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Processes explained by the Standard Model • Lepton number not conserved  
• Occurs if neutrinos have mass 

and are their own antiparticle

‣ 2nd order weak interaction 

‣ Normal beta decay suppressed  
by Q value or J𝝅
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EXPERIMENTAL SIGNATURE
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‣ Sum energy of emitted 
electrons: Peak at Q value of 
the decay.

Sensitivity of the search
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IMPLICATIONS
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‣ Neutrinos are Majorana fermions. 
‣ Physics beyond standard model. 

‣ Constraints on absolute mass scale. 
‣ Probes the mass hierarchy of the 

neutrinos. 
‣ Constraints on CP violating phases?

m��
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The Cryogenic Underground  
Observatory for Rare Events

CUORE

‣ Search for 0νββ in  130Te at LNGS, Italy 
(depth ~ 3600 m.w.e )
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CUORE

‣ Q𝛽𝛽 = 2528 keV 

‣ Isotopic mass of 130Te : 206 kg 

‣ 988 TeO2 crystals (arranged in 19 towers 
with 13 floors each) 

‣ Massive thermal calorimeters operated 
at ~10 mK 

‣ Goal:  

➡ △EFWHM ≤ 5 keV @ 2615 keV     
➡ B = 0.010 cnts/(keV·kg·yr) 

➡ T1/2  (90% C.L.)   > 9.5 x 1025 y  
(5 yrs of live time ; <m𝛽𝛽>   ~  50 - 
130  meV)
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DETECTOR PRINCIPLE : THERMAL CALORIMETERS
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�ETFN =
p
kBT 2C(T )

‣ Electron events mostly 
contained in the bulk : Large 
detection efficiency. 

‣ The calorimeter cannot 
discriminate background from 
signal events easily. 

‣ Thermodynamic limit for energy 
resolution can be made small by operating 
the detectors at a very low temperature. 

‣ Requires ultra-low temperature facility 
with ultra-stable operating conditions.

< �EFWHM >2=< �ETFN >2 + < �Eelectronics >
2 + < �Evibration >2 +...
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DETECTOR PRINCIPLE
‣ 750 g (5x5x5 cm

3
) crystal 

‣ △T ~ 100 𝜇K for 1 MeV energy deposit 

‣ NTD-Ge thermistor read out  

R(T) ~ R0 exp [ (T0/T)
1/2

 ] 
(large sensitivity at low T) 

‣ Energy response calibrated using known gamma 
sources 

‣ Note: 

Signal ➛ thermal channel only 

No active background rejection
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CUORE-0 : PRECURSOR OF CUORE
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➤ Validation of assembly procedure for 
CUORE : first tower out of the 
assembly line 

➤ Strict material selection 

➤ Stringent surface cleaning 
procedures for detectors and 
materials nearby the detectors 

➤ Glovebox assembly to minimize 
Radon contamination 

➤ 52 TeO2 5x5x5 cm3 crystals with a 
total mass of 39 kg; mass of 130Te = 
10.9 kg) 

➤ 130Te exposure = 9.8 kg yr 

JINST 11 (2016) P07009

Same cryostat as Cuoricino, 
but not CUORE
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CUORE-0 : 0𝜈𝛽𝛽 RESULTS
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Phys. Rev. Lett. 115 (2015) 10, 102502
Phys. Rev. C 93 (2016) 045503 
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Combining the limit with 
Cuoricino result (90% C.L.): 

T1/2 > 4.0 × 1024 yr

• △EFWHM = 5.1±0.3 keV @2528 keV 
• Background ( cnts/(keV·kg·yr) ):  

0.058 ± 0.004 (stat.) ± 0.002 (syst.) 
• CUORE-0 limit (90% C.L.):  

                  T1/2 > 2.7 × 1024 yr

Q𝛽𝛽
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CUORE-0 : 2𝜈𝛽𝛽 RESULTS
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Eur. Phys. J. C 77 (2017) 13

Background sources identified and 
ascribed to different locations in 
the experimental setup using  

• Coincidence analysis 
• Gamma peaks 
• Alpha peaks 
• Radio-assay measurements 
• Data from neutron activation 

Excellent agreement of the data with the background model with  2𝜈𝛽𝛽

13 Page 14 of 18 Eur. Phys. J. C (2017) 77 :13

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 σ are
shown as colored bands centered
at 1. Fit residuals distribution is
approximately Gaussian with
µ = (−0.03 ± 0.09) and
σ = (1.1 ± 0.1) Energy (keV)
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Fig. 9 Same as Fig. 8 for M2.
Fit residuals distribution is
approximately Gaussian with
µ = (−0.13 ± 0.08) and
σ = (1.00 ± 0.08)
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The priors for N j , which describe our prior knowledge about
source activities, are specified in Table 8. In the case of a
measured activity, we adopt a Gaussian prior centered at
the measured value with the measurement uncertainty as the
width of the Gaussian. For upper limits, we adopt a half
Gaussian with a width such that our 90% upper limit is the
90% value of theprior. In all the other cases, we use a uniform
non-informative prior with an activity that ranges from 0 to
an upper limit higher than the maximum activity compatible
with the CUORE-0 data. Similarly, we use uniform priors
over wide ranges for

〈
CMC
i j,α

〉
.

We chose a variable binning of the spectra to maximize the
information content while minimizing the effects of statisti-
cal fluctuations and detector non-ideal behavior. Therefore,
to avoid systematic uncertainties due to the lineshape, all the
counts belonging to the same γ or α peak are included in a

single bin. The minimum bin size in the continuum is 15 keV,
and bins with less than 30 counts are merged with their imme-
diate neighbor. The fit extends from 118 keV to 7 MeV. The
threshold at 118 keV is set to exclude the low-energy noise
events (contaminating few datasets) and the nuclear recoil
peak (which is mis-calibrated). In building the $2 spectrum,
we require that the energy of each event is above thresh-
old. An exception is set for events with E > 2.7 MeV in
coincidence with events below the fit threshold, to correctly
build-up the Q-value peaks in the α region of $2 spectrum.

8 Reference fit and systematics

The reference fit is the result of the fit to data from the
total 33.4 kg year TeO2 exposure. The reconstructions of the
experimental spectra are shown in Figs. 8, 9, and 10 for the

123
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CUORE-0 : 2𝜈𝛽𝛽 RESULTS

12

Eur. Phys. J. C 77 (2017) 13

•CUORE-0: T1/2 = [8.2 ± 0.2 (stat.) ± 0.6 (syst.)] × 1020 y  

•NEMO:      T1/2 = [7.0 ± 0.9 (stat.) ± 1.1 (syst.)] × 1020 y 

•MiDBD:     T1/2 = [6.1 ± 1.4 (stat.) +2.9 -3.5 (syst.)] × 1020 y

13 Page 16 of 18 Eur. Phys. J. C (2017) 77 :13

form 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 3σ above the upper limit. In the second fit,
uniform non-informative priors are used for all compo-
nents. In both cases, the global fit reconstruction is good
and the 2νββ result changes by ∼1%.

– Selection of background sources: In the reference 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 2νββ result are not affected.

– Subset of data: We compare fit results obtained with var-
ious 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 compatible with the different
222Rn concentrations.
Finally, we investigate the dependence of the recon-
struction on geometry by grouping the data by different
floors: odd and even floors, upper and lower floors, the
floors from 3 to 8 (central), and the complementary ones
(peripherals). In this way, we explore the systematics due
to model approximations. In Monte Carlo simulations
we assumed contaminants to be uniformly distributed in
each component of the experimental setup (except for the
point sources) and we modeled 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 2νββ 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: theHolder that also
accounts for the contribution of the Small Parts, surface con-
taminants in close components that are modeled with few
representative depths, or bulk contamination in far compo-
nents that also include surface ones.

9 130Te 2νββ decay

The background reconstruction allows us to measure the
2νββ of 130Te with high accuracy. Figure 12 shows the fit
result compared with the CUORE-0 M1. 2νββ produces
(3.27 ± 0.08) × 104 counts, corresponding to ∼10% of the
events in the M1 γ region from 118 keV to 2.7 MeV. As
shown in Fig. 13, removing the 2νββ component results in a
dramatically poorer fit in this region.

The 2νββ 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 β spectrum of 40K (having a shape that resembles that
of 2νββ) contributes to the detector counting rate. For all
the other 40K sources, only the EC decay (branching ratio
89%) contributes to the detector counting rate through the
1460 keV line and its Compton tail. The Posterior for the
2νββ 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 Sect. 8
and is represented as a flat distribution. Figure 14 also shows
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Fig. 12 CUORE-0 M1 compared to the 2νββ contribution predicted
by the reference fit and the radioactive source that has the strongest
correlation with 2νββ, 40K in Crystal bulk
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Fig. 13 CUORE-0 M1 compared to the reconstruction predicted by
the fit without the 2νββ source
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CUORE-0 : BACKGROUND ESTIMATES FOR CUORE
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Fig. 14 Posterior distribution of 2νββ activity (blue) and systematic
uncertainty range, represented as a flat distribution (red). The 68% confi-
dence intervals used to quote the statistical and systematic uncertainties
are highlighted by colored areas
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Fig. 15 Sources contributing to background reconstruction. “Shields”
here stands for the sum of CryoInt, CryoExt, IntPb, and ExtPb

the 68% Confidence Intervals associated to statistical and
systematic errors.

The half-life value obtained for 2νββ is

T 2ν
1/2 = [8.2 ± 0.2(stat.)± 0.6(syst.)] × 1020 years

10 130Te 0νββ region of interest

The signature of 130Te 0νββ is a Gaussian line centered at
2528 keV, the transition energy of the isotope, inM1. Model-
ing the shape of the background in this region, especially pos-
sible subdominant peaks, and identifying the main sources
of background is relevant not only for CUORE-0, but also
for the future evolution of 0νββ searches with bolometers.

It is useful to group the sources used for the fit into three
major classes: the two elements that will be identical (though
replicated 19 times) in CUORE, Holder and Crystals, and
the element that will change, i.e. the cryogenic and radioac-
tive shield systems (the sum of the CryoInt, CryoExt, IntPb,
and ExtPb). The contribution from these elements to the
0νββ region of interest (2470–2570 keV) inM1 are shown in
Fig. 15 and listed in Table 9. The largest contribution comes

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

Component Fraction [%]

Shields 74.4 ± 1.3

Holder 21.4 ± 0.7

Crystals 2.64 ± 0.14

Muons 1.51 ± 0.06
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Fig. 16 Background reconstruction in the 0νββ ROI. Events due to α
particles (about 24% of the ROI background) are shown in red. All the
other events are shown in blue

from the shields. This is mainly 232Th contamination. The
Holder is the second largest contributor due to degraded αs
from 238U and 232Th deep surface contaminants. Bulk and
shallow-depth contaminants account for less than 0.3% of the
background. A very small fraction of the background comes
from 238U, 232Th, and 210Pb Crystals surface contaminants,
and from muon interactions. The systematic uncertainties are
negligible.

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 deposited by α particles.
We found ∼24% of the ROI background was produced by α

events. After reducing γ backgrounds from the shields, these
α events are expected to dominate the ROI rate in CUORE.
This motivates the development of α particle discrimination
for future bolometer-based experiments; see [36] and refer-
ences therein.

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 M1 counting rate
in the range [118–2700] keV is unequivocally due to 130Te
2νββ decay. We measure its half-life to be
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Events due to alpha particles (about 24% of 
the ROI background)
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from the shields. This is mainly 232Th contamination. The
Holder is the second largest contributor due to degraded αs
from 238U and 232Th deep surface contaminants. Bulk and
shallow-depth contaminants account for less than 0.3% of the
background. A very small fraction of the background comes
from 238U, 232Th, and 210Pb Crystals surface contaminants,
and from muon interactions. The systematic uncertainties are
negligible.

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 deposited by α particles.
We found ∼24% of the ROI background was produced by α

events. After reducing γ backgrounds from the shields, these
α events are expected to dominate the ROI rate in CUORE.
This motivates the development of α particle discrimination
for future bolometer-based experiments; see [36] and refer-
ences therein.

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 M1 counting rate
in the range [118–2700] keV is unequivocally due to 130Te
2νββ decay. We measure its half-life to be
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•Shields of CUORE cryostat are 
significantly more radio-pure than 
CUORICINO.  

•The granularity and self-shielding of 
the detector array will also help reduce 
the background. 

We expect a better background in the 
ROI.
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CUORE GOAL: 0.01 counts/keV/kg/y

      90%CL limit 
       Value

counts/keV/kg/y

CUORE Preliminary

CUORE: BACKGROUND BUDGET

14

Material choices strictly constrained by thermal properties,  
mechanical strength and radio-purity

CUORE-0 Bkg Model

HPGe & NAA

Fluxes at LNGS

Bkg 
Goal
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CUORE: CRYOSTAT COMMISSIONING

15

30 cm of Pb Top Shield (2.5 tons@50 mK)

6 cm Roman Pb Shield (5 tons@4K)

‣ Experimental Conditions 
‣ Low radioactivity environment  
‣ Stable ultra-low temperatures  
‣ Extremely low vibrations
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EXTERNAL SHIELDING 

16

External lead: 25 cm thick 

Neutron shield: 18 cm of PET + 2 cm of H3BO3
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RESULTS: CRYOSTAT COMMISSIONING

17

➤ Commissioning completed in 
March’16. 

➤ Stable base temperature ~ 6.3 mK 

➤ Proved nominal cooling power:  
3 𝛍W @ 10 mK 

➤ Successful test of the detector 
calibration system, electronics, DAQ 
and temperature stabilization system

•Encouraging detector performance on 8 detector 
array (Mini-tower) 

•No indications of unaccounted for bkg sources

Mini-tower
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CUORE: DETECTOR INSTALLATION

•  Detector installation was completed in a specially 
constructed cleanroom, constantly flushed with Radon 
free air. 

• Electronics and DAQ installation complete.
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CUORE: COOLDOWN AND PULSES

➤ Reached base temperature in January 
2017 after two months of cool-down 
from room temperature. 

➤ Stable base temperature ~ 8 mK  

➤ First Pulses! 

T 

We are continuously improving on 
the vibrational and electronics noise.

Stoppages to optimize and 
commission the system
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CUORE: COOLDOWN AND PULSES

➤ Reached base temperature in January 
2017 after two months of cool-down 
from room temperature. 

➤ Stable base temperature ~ 8 mK  

➤ First Pulses! 

T 

We are continuously improving on 
the vibrational and electronics noise. 

Pulse shape parameters (rise time, 
decay time, etc.) will change as the 
detector commissioning continues
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NEXT STEPS: CALIBRATION 

Once we understand the energy scale 
and pulse shapes in the ROI we will 
be ready to take background data. 

Stay tuned for Physics results soon !

‣ In situ energy calibration 
‣ Low background contribution from calibration 

hardware (≪ 0.01 counts/keV/kg/year). 
‣ 12 source strings to be lowered into the cryostat 

during calibration. 
‣ Each source string contains 25 source capsules of 

thoriated tungsten wire (containing 232Th)

3.5 Bq 19.4 Bq

Nucl. Instrum. Methods A 844 (2017) 32
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CUORE: SENSITIVITY

➤ 988 bolometers 

➤ 5 years of live time 

➤ ∆E = 5 keV FWHM 

➤ B = 0.01 counts /(kg . keV . yr)
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T 0⌫
1/2 > 9.5 x 10

25 yr (90% CL)

m�� < (50� 130 meV )

CUORE may come close to 
start exploring the Inverted 
hierarchy region, depending on 
the NME
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CUORE TO CUPID = CUORE UPGRADE WITH PARTICLE IDENTIFICATION 

23

➤ Goal:  

➡ △EFWHM ≤ 5 keV @ 2615 keV     
➡ B = 0.1 c/ton/y in ROI 

➡ <m𝛽𝛽>   ~  7 - 18  meV  
(10 yrs of live time)  

➤ Increase Sensitive mass ☛ Enrichment 

➤ Active background rejection method 
☛ 𝛼 / (𝛽-𝛾) separation 

➤ Technology should be as compatible as possible with CUORE (mechanical coupling, cryogenics, etc)
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R&D ACTIVITIES 
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CUPID
Enriched Crystals

TeO2

ROI < 2615 keV

ZnSe, ZnMoO4/Li2MoO4, CdWO4

ROI > 2615 keV

Surface Tagging
Surface 𝛼/𝛽 discrimination

Cherenkov*
Bulk 𝛼/𝛽 discrimination

Scintillation*
Bulk 𝛼/𝛽 discrimination

Al film
Signal shape modifier

Scintillating foil*
External to detector

Neganov Luke Effect MMCMKID TES

Provides better signal to noise ratio, but R&D on scaling and reproducibility required 

Low light  
yield

High light  
yield

*using bolometric light detectors

Detect Heat & Light
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SUMMARY

‣ CUORE 
‣ The cryostat has been successfully 

cooled down to ~ 8 mK, with all the 
detectors installed 

‣ We have started the detector 
operations; expect physics data soon. 

‣ Will pave the way for next generation 
large bolometric experiments.
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Other isotopes

Mo

Ge

Xe

‣ CUORE-0  
‣ Set the most stringent limit on the half-life of  0νββ in  130Te 
‣ Made the most precise measurement of 2νββ half-life in 130Te  
‣ Validated the assembly line production and the background model for 

CUORE  
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COLLABORATION
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THANK YOU


