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Neutrinoless double beta decay (0νββ)
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Observation of 0νββ would:
Demonstrate that lepton number is not conserved
Establish neutrinos as Majorana particles
Set constraints on the effective Majorana mass mββ                                          
and provide info on absolute ν mass scale

The observable is the half life:

Phase space factor : known 
with good accuracy from 
atomic physics Nuclear matrix element 

(nuclear physics)
is affected by a large 

uncertainty

(T 0⌫
1/2)

�1 = G0⌫ |M0⌫
⌘ |2⌘2

Decay mechanism 
(particle physics)

In the general experimental 
approach of detecting the sum 
energy of the two final-state 
electrons, the signature of 0νββ 
decay is a peak at Q-value (Qββ) 

2νββ 0νββ
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Heat bath

Thermal  
coupling 

Thermometer

Absorber

Interacting radiation
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Ultracold crystals function as highly sensitive calorimeters.  The energy deposited by a 
particle interaction in the absorber is converted to a measurable temperature variation.

ΔT
∝Δ

E
- 2e- mostly contained in the bulk
- excellent efficiency (no energy 
escape)
- excellent energy resolution
- hard to discriminate signal from 
background

Thermal detectors

Wide choice of detector materials

Requires: 

- low heat capacity

- low temperatures 



CUORE bolometers for 0νββ decay
CUORE searches for 0νββ of 130Te with TeO2 bolometers

ΔVNTD~ 300 μV/MeV 
ΔRNTD ~ 3 MΩ/MeV 
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Heat bath ~ 10 mK

(copper)

Thermal coupling

(PTFE)

Thermistor

(NTD-Ge)

Absorber Crystal

(TeO2)

silicon heater

Energy release 

ΔT in the crystal 

ΔR in the thermistor 

ΔV 

ΔTNTD ~ 10-20 μK/MeV 
ΔTcrystal ~ 100 μK/MeV

‣ high natural isotopic abundance (34.2%) of the ββ emitter 130Te (highest among the isotopes of 
interest)

‣ excellent energy resolution: 5 keV FWHM @ Q-value (2528 keV) achieved in predecessor 
experiment CUORE-0

TeO2: Tellurium dioxide 



Arrays of  TeO2 bolometers
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Cuoricino
2003 - 08

CUORE-0
2013 - 2015

Exp = 9.8 kg y of 130Te
Bkg = 0.058 c/(kg keV y)

T1/2 > 2.7x1024 y (90% CL)

Exp = 19.75 kg y of 130Te
Bkg = 0.169 c/(kg keV y)
T1/2 > 2.8x1024 y (90% CL)

CUORE (2017 - )
New custom cryostat

Bkg GOAL = 0.01 c/(kg keV y)
FWHM GOAL = 5 keV @ Q-value

Same cryostat: 
combined 90% C.L. limit T0ν > 4.0 × 1024 yr 

Array of 988 5x5x5 cm3 (750 g) TeO2 crystals:
‣ 19 towers - 13 floors - 4 crystals per floor
‣ 742 kg total mass - 206 kg of 130Te 



Experimental sensitivity to 0νββ
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Half-life corresponding to the minimum number of detectable signal events 
above background at a given C.L.

Isotopic abundance
Detector mass

Measuring time

BackgroundEnergy resolution
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Reducing the background (if you can’t discriminate against it) is the challenge
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CUORE cleaning
‣ strict radiopurity control protocol to limit bulk and surface 

contaminations in crystal production (@SICCAS - Shanghai)
‣ transportation at sea level to LNGS in vacuum bags + boxes
‣ Stored underground in nitrogen fluxed cabinets
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‣ TECM (Tumbling, Electropolishing, Chemical etching, and 
Magnetron plasma etching) cleaning for copper surfaces + 
packaging in vacuum 

Radioactive contaminations 
make most of the 
background in the ROI 
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CUORE assembly @ CTAL

Clean room

Bonding Mounting

Gluing
Cabling
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CUORE Tower Assembly Line

Assembly of all the 19 CUORE 
towers completed in 2014



CUORE-0 results

CUORE FWHM GOAL REACHED!

CUORE-0 + Cuoricino 0νββ limit :

Physical Review Letters 115, 102502 (2015) 

CUORE-0 background model 
>50 background sources identified and 
ascribed to parts of the setup.
Contamination levels from material screening
Geant4 simulated background model.
Bayesian fit to the CUORE-0 spectrum with 
priors from screening.
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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 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)

Energy (keV)

Co
un

ts 
/ k

eV

−110

1

10

210

310  - Experimental2M
 - Fit reconstruction2M

Energy (keV)
1000 2000 3000 4000 5000 6000 7000

Co
un

ts 
ra

tio

0
0.5

1
1.5

2

2.5 1 σ
2 σ
3 σ

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
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European Physical Journal C 77, 13 (2017) 

CUORE-0 was the first CUORE-like tower & CUORE technical prototype, assembled from detector 
components manufactured, cleaned and stored following CUORE protocols.



CUORE-0 2νββ measurement and 
extrapolation to CUORE bkg in ROI 

 T1/2 = [8.2 ± 0.2 (stat.) ± 0.6 (syst.)] × 1020 y 
most precise measurement of the 2νββ half-life
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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 PRELIMINARY

https://arxiv.org/abs/1704.08970

European Physical Journal C 77, 13 (2017) 

CUORE background model in the ROI:

Projection based on MC simulation of:
- environmental bkg @ LNGS
- material screening for CUORE 
- bkg sources from CUORE-0 model
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CUORE cryostat
The challenge: operate a huge 
bolometric array, in an extremely 
low radioactivity and low vibrations 
environment.

‣ T~10 mK stable, Size ~ 1 m3

‣ Custom made pulse tube dilution 
refrigerator and cryostat. 

‣ Radio-pure material and clean 
assembly to achieve low 
background at ROI

‣ Independent suspension of the 
detector array from the dilution 
unit: smaller vibrational noise.
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25 cm thick lead
2 cm H3BO3 panels
18 cm polyethylene
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Cryogenic system commissioning
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Completed in March 2016
All the components well 
thermalised at the different stages 

Stable base temperature @ 6.3 mK 
on month scale.

Commissioned electronics, DAQ and 
detector calibration systems on 8 
detectors array (Mini-Tower).
No “unaccounted” background sources.

10 mK

300 K 

40 K

4 K 

600 mK

50 mK



CUORE detector installation
Installation completed in August 2016Performed in a radon-free clean room
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Sep. - Nov. cryostat closure
Cooldown started on Dec. 5 2016
Data taking started on April 2017 

27.01.2017  
Observation of first pulse



CUORE expected sensitivity

CUPID = Cuore Upgrade with Particle IDentification
see Fabio Bellini’s talk in this session.CUORE R&D to increase sensitivity 
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FWHM: 5keV
exclusion sensitivity (90% C. L.)

- 2·1025 yr after 3 months 
- 9·1025 yr after 5 years

discovery potential (3σ)
- 7·1024 yr after 3 months
- 4·1025 yr after 5 years

With background index (from arXiv 1704.08970):



Conclusions

     CUORE-0 
Achieved its energy resolution and background level goals, surpassing 
Cuoricino sensitivity in half the time. 
Validated CUORE assembly technology and background model.
Most stringent limit on 130Te half-life.
Most precise measurement of 2νββ half-life in 130Te.

CUORE: 
First 0νββ cryogenic experiment at ton-scale.
Detector installation completed, successful cool down.
CUORE IS TAKING DATA: physics results very soon ⟹ TAUP 2017.

 TeO2 bolometers offer a well-established, competitive technique in the 
search for neutrinoless double beta decay

16C. Tomei - Search for neutrinoless double beta decay of 130Te with CUORE-0 and CUORE


