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0νββ can occur only in a few natural 
isotopes, e.g.: 130Te, 76Ge, 136Xe,100Mo,82Se.

Present half-life limits are:  τ  > 1024-26 years.

 
Several nuclei (100 - 1000 kg) are needed. 

Almost Zero background is needed

β-decay 
0νββ-decay 

possible only if νs have 
Majorana nature

ββ-decay
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Sensitivity challenges
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Bolometric technique in CUORE
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‣ natTeO2 crystals (low heat capacitance) 
source embedded in the detector

‣ NTD-Ge thermistor:  

‣ Resolution @0νββ energy (2528 keV): 
ΔE = 5 keV FWHM

‣ Detection efficiency ~ 80%

Heat  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(750 g)
E      ΔT 

ΔT~ 100 μK/MeV
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• Hosted at LNGS in Italy.

• 988 natTeO2 bolometers 
19 towers, 13 floors.

• Active mass: 742 kg.

• Isotope mass: 206 kg 130Te.

• Expected background:  
10-2 c/keV/kg/year

• Sensitivity to 0νββ in 5y  
T1/2 = 9 x 1025 y @90% C.L.

• Sensitivity to mββ in 5y: 
56 - 160 meV @90% C.L.

Cryogenic Underground Observatory  
for Rare Events
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Arrays of TeO2 bolometers
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LNGS Gran Sasso Laboratory 

6

120 km from Rome

~ 3600 m.w.e. deep

μ flux: ~ 3x10-8/(s cm2)

γ flux: ~ 0.73/(s cm2)

neutrons: 4x10-6 n/(s cm2) below 
10 MeV
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CUORE cryostat

• Goals: Cool down ~1 ton detector to ~10 mK. Mechanically decoupled for extremely low 
vibrations. Low background environment. 

• Minimum base temperature of 6.3 mK reached, detector optimal performance @ 10-15 mK. 
Cool down time: 20 days to 3.4 K, 1.5 more days to base temperature.

• Cryostat total mass ~30 tons. Mass to be cooled < 4K: ~15 tons. Mass to be cooled < 50 mK: 
~3 tons (Pb, Cu and TeO2). 

• Detector calibration system: 232Th calibration sources at base temperature
7
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26/8/16: CUORE detector completed
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Bottom view
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Detector installation
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Performed in a radon-free environment:
• protected area inside the CUORE clean room flushed 

with radon-free air (Rn concentration < 0.1 Bq/m3)
• protective bags flushed with nitrogen for overnight 

and emergency storage
• teams composed of 3 operators spending the 

minimum amount of time in the cleanroom, following 
strict protocols developed during months of training 
and test with mockup components.

September-October 2016:
• installation of the cryostat interfaces (protective tiles) and radiation 

shields
• read-out tests.

Observed first detector pulses 
just after the cool down on 
January 27, 2017.
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Science runs (May-September ’17)
• 2 periods of physics data 

‣ Dataset 1: May – Jun 2017 → 37.6 kg yr of TeO2 
‣ Dataset 2: Aug – Sep 2017 → 48.7 kg yr of TeO2 

• Total exposure: TeO2  →  86.3 kg yr , 130Te → 24.0 kg yr 

• 984/988 bolometers are operational

• Trigger rate in physics runs: 6 mHz / bolometer
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Energy resolution
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2615 keV 208Tl γ peak
Resolution FWHM in Physics 
runs:

• Dataset 1: (8.3 ± 0.4) keV

• Dataset 2: (7.4 ± 0.7) keV 

• Weighted avg: (7.7 ± 0.5) keV

• CUORE goal: 5 keV.

Line shape per bolometer (calibration runs)

• Triple gaussian

+ multi compton + linear background

+ Tellurium X-ray escape peak + sum peak
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Blinding of the result
• Data at the Q-value are salted by randomly exchanging events with the 

nearby 208Tl background line. This creates an artificial peak that hinders 
the true rate at the Q-value;

• Once the analysis procedures are fixed data are unblinded by exchanging 
back the events.
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0νββ Q-value
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Result: no evidence found
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CUORE Preliminary
yr⋅Exposure: 86.3 kg

Fit components:

• Flat background

• 60Co sum peak

• Peak at Qββ

Half-life limit 90% CL:

• T0ν > 1.3 x 1025 yr

Efficiency:

• Analysis cuts

• ββ single crystal 
containment (88%)

Background  
(counts / keV / kg / y)

Efficiency 
(%)

Dataset 1 1.49-0.17+0.18 ·10-2 75.7 ± 3.0 

Dataset 2 1.35-0.18+0.20 ·10-2 83.0 ± 2.6 



1−10 1 10 210
 (meV)lightestm

1−10

1

10

210

310

 (m
eV

)
ββ

m

(Preliminary)
Cuoricino + CUORE-0 + CUORE limit (Te)

CUORE sensitivity (Te)

Normal hierarchy

Inverted hierarchy

0 0.2 0.4 0.6 0.8 1

1−10

1

10

210

310

Other isotopes

Mo

Ge

Xe

M. Vignati - CUORE

Combined with previous Te experiments
Exposure 130Te:

• 19.75 kg yr Cuoricino 

• 9.8 kg yr CUORE-0 

• 24.0 kg yr CUORE 

Combined 90% limit: 

• T0ν > 1.5 × 1025 yr 

• mββ < 140-400 meV 
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Experimental half lives: 
130Te: 1.5 × 1025 yr from this analysis 
76Ge: 5.3 × 1025 yr from Nature 544, 47–52 (2017) 
136Xe: 1.1 × 1026 yr from Phys. Rev. Lett. 117, 082503 (2016)

100Mo: 1.1 × 1024 yr from Phys. Rev. D 89, 111101 (2014) 
CUORE sensitivity: 9.0 × 1025 yr
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• CUORE is the first ton-scale 0νββ detector. 

• Exceptional cryostat performance, more than a ton of material at 10 mK.

• First results from 2 months of collected physics data.

• CUORE is cooling back down, focus on energy resolution improvement:

‣ Optimization of detector working conditions.
‣ Noise cancellation via Pulse Tube phase optimization:

Conclusions and perspectives

16
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at ⇠ 9.4 mK to 0.074 at ⇠ 11.0 mK. Since intrinsic RMS
of the noise thermometer is measured in 0.039mK and
0.033mK at 11mK and 9.4mK respectively, the actual
RMS of the temperature fluctuations of the MC are

RMS
LD

=
p

(0.092)2 � (0.033)2 mK

= 0.086mK

RMS
LD+stab

=
p

(0.074)2 � (0.039)2 mK

= 0.063mK

(1)

without and with stabilization, respectively. The uncer-
tainty on the MC heater is negligible 3, therefore the
RMS calculated in Eq. 1 describe the MC temperature
fluctuations due to PT mechanical vibration noise. Since
the error on the MC temperature scale as T�1 [10], we
can extrapolate the RMS without stabilization at 11mK
to be 0.073mK. The stabilization procedure then reduces
the fluctuations of the MC temperature by ⇠14%.

C. Phase scan

We can choose any phase configuration (via calibration
and control) and make it constant in time (via stabiliza-
tion). We now have the necessary tools to study di↵erent
phase configurations searching for the best one.

We implemented an algorithm that automatically
scans all the possible phase configurations and triggers
the CUORE DAQ to acquire the detector noises.

1. Process

There are four active PTs, namely PT(1), PT(2), PT(4)

and PT(5). The last of them acts as a reference for
the other’s phases calculation. We break each of the 3
phase shift variables (denoted by x ⌘ PT (2) � PT (5),
y ⌘ PT (1) � PT (5), z ⌘ PT (4) � PT (5)) into steps of
20�, resulting in n

p

= 183 =5832 possible phase configu-
rations. These are mapped to a scalar running from 0 to
5831, called PhaseID (ph), through the following base-18
positional notation:

ph=

✓
180� + x

20�

◆

| {z }
⌘x18

·180+

✓
180� + y

20�

◆

| {z }
⌘y18

·181+

✓
180� + z

20�

◆

| {z }
⌘z18

·182

(2)
For example, PhaseID ph = 3038 corresponds to the
phase configuration (100�, -60�, 0�).

The scan keeps the system on a constant phase config-
uration for a given time t, taking 5-second detector noise
waveforms consecutively. We then move to another phase
configuration and repeat the process. The noise wave-
forms are simultaneously acquired on all the 988 CUORE

3
it has been calculated in 0.5µK and 2.3µK, respectively
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FIG. 6. Average Noise Power Spectrum (ANPS) for one of the
CUORE bolometer up to 15 Hz. The first ten 1.4 Hz peak
harmonics are shown for a not optimized (black) PT phase
configuration. The reduction of the amplitude of the lower
ones is clearly visible after phase optimization (red, refer to
Sec. VB). The peak around 3.2 Hz is the resonance frequency
of the elastomeric mechanical decouplers.

bolometers. A synchronous digital signal is used to asso-
ciate a well defined PhaseID to each waveform acquired
by the DAQ system. Only waveforms which entirely fit
within the same phase configuration are labeled as good
waveforms and are associated to a valid PhaseID.

2. Scanning time

A full scan can be performed in a time given by

T
scan

= (d+ t) ·
✓
360

S

◆(N�1)

| {z }
n

p

(3)

where t is the time spent in measuring the noise on
each phase configuration, S is the scan step size ex-
pressed in degrees, N is the number of active PTs, and
d ' (0.16 · S) sec is a coe�cient taking into account the
delay introduced by the algorithm dead times. Notice
that n

p

is the number of possible phase shift configura-
tions, while (N � 1) indicates the number of phase shift
variables, varying in the range [-180�, 180�] and referred
to a reference PT. Since the reference PT does not need
its working frequency to be ever modified, we choose
PT(5) – which thermalizes 3He/4He mixture of one of
the injection lines at 40K and 4K – as the reference PT.
We take t = 47 sec, in order to acquire up to nine noise
samples of 5 sec each, for each phase configuration.
T

scan

is the first, crucial parameter which constrains
the applicability of this technique. Since we have enough
cooling power to run the CUORE cryostat with only four
active PTs out of five (see Sec. III ), we let N = 4. As
shown in Tab. I, choosing S = 20� we need about 3.5 days
for a complete scan.

arXiv:1712.02753
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FIG. 1. Top view of the 300 K plate of the CUORE cryostat.
The positions of the five PTs and of the Dilution Unit (DU)
are highlighted. PT(3) is not powered during data taking.
Colors refer to optimal phase configuration commented in sec.
VI: PT(4) and PT(2) are in phase opposition (red) with respect
to the reference PT(5) (green), while PT(1) is in quadrature
(orange) with respect to PT(2).

ture with its shielding vessel - mostly copper and TeO2

crystals.
In order to minimize the detector noise, the entire

experimental volume – about one cubic meter – must
be kept in optimal and stable experimental conditions,
which means in an exceptionally low radioactive back-
ground and a low mechanical vibration environment. To
address the former requirement, all the materials used in
CUORE meet strict radio-purity criteria and underwent
di↵erent types of cleaning procedures ([8] and references
therein). To cope with the latter requirement, a special
suspension has been designed to mechanically decouple
the detector structure from the rest of the cryostat [9].
The suspension acts as a mechanical low pass filter for vi-
brations with a cut-o↵ frequency of about 0.5Hz in both
the vertical and horizontal directions. Moreover, the
whole CUORE infrastructure itself has been designed to
be isolated from external sources of vibrations by means
of four elastomeric dampers.

III. THE CUORE PTS

A Pulse Tube is a cryocooler whose cooling power is
provided by means of 4He gas isoenthalpic expansions.
The cooling e↵ect relies on a periodic variation of the
pressure inside one or more thin-walled tubes – the ac-
tual “Pulse Tubes” – containing a large heat capacity
regenerator and with heat exchangers at both ends [10].

The pressure cycles are provided by a rotating valve
inside the PT motor-head at room temperature. This
valve makes 0.7 revolutions per second and alternatively
connects the PT to the high-pressure and low-pressure
side of a compressor. This results in pressure waves with
a frequency that depends on the PT model and which is
1.4Hz for the CUORE PTs.
In cryogenic systems such as the ones used for rare

event searches, PT cooling is is becoming more popular
compared to LHe bath – even with the support of sys-
tems to reduce boil-o↵ or for in-situ reliquefaction – for
several reasons, which include cost, reliability, stability,
duty cycle, and safety.
The downside of mechanical cryocoolers is normally

the production of mechanical vibration inside the ex-
perimental apparatus. With PTs the absence of mov-
ing parts at low temperature increases the reliability and
strongly reduces the magnetic interference and the in-
tensity of vibrations generated during operation with re-
spect to other cryocoolers, such as piston-based Gi↵ord-
McMahon heads. Small residual mechanical vibrations
still occur in a PT due to the elastic deformation caused
by pressure oscillations in the He gas inside them.
All these features make the PTs suitable for cooling

sensitive devices like the low temperature detectors used
for CUORE, but care must be taken to minimize the
impact of their residual mechanical vibrations.
The large number of PTs installed in CUORE cryo-

genic system is determined by the significant heat load
in this large system which derives from thermal radia-
tion, conduction along mechanical supports, nearly 3000
electrical wires, and 3He circulation for the dilution unit.
To provide the needed cooling power in all foresee-

able running conditions – with a safe margin – CUORE
mounts five PT415-RM by Cryomech [11]. The nominal
cooling power of each of them is 1.2W at 4.2K and 32W
at 45K each, while the lowest temperature achievable
is close to 3K with no thermal load. With these per-
formances, the cooling power provided by no more than
4 PTs is su�cient to operate the CUORE dilution unit
with its largest cooling power. The fifth PT is therefore
kept as a spare. The CUORE PTs are arranged (see Fig.
1.) on a circumference with a radius of ⇠ 2/3 of the
top cryostat plate (300 K plate) in a non symmetric way.
PT(1) and PT(5) are the most critical as the DU con-
densing lines (which carries the 3He/4He gas from room
temperature to the DU) are thermalized on them. When
running the cryostat with only four PTs, any other of the
three PTs can be switched o↵. We keep PT(4) and PT(2)

active for this analysis.

A. Vibration noise

The e↵ect of mechanical vibration on the CUORE de-
tectors is two-fold: electrical and thermal. The coupling
of vibrations to the signal wires, which run from the de-
tectors to the room temperature connectors, causes noise
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Fit in the ROI

Decay rate limit 
(90% CL, including systematics): 

< 0.52 × 10-25 / yr

Half-life limit 
(90% CL, including systematics): 

1.3 × 1025 yr

Median expected sensitivity:
7.0 × 1024 yr

Best fit decay rate: (-1.0 –0.3 +0.4 (stat.) ± 0.1 (syst.))×10-25 / yr

No evidence of signal
Limit calculation 

Profile likelihood integrated on the 
physical region (Γ0v > 0)

Claudia Tomei - Seminari INFN Roma, 13 Febbraio 2018

(2% probability of a larger limit wrt the one observed)



The following nuisance parameters are considered:  
• energy resolution (higher and lower by 1σ). 
• Q-value (higher and lower by 0.5 keV from energy scale uncertainty) 
• no sub-peak in the detector response (simple gaussian line shape) 
• linear background (higher and lower by 1σ). 
The systematic error associated to efficiency is computed directly from the statistical 
uncertainty on the efficiency.

Systematic errors

Systematic Absolute uncertainty [10-24 
yr]

Relative 
uncertainty

Resolution - 1.5%
Q-value 
location - 0.2%

No subpeaks 0.002 2.4%

Efficiency - 2.4%

Linear fit 0.005 0.8%


