 2507 keV
from 60Co double-gammas, and a smooth continuum
background attributed to multiscatter Compton events
from 208Tl and surface decays [30]. We model both
peaks using the established lineshape. For 0⌫�� decay,
the µb,d(Q��) are fixed at the expected position (i.e.,
87.00 keV + �µ(Q��) below µ̂b,d, where 87.00 keV is
the nominal energy di↵erence between Q�� and the 208Tl
line), the �b,d are fixed to be 1.05 ⇥ �̂b,d, the �b,d and
⌘d,b are fixed to their best-fit calibration values, and the
0⌫�� decay rate (�0⌫) is treated as a global free param-
eter. The 60Co peak is treated in a similar way except
that a global free parameter is added to the expected

• Exposure weighted sum of the 
detector response function for 
each bolometer-dataset overlaid 
2615 keV calibration data

Calibration Data
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3

Sensitivity

• Characteristic energy resolution:  we define as physics exposure 
weighted harmonic mean of FWHM of 2615 keV line over all 
bolometer-datasets

• Calibration data: 4.9 keV 
• Background data: 5.1± 0.3 keV

• RMS of FWHM values is 2.9 keV
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 Qββ  @ 2527.5 keV 

N60
Co

=?? (34)

↵(60Co) = 1.05 (35)

⇠ M · t
�

(36)

b = {1, 2, · · · , 51} (37)

d = {1, 2, · · · , 20}

� =
µ0

µ
(39)

�
0⌫ 0⌫�� decay rate

N60
Co

Number of 60Co events

�µ(60Co) 60Co energy o↵set

�B Background rate

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�µ(60Co) 60Co energy o↵set 1.9 ±0.7 keV

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)

5

• 233 events in 9.8 kg × yr exposure of 130Te in ROI [2470-2570 keV]
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FIG. 3. Bottom: Energy spectrum of 0⌫�� decay candidates
in CUORE-0 (data points) and the best-fit model from the
UEML analysis (solid blue line). The peak at ⇠2507 keV is
attributed to 60Co; the dotted black line shows the continuum
background component of the best-fit model. Top: The nor-
malized residuals of the best-fit model and the binned data.
The vertical dot-dashed black line indicates the position of
Q�� .

µb,d to accomodate the anomalous double-gamma recon-
struction. Furthermore, the 60Co yield, although a free
parameter, is constrained to follow the 60Co half-life [28]
since 60Co was cosmogenically produced above ground
but is not replenished under ground at LNGS. Within
the limited statistics the continuum background can be
modeled using a simple slowly-varying function. We use
a zeroth-order polynomial as the default choice but also
consider first- and second-order functions.

The ROI contains 233 candidate events from a to-
tal TeO2 exposure of 35.2 kg·yr, or 9.8 kg·yr of
130Te considering the natural isotopic abundance of
34.167% [31]. The result of the UEML fit is shown in
Fig. 3. The best-fit value of the 0⌫�� decay rate is
�0⌫ = 0.01± 0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1 and
the profile likelihood for �0⌫ is shown in Fig. 4. The
best-fit value of the background index in the ROI is
0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).

We evaluate the goodness-of-fit by comparing the value
of the binned �2 in Fig. 3 (43.9 for 46 d.o.f.) with the
distribution from a large set of pseudo-experiments with
233 Poisson-distributed events in each, and generated
with the best-fit values of all parameters. We find that
90% of such experiments return a value of �2 > 43.9.
The data are also compatible with this set of pseudo-
experiments according to the Kolmogorov-Smirnov met-
ric. Finally, for each of the positive and negative fluctua-
tions about the best-fit function we evaluated the signifi-
cance by comparing the likelihood of our best-fit model to
the likelihood from an UEML fit in which the fluctuation
was modeled with a signal peak. For one d.o.f, the most
negative (positive) fluctuation has a probability of 0.5%
(3%). The probability to realize the largest observed fluc-
tuation anywhere in the 100-keV ROI is ⇠ 10%.

We find no evidence for 0⌫�� of 130Te and set a 90%
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FIG. 4. Profile negative log-likelihood (NLL) curves for
CUORE-0, Cuoricino [16–18], and their combination.

C.L. Bayesian upper limit on the decay rate using a uni-
form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at
�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7 ⇥ 1024 yr (sta-

tistical uncertainties only). The median 90% C.L. lower-
limit sensitivity for T 0⌫

1/2 is 2.9 ⇥ 1024 yr. The proba-
bility to obtain a more stringent limit than the one re-
ported above is 54.7%. Including the systematic uncer-
tainties which are described below, the 90% C.L. limits
are �0⌫ < 0.25⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7⇥ 1024 yr.
To estimate systematic uncertainties we perform a

large number of pseudo-experiments with zero and non-
zero signal. We find that our UEML analysis has neg-
ligible bias on �0⌫ . To estimate the systematic er-
ror from the lineshape choice we repeat the analysis of
each pseudo-experiment with single-gaussian and triple-
gaussian lineshapes and study the deviation of the best-
fit decay rate from the posited decay rate as a function
of posited decay rate. We also propagate the 5% uncer-
tainty on ↵�(Q��), the 0.12 keV energy scale uncertainty
and the choice of zeroth-, first-, or second-order polyno-
mial for the continuum background using this technique.
The resultant systematic uncertainties are summarized
in Table I.

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Selection e�ciency 0.7%

We combine our data with an existing 19.75 kg·yr
exposure of 130Te from the Cuoricino experiment [18].
The exposure-weighted mean and RMS FWHM energy
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FIG. 3. Bottom: Energy spectrum of 0⌫�� decay candidates
in CUORE-0 (data points) and the best-fit model from the
UEML analysis (solid blue line). The peak at ⇠2507 keV is
attributed to 60Co; the dotted black line shows the continuum
background component of the best-fit model. Top: The nor-
malized residuals of the best-fit model and the binned data.
The vertical dot-dashed black line indicates the position of
Q�� .

µb,d to accomodate the anomalous double-gamma recon-
struction. Furthermore, the 60Co yield, although a free
parameter, is constrained to follow the 60Co half-life [28]
since 60Co was cosmogenically produced above ground
but is not replenished under ground at LNGS. Within
the limited statistics the continuum background can be
modeled using a simple slowly-varying function. We use
a zeroth-order polynomial as the default choice but also
consider first- and second-order functions.

The ROI contains 233 candidate events from a to-
tal TeO2 exposure of 35.2 kg·yr, or 9.8 kg·yr of
130Te considering the natural isotopic abundance of
34.167% [31]. The result of the UEML fit is shown in
Fig. 3. The best-fit value of the 0⌫�� decay rate is
�0⌫ = 0.01± 0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1 and
the profile likelihood for �0⌫ is shown in Fig. 4. The
best-fit value of the background index in the ROI is
0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).

We evaluate the goodness-of-fit by comparing the value
of the binned �2 in Fig. 3 (43.9 for 46 d.o.f.) with the
distribution from a large set of pseudo-experiments with
233 Poisson-distributed events in each, and generated
with the best-fit values of all parameters. We find that
90% of such experiments return a value of �2 > 43.9.
The data are also compatible with this set of pseudo-
experiments according to the Kolmogorov-Smirnov met-
ric. Finally, for each of the positive and negative fluctua-
tions about the best-fit function we evaluated the signifi-
cance by comparing the likelihood of our best-fit model to
the likelihood from an UEML fit in which the fluctuation
was modeled with a signal peak. For one d.o.f, the most
negative (positive) fluctuation has a probability of 0.5%
(3%). The probability to realize the largest observed fluc-
tuation anywhere in the 100-keV ROI is ⇠ 10%.

We find no evidence for 0⌫�� of 130Te and set a 90%
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FIG. 4. Profile negative log-likelihood (NLL) curves for
CUORE-0, Cuoricino [16–18], and their combination.

C.L. Bayesian upper limit on the decay rate using a uni-
form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at
�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7 ⇥ 1024 yr (sta-

tistical uncertainties only). The median 90% C.L. lower-
limit sensitivity for T 0⌫

1/2 is 2.9 ⇥ 1024 yr. The proba-
bility to obtain a more stringent limit than the one re-
ported above is 54.7%. Including the systematic uncer-
tainties which are described below, the 90% C.L. limits
are �0⌫ < 0.25⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7⇥ 1024 yr.
To estimate systematic uncertainties we perform a

large number of pseudo-experiments with zero and non-
zero signal. We find that our UEML analysis has neg-
ligible bias on �0⌫ . To estimate the systematic er-
ror from the lineshape choice we repeat the analysis of
each pseudo-experiment with single-gaussian and triple-
gaussian lineshapes and study the deviation of the best-
fit decay rate from the posited decay rate as a function
of posited decay rate. We also propagate the 5% uncer-
tainty on ↵�(Q��), the 0.12 keV energy scale uncertainty
and the choice of zeroth-, first-, or second-order polyno-
mial for the continuum background using this technique.
The resultant systematic uncertainties are summarized
in Table I.

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Selection e�ciency 0.7%

We combine our data with an existing 19.75 kg·yr
exposure of 130Te from the Cuoricino experiment [18].
The exposure-weighted mean and RMS FWHM energy

➡ Bayesian lower limit 

60Co
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0𝛎ββ Search: CUORE-0 + CUORICINO

 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) Shell Model (PRC 91, 024309 (2015)) 
 5) ISM (NPA 818, 139 (2009)) 
 6) EDF (PRL 105, 252503 (2010))

〈mββ〉 < 270 – 760 meV

6

resolution of the Cuoricino detectors was 6.9 keV and
2.9 keV, respectively, and the ROI background index was
0.169 ± 0.006 counts/(keV·kg·yr). We report the profile
likelihoods in Fig. 4. The combined Bayesian 90% C.L.
limit is T 0⌫

1/2 > 4.0⇥ 1024 yr which is the most stringent
limit to date on this quantity. For comparison, the
90%C.L. frequentist limits [32] are T 0⌫

1/2 > 2.8 ⇥ 1024 yr

for CUORE-0 only, and T 0⌫
1/2 > 4.1⇥ 1024 yr for the com-

bination with Cuoricino.

We interpret our Bayesian combined limit in the con-
text of models for 0⌫�� decay mediated by light Ma-
jorana neutrino exchange using the phase space factors
from Ref. [33], the most recent nuclear matrix element
(NME) calculations for a broad range of models avail-
able in the literature [34–38], and adopting the value of
gA ' 1.27 for the axial coupling constant. The resulting
range for the 90% C.L upper limit on the e↵ective Majo-
rana mass is m�� < 270 – 650 meV; for ease of compari-
son with limits reported for other isotopes in the field this
range excludes Ref. [39]. If we include the latter NME
calculation the range extends to m�� < 270 – 760 meV.

In summary, CUORE-0 finds no evidence for 0⌫��
decay of 130Te and, when combined with the Cuori-
cino exposure, provides the most stringent limit to date

on this important process. Benefiting in particular
from lower background, improved energy resolution, and
higher data-taking e�ciency, the experiment has sur-
passed the sensitivity of Cuoricino in approximately half
the runtime.
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CUORE-0: 2𝛎ββ Decay + Background model

• Measurement of the 2𝛎ββ half-live requires detailed background 
model

• Immediately clear that surface alpha background is significantly 
reduced relative to earlier experiment CUORICINO
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Fig. 1 The CUORE-0 as built (Left) compared to the implementation in the simulation (Middle). The details of the tower
structure are shown as implemented in the simulation (Right). Detector floors are numbered starting with floor 1 at the bottom.

9.3 kg·y of 130Te exposure, after all data quality selec-
tions.

The data production converts the data from a series of
triggered waveforms into a calibrated energy spectrum.
The details of the data production can be found in [12],
but we outline the general procedure here. The entire
waveform is used to extract the amplitude of the pulse.
Then, each bolometer in each dataset is calibrated in-
dependently. A time-coincidence analysis is performed
to search for events that deposit energy across multiple
bolometers. Finally, the 0⌫�� ROI (2470-2580 keV) is
blinded for analysis.

Once the data are blinded, we implement a series of
event selection cuts to maximize our sensitivity to physics
events. We exclude periods of cryostat instability and
malfunction. We enforce a pile-up cut of 7.1 s around
each event: the 3.1 s before and 4 s after the event. We
apply a series of pulse shape cuts to reject deformed or
non-physical events.

Double-beta decay events are usually confined within
the crystal they originated from. However, many back-
ground sources deposit energy in multiple crystals within
the response time of the detector. We use this informa-
tion in the analysis by forming multiplets of events that
occur within a coincidence window of ±5ms in di↵er-
ent crystals. We then build energy spectra from these
multiplets:

– M spectrum is the energy spectrum of all events,
with no coincidence criteria applied;

– M1 spectrum is the energy spectrum of the events
with the requirement that only one bolometer trig-
gered (multiplicity 1 or M1 events);

– M2 spectrum is the energy spectrum of the events
with the requirement that two bolometers triggered
(multiplicity 2 or M2 events);

– ⌃2 spectrum is the energy spectrum associated to
M2 multiplets, each multiplet produces an entry
with an energy E(⌃2 ) that is the sum of the ener-
gies of the two events composing the multiplet.

The event rate is low enough that accidental (i.e. causally
unrelated) coincidences are negligible. Higher-order mul-
tiplets are used only to evaluate the contribution of
muons to the background.
The signal cut e�ciency as a function of energy is de-
fined as the fraction of true signal events that pass all
the event cuts. In [12], we calculated the e�ciency of
these cuts by measuring their e↵ect on �-peaks in the
energy spectrum. This takes advantage of the fact that
the events in the �-peaks are a nearly pure sample of
true signal events. In the present analysis we use a new
technique, which takes advantage of the coincidence
analysis and allows a better reproduction of the energy
dependence of the e�ciency. Since accidental coinci-
dences are negligible, M2 events provide a pure sample
of good events on the whole energy spectrum. The cut
e�ciency "

C

is modeled as an exponential function of
the energy, "

C

(1�e

�E/Ec), which is fitted toM2 events
on a bin-by-bin basis; it rapidly reaches a stable value
of "

C

= 0.943± 0.002 at energies above E

c

⇠ 100 keV.

• Detailed GEANT4-based simulation implemented to model the detector

• Background model constrained by:
• Prior radio-assay measurements on materials
• Cosmogenic activation data on materials and data on 

environmental muons, gammas and neutrons at LNGS 
• Gamma and alpha lines in the CUORE-0 spectrum 
• Coincidence analysis between CUORE-0 crystals

https://arxiv.org/abs/1609.01666
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Fig. 2 CUORE-0 source calibration measurement. Top panel: Comparison of M1 spectrum with its MCuoreZ simulation.
Peaks are grouped in a single bin, while in the continuum the minimum bin size is 15 keV. Bottom panel: Bin-by-bin ratio
between counts in the experimental spectrum and counts in the reconstructed one.
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Fig. 3 CUORE-0 M1 spectrum with fixed 4 keV binning (gray) and with the variable binning used for the background model
fit (red). The variable binning is used to reduce the e↵ects of statistical fluctuation and/or of line shape (see text for more
details).

Above 2.615MeV it is dominated by ↵ events. These
are the � and ↵ regions respectively. The energies of the
� and ↵ lines, the time variation of their counting rates,
and the observation of prompt or delayed coincidences
can all be used to select the final list of sources to be
included in the fit.

6.1 CUORE-0 � Region Analysis

232Th and 238U are natural long-lived radionuclides that
generate radioactive decay chains. They can be found
in almost all materials. The lines from the 232Th and
238U decay chains are clearly visible in Fig. 4; their
intensities measured by fitting the M spectrum are re-
ported in Tables 4 and 5. The lines from 40K and other
contaminants are also present; see Table 6.

Comparison of simulation and calibration data

https://arxiv.org/abs/1609.01666

CUORE-0 Preliminary

MC Fit

Energy spectrum for single-crystal events 

Data

Residuals
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Fig. 8 Comparison between the experimental M1 and JAGS reconstruction (top panel). 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, 3 � are shown as colored bands centered at 1. Fit residuals distribution is approximately gaussian with
µ = (�0.03± 0.09) and � = (1.1± 0.1).
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Fig. 9 Same as Fig. 8 forM2. Fit residuals distribution is approximately gaussian with µ = (�0.13±0.08) and � = (1.00±0.08).

a number of di↵erent fits varying the binning, energy
threshold, depth of surface contaminations, priors, list
of background sources, and input data.

– Binning. We repeat the fit with di↵erent minimum
bin sizes set to 5, 10, 20, and 25 keV, and we test
a uniform 15 keV binning. The latter is the only
case where the reconstruction is worse, because the
line shape of � peaks is not perfectly modelled. The

Fit of background model + 2𝛎ββ decay
CUORE-0 Preliminary
Exposure 33.4 kg x yr
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Fig. 10 Same as Fig.8 for ⌃2. Fit residuals distribution is approximately gaussian with µ= (-0.09±0.09) and �=(1.0±0.1).
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Fig. 11 Correlation matrix among the Nj parameters. The
list of sources is reported in Table 8. Note the anti-correlation
between the 2⌫�� and the 40K activity in Crystal bulk.

2⌫�� activity changes by less than 1%. These tests
also cover the systematics due to miscalibration [12].

– Fit Energy Threshold. We run the fit with di↵er-
ent energy thresholds ranging from 118 to 500 keV,
covering the region where the reconstruction of the

calibration source is slightly worse (Sec. 5). The
quality of fit reconstruction is unchanged and the
2⌫�� activity variations are below 2%.

– Contamination Depth Uncertainty. We fit the
↵ region with di↵erent depths to model surface con-
taminations. Several models perform similarly to
the reference fit, however the results of the back-
ground reconstruction, particularly the 2⌫�� rate,
are una↵ected.

– Dependence on Prior distributions. To evalu-
ate the systematic uncertainty related to the Prior

choice, we perform two JAGS fits. In the first fit,
the half-Gaussian priors used in the case of upper
limits on source activities are changed to uniform
priors with the minimum at 0 and the maximum at
3� above the upper limit. In the second fit, uniform
non-informative priors are used for all components.
In both cases, the global fit reconstruction is good
and the 2⌫�� result changes by ⇠1%.

– Selection of background sources. In the refer-
ence fit there are 14 undetermined sources whose
activity is quoted as upper limit. To check the fit
stability against the removal of these sources, we
run a minimum model fit with only 43 sources. Once
more, the global fit reconstruction and the 2⌫�� re-
sult are not a↵ected.
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Table 8 List of the sources used to fit the CUORE-0 background data. The columns show (1) the name of the contaminated
element, (2) the source index (j in eq. 1), and (3) the contaminant. If not otherwise specified, 232Th, 238U, and 210Pb refer
to the whole decay chains in secular equilibrium, while the label “only” indicates that only the decay of the specified isotope
is generated. For surface contaminants, the simulated depth is indicated in µm. Column (4) reports the prior used in the fit,
when not specified a non informative prior is used (see text for details). Column (5) reports the posterior with the statistical
error (limits are 90% C.L.). Column (6) reports the range of systematic uncertainties (limits are 90% C.L.). In the case of
crystal sources, systematic uncertainties can arise from non-uniform contaminants in the di↵erent crystals.

Component Index Bulk sources Prior [Bq/kg] Posterior [Bq/kg] Systematics [Bq/kg]

Crystals 1 130Te – 2⌫�� 3.43(9)⇥10�5 3.1⇥10�5 – 3.7⇥10�5

2 210Po 2.36(11)⇥10�6 2.39(11)⇥10�6

3 210Pb 1.37(19)⇥10�6 5.4⇥10�7 – 2.2⇥10�6

4 232Th (only) 7(3)⇥10�8 < 1.2⇥ 10�7

5 228Ra – 208Pb < 3.5⇥ 10�8 < 7.5⇥ 10�8

6 238U – 230Th < 7.5⇥ 10�9 < 3.6⇥ 10�8

7 230Th(only) 2.8(3)⇥10�7

8 226Ra – 210Pb < 7.0⇥ 10�9 < 2.2⇥ 10�8

9 40K 5.1(14)⇥10�6 < 8.2⇥ 10�6

10 60Co < 3.0⇥ 10�7 < 5.1⇥ 10�7

11 125Sb 9.6(4)⇥10�6 7.5⇥10�6 – 1.2⇥10�5

12 190Pt 2.00(5)⇥10�6 1.6⇥10�6 – 2.3⇥10�6

Holder 13 232Th < 2.0⇥ 10�6 < 2.1⇥ 10�6

14 238U < 6.5⇥ 10�5 < 1.2⇥ 10�5 < 2.2⇥ 10�5

15 40K 7(2)⇥10�4 8(2)⇥10�4

16 60Co 5(1)⇥10�5 3.5(8)⇥10�5

17 54Mn 1.0(2)⇥10�5 < 1.7⇥ 10�5

18 57Co 2.9(3)⇥10�5 2.3⇥10�5 – 3.7⇥10�5

CryoInt 19 232Th < 1.5⇥ 10�5 < 3.5⇥ 10�5

20 238U < 1.5⇥ 10�5 < 3.9⇥ 10�5

21 40K 1.1(3)⇥10�3

22 60Co < 1.8⇥ 10�4 2.4(10)⇥10�5

23 137Cs 9.9(15)⇥10�6

IntPb 24 232Th < 4.5⇥ 10�5 5.3(7)⇥10�5 1.7⇥10�5 – 6.6⇥10�5

25 238U < 4.6⇥ 10�5 2.7(10)⇥10�5

26 40K < 2.3⇥ 10�5 < 2.4⇥ 10�5 < 4.6⇥ 10�4

27 108mAg 6.1(12)⇥10�6

28 202Pb 6(3)⇥10�6

CryoExt 29 232Th < 1.2⇥ 10�4 < 1.8⇥ 10�4

30 238U 2.4(6)⇥10�4 < 5.9⇥ 10�4

31 40K < 1.6⇥ 10�3 < 2.6⇥ 10�3

32 60Co < 4.2⇥ 10�5 2.5(9)⇥10�5

ExtPb 33 232Th < 2.6⇥ 10�4 3.1(3)⇥10�4 2.1⇥10�4 – 3.5⇥10�4

34 238U < 7.0⇥ 10�4 5.0(6)⇥10�4 3.5⇥10�4 – 6.2⇥10�4

35 40K < 5.4⇥ 10�3 3.1(5)⇥10�3

36 207Bi 5.9(5)⇥10�5 4.7⇥10�5 – 7.2⇥10�5

37 210Pb 5.96(11) 5.4 – 6.3

Component Surface sources Prior [Bq/cm2] Posterior [Bq/cm2] Systematics [Bq/cm2]

Crystals 38 232Th (only) – 0.01µm 3.0(10)⇥10�10

39 228Ra – 208Pb– 0.01µm 2.32(12)⇥10�9 2.1⇥10�9 – 2.7⇥10�9

40 238U – 230Th– 0.01µm 2.07(11)⇥10�9 1.8⇥10�9 – 2.2⇥10�9

41 230Th (only) – 0.01µm 1.15(14)⇥10�9

42 226Ra – 210Pb– 0.01µm 3.14(10)⇥10�9 2.9⇥10�9 – 3.5⇥10�9

43 210Pb– 0.001µm 6.02(8)⇥10�8 4.8⇥10�8 – 7.2⇥10�8

44 210Pb– 1µm 8.6(8)⇥10�9 7.2⇥10�9 – 1.1⇥10�8

45 210Pb– 10µm < 2.7⇥ 10�9 < 4.9⇥ 10�9

46 232Th – 10µm 7.8(14)⇥10�10

47 238U –10µm < 3.3⇥ 10�11 < 1.2⇥ 10�10

Holder 48 210Pb– 0.01µm 2.9(4)⇥10�8 2.1⇥10�8 – 4.3⇥10�8

49 210Pb– 0.1µm 4.3(5)⇥10�8 3.1⇥10�8 – 5.1⇥10�8

50 210Pb– 10µm < 1.9⇥ 10�8 < 3.9⇥ 10�8

51 232Th – 10µm 5.0(17)⇥10�9 < 1.0⇥ 10�8

52 238U –10µm 1.39(16)⇥10�8 8.4⇥10�9 – 1.6⇥10�8

CryoInt 53 210Pb– 0.01µm 1.4(7)⇥10�5 < 2.7⇥ 10�5

IntPb 54 210Pb– 0.01µm 5.1(18)⇥10�5 < 8.2⇥ 10�5

Component Other Sources Prior [Bq] Posterior [Bq]

50mK Spot 55 232Th 2.4(2)⇥10�4 2.41(18)⇥10�4

Bottom Plate ExtPb 56 40K 16.8(2) 18(2)
Muons 57 (see text)
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Table 8 List of the sources used to fit the CUORE-0 background data. The columns show (1) the name of the contaminated
element, (2) the source index (j in eq. 1), and (3) the contaminant. If not otherwise specified, 232Th, 238U, and 210Pb refer
to the whole decay chains in secular equilibrium, while the label “only” indicates that only the decay of the specified isotope
is generated. For surface contaminants, the simulated depth is indicated in µm. Column (4) reports the prior used in the fit,
when not specified a non informative prior is used (see text for details). Column (5) reports the posterior with the statistical
error (limits are 90% C.L.). Column (6) reports the range of systematic uncertainties (limits are 90% C.L.). In the case of
crystal sources, systematic uncertainties can arise from non-uniform contaminants in the di↵erent crystals.
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42 226Ra – 210Pb– 0.01µm 3.14(10)⇥10�9 2.9⇥10�9 – 3.5⇥10�9

43 210Pb– 0.001µm 6.02(8)⇥10�8 4.8⇥10�8 – 7.2⇥10�8

44 210Pb– 1µm 8.6(8)⇥10�9 7.2⇥10�9 – 1.1⇥10�8

45 210Pb– 10µm < 2.7⇥ 10�9 < 4.9⇥ 10�9

46 232Th – 10µm 7.8(14)⇥10�10

47 238U –10µm < 3.3⇥ 10�11 < 1.2⇥ 10�10

Holder 48 210Pb– 0.01µm 2.9(4)⇥10�8 2.1⇥10�8 – 4.3⇥10�8

49 210Pb– 0.1µm 4.3(5)⇥10�8 3.1⇥10�8 – 5.1⇥10�8

50 210Pb– 10µm < 1.9⇥ 10�8 < 3.9⇥ 10�8

51 232Th – 10µm 5.0(17)⇥10�9 < 1.0⇥ 10�8

52 238U –10µm 1.39(16)⇥10�8 8.4⇥10�9 – 1.6⇥10�8

CryoInt 53 210Pb– 0.01µm 1.4(7)⇥10�5 < 2.7⇥ 10�5

IntPb 54 210Pb– 0.01µm 5.1(18)⇥10�5 < 8.2⇥ 10�5

Component Other Sources Prior [Bq] Posterior [Bq]

50mK Spot 55 232Th 2.4(2)⇥10�4 2.41(18)⇥10�4

Bottom Plate ExtPb 56 40K 16.8(2) 18(2)
Muons 57 (see text)
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Table 8 List of the sources used to fit the CUORE-0 background data. The columns show (1) the name of the contaminated
element, (2) the source index (j in eq. 1), and (3) the contaminant. If not otherwise specified, 232Th, 238U, and 210Pb refer
to the whole decay chains in secular equilibrium, while the label “only” indicates that only the decay of the specified isotope
is generated. For surface contaminants, the simulated depth is indicated in µm. Column (4) reports the prior used in the fit,
when not specified a non informative prior is used (see text for details). Column (5) reports the posterior with the statistical
error (limits are 90% C.L.). Column (6) reports the range of systematic uncertainties (limits are 90% C.L.). In the case of
crystal sources, systematic uncertainties can arise from non-uniform contaminants in the di↵erent crystals.

Component Index Bulk sources Prior [Bq/kg] Posterior [Bq/kg] Systematics [Bq/kg]

Crystals 1 130Te – 2⌫�� 3.43(9)⇥10�5 3.1⇥10�5 – 3.7⇥10�5

2 210Po 2.36(11)⇥10�6 2.39(11)⇥10�6

3 210Pb 1.37(19)⇥10�6 5.4⇥10�7 – 2.2⇥10�6

4 232Th (only) 7(3)⇥10�8 < 1.2⇥ 10�7

5 228Ra – 208Pb < 3.5⇥ 10�8 < 7.5⇥ 10�8

6 238U – 230Th < 7.5⇥ 10�9 < 3.6⇥ 10�8

7 230Th(only) 2.8(3)⇥10�7

8 226Ra – 210Pb < 7.0⇥ 10�9 < 2.2⇥ 10�8

9 40K 5.1(14)⇥10�6 < 8.2⇥ 10�6

10 60Co < 3.0⇥ 10�7 < 5.1⇥ 10�7

11 125Sb 9.6(4)⇥10�6 7.5⇥10�6 – 1.2⇥10�5

12 190Pt 2.00(5)⇥10�6 1.6⇥10�6 – 2.3⇥10�6

Holder 13 232Th < 2.0⇥ 10�6 < 2.1⇥ 10�6

14 238U < 6.5⇥ 10�5 < 1.2⇥ 10�5 < 2.2⇥ 10�5

15 40K 7(2)⇥10�4 8(2)⇥10�4

16 60Co 5(1)⇥10�5 3.5(8)⇥10�5

17 54Mn 1.0(2)⇥10�5 < 1.7⇥ 10�5

18 57Co 2.9(3)⇥10�5 2.3⇥10�5 – 3.7⇥10�5

CryoInt 19 232Th < 1.5⇥ 10�5 < 3.5⇥ 10�5

20 238U < 1.5⇥ 10�5 < 3.9⇥ 10�5

21 40K 1.1(3)⇥10�3

22 60Co < 1.8⇥ 10�4 2.4(10)⇥10�5

23 137Cs 9.9(15)⇥10�6

IntPb 24 232Th < 4.5⇥ 10�5 5.3(7)⇥10�5 1.7⇥10�5 – 6.6⇥10�5

25 238U < 4.6⇥ 10�5 2.7(10)⇥10�5

26 40K < 2.3⇥ 10�5 < 2.4⇥ 10�5 < 4.6⇥ 10�4

27 108mAg 6.1(12)⇥10�6

28 202Pb 6(3)⇥10�6

CryoExt 29 232Th < 1.2⇥ 10�4 < 1.8⇥ 10�4

30 238U 2.4(6)⇥10�4 < 5.9⇥ 10�4

31 40K < 1.6⇥ 10�3 < 2.6⇥ 10�3

32 60Co < 4.2⇥ 10�5 2.5(9)⇥10�5

ExtPb 33 232Th < 2.6⇥ 10�4 3.1(3)⇥10�4 2.1⇥10�4 – 3.5⇥10�4

34 238U < 7.0⇥ 10�4 5.0(6)⇥10�4 3.5⇥10�4 – 6.2⇥10�4

35 40K < 5.4⇥ 10�3 3.1(5)⇥10�3

36 207Bi 5.9(5)⇥10�5 4.7⇥10�5 – 7.2⇥10�5

37 210Pb 5.96(11) 5.4 – 6.3

Component Surface sources Prior [Bq/cm2] Posterior [Bq/cm2] Systematics [Bq/cm2]

Crystals 38 232Th (only) – 0.01µm 3.0(10)⇥10�10

39 228Ra – 208Pb– 0.01µm 2.32(12)⇥10�9 2.1⇥10�9 – 2.7⇥10�9

40 238U – 230Th– 0.01µm 2.07(11)⇥10�9 1.8⇥10�9 – 2.2⇥10�9

41 230Th (only) – 0.01µm 1.15(14)⇥10�9

42 226Ra – 210Pb– 0.01µm 3.14(10)⇥10�9 2.9⇥10�9 – 3.5⇥10�9

43 210Pb– 0.001µm 6.02(8)⇥10�8 4.8⇥10�8 – 7.2⇥10�8

44 210Pb– 1µm 8.6(8)⇥10�9 7.2⇥10�9 – 1.1⇥10�8

45 210Pb– 10µm < 2.7⇥ 10�9 < 4.9⇥ 10�9

46 232Th – 10µm 7.8(14)⇥10�10

47 238U –10µm < 3.3⇥ 10�11 < 1.2⇥ 10�10

Holder 48 210Pb– 0.01µm 2.9(4)⇥10�8 2.1⇥10�8 – 4.3⇥10�8

49 210Pb– 0.1µm 4.3(5)⇥10�8 3.1⇥10�8 – 5.1⇥10�8

50 210Pb– 10µm < 1.9⇥ 10�8 < 3.9⇥ 10�8

51 232Th – 10µm 5.0(17)⇥10�9 < 1.0⇥ 10�8

52 238U –10µm 1.39(16)⇥10�8 8.4⇥10�9 – 1.6⇥10�8

CryoInt 53 210Pb– 0.01µm 1.4(7)⇥10�5 < 2.7⇥ 10�5

IntPb 54 210Pb– 0.01µm 5.1(18)⇥10�5 < 8.2⇥ 10�5

Component Other Sources Prior [Bq] Posterior [Bq]

50mK Spot 55 232Th 2.4(2)⇥10�4 2.41(18)⇥10�4

Bottom Plate ExtPb 56 40K 16.8(2) 18(2)
Muons 57 (see text)

Detailed Model

…
…
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– Subset of Data. We compare fit results obtained
with various subsets of data.
We search for time-related systematics by dividing
the data into alternating datasets or grouping Rn-

low and Rn-high datasets. Each study is performed
with at least 1/3 of the total exposure. The Rn-
low and Rn-high data are obtained by grouping the
datasets in which the 214Bi lines are more or less
intense than the mean. This allows us to study if
changes in the 214Bi background influence the fit
quality. The reconstruction results are compatible
with the reference fit. The 238U contamination in
the CryoExt , which includes the air volume with the
variable 222Rn source, converges on results compat-
ible with the di↵erent 222Rn concentrations.
Finally, we investigate the dependence of the recon-
struction on geometry by grouping the data by dif-
ferent floors: odd and even floors, upper and lower
floors, the floors from 3 to 8 (central), and the com-
plementary ones (peripherals). In this way, we ex-
plore the systematics due to model approximations.
In Monte Carlo simulations we assumed contami-
nants to be uniformly distributed in each compo-
nent of the experimental setup (except for the point
sources) and we modelled the average performance
of bolometers. In all studies, the reconstruction is
good, but we observe variations in the activities of
the sources. In particular, the 2⌫�� activity varies
by about ± 10%.

In the tests detailed above, the overall goodness of the
fit remains stable, while we observe variations in the
activities of the individual sources. These variations are
used as an evaluation of the systematic uncertainty on
the 57 source activities (Table 8, sixth column).
There are caveats using the reference fit results as an
exact estimation of the material contamination. Indeed,
degenerate source spectra allow us to use a single source
to represent a group of possible sources. Examples are:
the Holder that also accounts for the contribution of
the Small Parts , surface contaminants in close compo-
nents that are modeled with few representative depths,
or bulk contamination in far components that also in-
clude surface ones.

9 130Te 2⌫�� decay

The background reconstruction allows us to measure
the 2⌫�� of 130Te with high accuracy. Fig. 12 shows
the fit result compared with the CUORE-0 M1. 2⌫��
produces ⇠10% of the events in the M1 � region from
118 keV to 2.7MeV. As shown in Fig. 13, removing the

2⌫�� component results in a dramatically poorer fit in
this region.
The 2⌫�� activity is (3.43 ± 0.09) ⇥ 105 Bq/kg, with
a statistical uncertainty that is amplified by the strong
anti-correlation to the 40K contamination in crystal bulk
(but not to other 40K sources). Indeed, this is the only
case where the � spectrum of 40K (having a shape that
resembles that of 2⌫��) contributes to the detector
counting rate. For all the other 40K sources, only the
EC decay (branching ratio 89%) contributes to the de-
tector counting rate through the 1460 keV line and its
Compton tail. The Posterior for the 2⌫�� activity as
obtained from the reference fit is shown in Fig 14. Also
shown is the Posterior associated to the fit bias. This is
derived from systematic studies discussed in Sec. 8 and
is represented as a flat distribution. Fig 14 also shows
the 68% Confidence Intervals associated to statistical
and systematic errors.
The half-life value obtained for 2⌫�� is

T

2⌫
1/2 = [8.2 ± 0.2 (stat.) ± 0.6 (syst.)] ⇥ 1020 y
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Fig. 12 CUORE-0 M1 compared to the 2⌫�� contribution
predicted by the reference fit and the radioactive source that
has the strongest correlation with 2⌫��, 40K in Crystal bulk.

10 130Te 0⌫�� region of interest

The signature of 130Te 0⌫�� is a Gaussian line centered
at 2528 keV, the transition energy of the isotope, inM1.
Modeling the shape of the background in this region,
especially possible subdominant peaks, and identifying
the main sources of background is relevant not only for
CUORE-0, but also for the future evolution of 0⌫��
searches with bolometers.
It is useful to group the sources used for the fit into
three major classes: the two elements that will be iden-
tical (though replicated 19 times) in CUORE, Holder
and Crystals , and the element that will change, i.e. the

CUORE-0 Preliminary
Exposure 33.4 kg x yr

T 2⌫��
1/2 = 8.2± 0.2 (stat.)± 0.6(syst.)⇥ 1020 yrCUORE-0

T 2⌫��
1/2 = 7.0± 0.9 (stat.)± 1.1(syst.)⇥ 1020 yr

T 2⌫��
1/2 = 6.1± 1.4 (stat.) +2.9

�3.5(syst.)⇥ 1020 yr

NEMO

MIDBD

Bulk 40K is most strongly correlated 
background to the 2𝛎ββ
measurement
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Fig. 13 CUORE-0 M1 compared to the reconstruction pre-
dicted by the fit without the 2⌫�� source.
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Fig. 14 Posterior distribution of 2⌫�� activity (blue) and
systematic uncertainty range, represented as a flat distribu-
tion (red). The 68% Confidence Intervals used to quote the
statistical and systematic uncertainties are highlighted by col-
ored areas.

cryogenic and radioactive shield systems (the sum of
the CryoInt , CryoExt , IntPb, and ExtPb). The con-
tribution from these elements to the 0⌫�� region of
interest (2470-2570 keV) in M1 are shown in Fig. 15
and listed in Table 9. The largest contribution comes
from the shields. This is mainly 232Th contamination.
The Holder is the second largest contributor due to
degraded ↵s from 238U and 232Th deep surface contam-
inants. Bulk and shallow-depth contaminants account
for less than 0.3% of the background. A very small frac-
tion of the background comes from 238U, 232Th, and
210Pb Crystals surface contaminants, and from muon
interactions. The systematic uncertainties are negligi-
ble.

Finally, Fig. 16 shows a wider region centered around
the ROI. This plot is produced by tagging the energy
depositions where at least 90% of the energy was de-
posited by ↵ particles. We found ⇠ 24% of the ROI
background was produced by ↵ events. After reducing
� backgrounds from the shields, these ↵ events are ex-
pected to dominate the ROI rate in CUORE. This mo-

Component Fraction [%]

Shields 74.4 ± 1.3
Holder 21.4 ± 0.7
Crystals 2.64 ± 0.14
Muons 1.51 ± 0.06

Table 9 Sources contributing to the 0⌫�� ROI. The flat
counting rate in this region (i.e. excluding the 60Co sum peak)
is 0.058±0.006 counts/(keV kg y) [5]. Column (2) reports the
contribution of the di↵erent sources. “Shields” here stands for
the sum of CryoInt , CryoExt , IntPb, and ExtPb.
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Fig. 15 Sources contributing to background reconstruction.
“Shields” here stands for the sum of CryoInt , CryoExt , IntPb,
and ExtPb.

tivates the development of ↵ particle discrimination for
future bolometer-based experiments; see [36] and refer-
ences therein.
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Fig. 16 Background reconstruction in the 0⌫�� ROI. Events
due to ↵ particles (about 24% of the ROI background) are
shown in red. All the other events are shown in blue.

11 Conclusion

In this paper, we successfully reconstruct the CUORE-0
background using 57 sources modeled using a detailed
Monte Carlo simulation. We find that 10% of the count-
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systematic uncertainty range, represented as a flat distribu-
tion (red). The 68% Confidence Intervals used to quote the
statistical and systematic uncertainties are highlighted by col-
ored areas.

cryogenic and radioactive shield systems (the sum of
the CryoInt , CryoExt , IntPb, and ExtPb). The con-
tribution from these elements to the 0⌫�� region of
interest (2470-2570 keV) in M1 are shown in Fig. 15
and listed in Table 9. The largest contribution comes
from the shields. This is mainly 232Th contamination.
The Holder is the second largest contributor due to
degraded ↵s from 238U and 232Th deep surface contam-
inants. Bulk and shallow-depth contaminants account
for less than 0.3% of the background. A very small frac-
tion of the background comes from 238U, 232Th, and
210Pb Crystals surface contaminants, and from muon
interactions. The systematic uncertainties are negligi-
ble.

Finally, Fig. 16 shows a wider region centered around
the ROI. This plot is produced by tagging the energy
depositions where at least 90% of the energy was de-
posited by ↵ particles. We found ⇠ 24% of the ROI
background was produced by ↵ events. After reducing
� backgrounds from the shields, these ↵ events are ex-
pected to dominate the ROI rate in CUORE. This mo-

Component Fraction [%]

Shields 74.4 ± 1.3
Holder 21.4 ± 0.7
Crystals 2.64 ± 0.14
Muons 1.51 ± 0.06

Table 9 Sources contributing to the 0⌫�� ROI. The flat
counting rate in this region (i.e. excluding the 60Co sum peak)
is 0.058±0.006 counts/(keV kg y) [5]. Column (2) reports the
contribution of the di↵erent sources. “Shields” here stands for
the sum of CryoInt , CryoExt , IntPb, and ExtPb.
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tivates the development of ↵ particle discrimination for
future bolometer-based experiments; see [36] and refer-
ences therein.
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Fig. 16 Background reconstruction in the 0⌫�� ROI. Events
due to ↵ particles (about 24% of the ROI background) are
shown in red. All the other events are shown in blue.

11 Conclusion

In this paper, we successfully reconstruct the CUORE-0
background using 57 sources modeled using a detailed
Monte Carlo simulation. We find that 10% of the count-

Breakdown of contributions to 0𝛎ββ ROI 

• Shields of CUORE cryostat are 
significantly more radio-pure than 
CUORICINO cryostat



CUORE Preliminary

CUORE Background Budget

CUORE goal: 0.01 counts/keV/kg/yr
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Assumptions: 

• 988 bolometers
• 5 years of lifetime
• δE = 5 keV FWHM at 2615 keV
• b = 0.01 counts/(keV·kg·yr)

m�� < (50� 130meV)

CUORE Expected Sensitivity

T 0⌫
1/2 > 9.5⇥ 1025yr(90%C.L)
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Assumptions: 

• 988 bolometers
• 5 years of lifetime
• δE = 5 keV FWHM at 2615 keV
• b = 0.01 counts/(keV·kg·yr)

m�� < (50� 130meV)

CUORE Expected Sensitivity

T 0⌫
1/2 > 9.5⇥ 1025yr(90%C.L)

For next generation prospects

See talk of M. Vignati 

CUPID @Morning session Nov 9.



Status of CUORE: Cryogenic System

Karsten Heeger, Yale University UMass, December 16, 2015 

Cosmogenics Background in CUORE
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Goal: measure ROI backgrounds in situ  in coincidence with CUORE
- in particular neutron spallation from external Pb shields 

Detector
Towers

Top Lead
Shield

Side Lead
Shield

300 K

40 K

4 K

600 mK
50 mK

10 mK

Bo�om Lead
Shield

• Commissioning of full cryogenic system completed in 
Mar 2016, stable base temp of ~ 6.3 mK 

• Operated calibration system,  mini tower,  test of front-
end electronics, DAQ



Tower Installation on 10mK stage



Summary

!35• Commencement of CUORE operations is imminent 

• CUORE-0 combined with CUORICINO provides the most stringent limit on 0𝛎ββ 
decay of 130Te

6

resolution of the Cuoricino detectors was 6.9 keV and
2.9 keV, respectively, and the ROI background index was
0.169 ± 0.006 counts/(keV·kg·yr). We report the profile
likelihoods in Fig. 4. The combined Bayesian 90% C.L.
limit is T 0⌫

1/2 > 4.0⇥ 1024 yr which is the most stringent
limit to date on this quantity. For comparison, the
90%C.L. frequentist limits [32] are T 0⌫

1/2 > 2.8 ⇥ 1024 yr

for CUORE-0 only, and T 0⌫
1/2 > 4.1⇥ 1024 yr for the com-

bination with Cuoricino.

We interpret our Bayesian combined limit in the con-
text of models for 0⌫�� decay mediated by light Ma-
jorana neutrino exchange using the phase space factors
from Ref. [33], the most recent nuclear matrix element
(NME) calculations for a broad range of models avail-
able in the literature [34–38], and adopting the value of
gA ' 1.27 for the axial coupling constant. The resulting
range for the 90% C.L upper limit on the e↵ective Majo-
rana mass is m�� < 270 – 650 meV; for ease of compari-
son with limits reported for other isotopes in the field this
range excludes Ref. [39]. If we include the latter NME
calculation the range extends to m�� < 270 – 760 meV.

In summary, CUORE-0 finds no evidence for 0⌫��
decay of 130Te and, when combined with the Cuori-
cino exposure, provides the most stringent limit to date

on this important process. Benefiting in particular
from lower background, improved energy resolution, and
higher data-taking e�ciency, the experiment has sur-
passed the sensitivity of Cuoricino in approximately half
the runtime.
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[35] F. Ŝimkovic et al., Phys. Rev. C 87, 045501 (2013).
[36] J. Barea, J. Kotila and F. Iachello, Phys. Rev. C 91,

034304 (2015).
[37] T. R. Rodriguez and G. Martinez-Pinedo, Phys. Rev.

Lett. 105, 252503 (2010).
[38] J. Hyvrinen and J. Suhonen, Phys. Rev. C 91, 024613

(2015).
[39] A. Neacsu and M. Horoi, Phys. Rev. C 91, 024309 (2015).

(90% C.L.) 〈mββ〉 < 270 – 760 meV

• CUORE-0 provides the most precise measurement to date of the 2𝛎ββ decay half-
live 130Te

• CUORE-0 shows CUORE-style bolometers achieve the target energy resolution and 
data-driven MC shows CUORE background goal is realistic

• Cryogenic commissioning is complete and the detectors have been installed 

T 2⌫��
1/2 = 8.2± 0.2 (stat.)± 0.6(syst.)⇥ 1020 yr
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Fig. 13 CUORE-0 M1 compared to the reconstruction pre-
dicted by the fit without the 2⌫�� source.

 (Bq/kg)ββν2
28 30 32 34 36 38 40

6−10×

Pr
ob

ab
ili

ty
 (A

.U
.)

0

100

200

300

400

500

600

700

800
Posterior pdf
Systematics pdf
68% statistical
68% systematics

 

Fig. 14 Posterior distribution of 2⌫�� activity (blue) and
systematic uncertainty range, represented as a flat distribu-
tion (red). The 68% Confidence Intervals used to quote the
statistical and systematic uncertainties are highlighted by col-
ored areas.

cryogenic and radioactive shield systems (the sum of
the CryoInt , CryoExt , IntPb, and ExtPb). The con-
tribution from these elements to the 0⌫�� region of
interest (2470-2570 keV) in M1 are shown in Fig. 15
and listed in Table 9. The largest contribution comes
from the shields. This is mainly 232Th contamination.
The Holder is the second largest contributor due to
degraded ↵s from 238U and 232Th deep surface contam-
inants. Bulk and shallow-depth contaminants account
for less than 0.3% of the background. A very small frac-
tion of the background comes from 238U, 232Th, and
210Pb Crystals surface contaminants, and from muon
interactions. The systematic uncertainties are negligi-
ble.

Finally, Fig. 16 shows a wider region centered around
the ROI. This plot is produced by tagging the energy
depositions where at least 90% of the energy was de-
posited by ↵ particles. We found ⇠ 24% of the ROI
background was produced by ↵ events. After reducing
� backgrounds from the shields, these ↵ events are ex-
pected to dominate the ROI rate in CUORE. This mo-

Component Fraction [%]

Shields 74.4 ± 1.3
Holder 21.4 ± 0.7
Crystals 2.64 ± 0.14
Muons 1.51 ± 0.06

Table 9 Sources contributing to the 0⌫�� ROI. The flat
counting rate in this region (i.e. excluding the 60Co sum peak)
is 0.058±0.006 counts/(keV kg y) [5]. Column (2) reports the
contribution of the di↵erent sources. “Shields” here stands for
the sum of CryoInt , CryoExt , IntPb, and ExtPb.
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Fig. 15 Sources contributing to background reconstruction.
“Shields” here stands for the sum of CryoInt , CryoExt , IntPb,
and ExtPb.

tivates the development of ↵ particle discrimination for
future bolometer-based experiments; see [36] and refer-
ences therein.
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Fig. 16 Background reconstruction in the 0⌫�� ROI. Events
due to ↵ particles (about 24% of the ROI background) are
shown in red. All the other events are shown in blue.

11 Conclusion

In this paper, we successfully reconstruct the CUORE-0
background using 57 sources modeled using a detailed
Monte Carlo simulation. We find that 10% of the count-

Fit of background model without 2𝛎ββ decay

CUORE-0 Preliminary
Exposure 33.4 kg x yr



60Co

0𝛎ββ upper limit

Final Spectrum of CUORICINO

CUORICINO (2003 - 2008)
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• 62 crystal TeO2 bolometer array operated at Gran Sasso Lab, Italy

T 0ν
1/2 > 3.4 × 1025 yr (90% C.L) (4)

⟨mββ⟩ < (120 − 250) meV (5)

a isotopic abundance

ϵ detection efficiency

M total detector mass

b background index (e.g cnts/keV · kg · yr)

δE energy resolution

t exposure time

1 Candles

a 0.187%

ϵ > 50%

M ∼ 305 kg

b [ cnts
keV·kg·yr ] ∼ 1 × 10−4

δE ∼ 4% at Q-value

T 0ν
1/2 > 5.8 × 1022 yr (90% C.L) (6)

2 CUORE

2

T 0ν
1/2 > 2.8 × 1024 yr (90% C.L) (7)

4

⇥m��⇤ < 0.3 � 0.7 eV

• Final results  
 
 

- M.t (130Te): 19.75 kg.yr 
- dE: 6.3 +/- 2.5 keV FWHM (mean +/- RMS)

- b: 0.169 +/- 0.006 c/keV/kg/yr 
 
 
 
 
 
 
 
 
 
 

• 130Te isotopic abundance: ~34% 
• 130Te Q-value: 2527.5 keV


