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CUORE MoU

Article 1.2   
The aim of the CUORE experiment is to explore the nature of the neutrino by searching for neutrino-less double beta 
decay of 130Te. CUORE is a bolometric detector consisting of crystals of TeO2 operated at low temperature. The 
experiment will be deployed and operated in Hall A of the Gran Sasso National Laboratory (in the following "The Site"). It 
is expected that other studies will be possible once CUORE is in operation. 

Memorandum of Understanding (MOU)
for the Construction and Operation of the CUORE Experiment 

between 
the Istituto Nazionale di Fisica Nucleare, INFN, Italy and 

the University of California, UC, as the Management and Operating contractor for the 
Lawrence Berkeley National Laboratory, LBNL, USA 

August 13, 2010
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Double Beta Decay

1935 Maria Goeppert-Mayer anticipates 
double beta decay observing the 
trend of nuclear binding energies

(A,Z) ! (A,Z + 2) + 2e� + 2⌫e
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The neutrino
1930 W.Pauli invents a new elusive particle 

to explain the observed features of 
nuclear beta decays in terms of the 
existing physics principles  and avoid 
very exotic interpretations

Open letter to the group of radioactive people at the 
Gauverein meeting in Tübingen.

Physics Institute Zürich, Dec. 4, 1930
of the ETH Gloriastrasse
Zürich

Dear Radioactive Ladies and Gentlemen,
As the bearer of these lines, to whom I graciously ask you 

to listen, will explain to you in more detail, because of the 
"wrong" statistics of the N- and Li-6 nuclei and the 
continuous beta spectrum, I have hit upon a desperate remedy 
to save the "exchange theorem" (1) of statistics and the law 
of conservation of energy. Namely, the possibility that in the 
nuclei there could exist electrically neutral particles, which 
I will call neutrons, that have spin 1/2 and obey the 
exclusion principle and that further differ from light quanta 
in that they do not travel with the velocity of light. The 
mass of the neutrons should be of the same order of magnitude 
as the electron mass and in any event not larger than 0.01 
proton mass. - The continuous beta spectrum would then make 
sense with the assumption that in beta decay, in addition to 
the electron, a neutron is emitted such that the sum of the 
energies of neutron and electron is constant. 
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Fermi’s revolution
1934 E.Fermi completes his famous theory of Weak Interactions and 

names “neutrino” the particle of W.Pauli

• Electrons and neutrinos are created in nuclear beta decay (as 
contrasted to “emitted from”)

GF

• The probability of the processes mediated by the Weak Interaction can be eventually calculated  
• It is really very low
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A slightly different point of view
1937 Ettore Majorana introduces a symmetric description for particles 

(fermions) and anti-particles. Neutrino is immediately recognised 
as an important actor

1937 Giulio Racah understands that Majorana theory can give rise to 
new  processes

1939 Wendell H. Furry introduces neutrino-less double beta decay (ββ0ν)

(A,Z) ! (A,Z + 2) + 2e�

ββ0ν first of all violates lepton number

B=A, L=0 B=A, L=2
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Neutrino mass mechanism
• Neutrino offers the most direct interpretation of neutrino less double beta decay

X

Mechanisms to explain the cosmic 
asymmetry between matter and anti-
matter are possible

• In this process a neutrino is emitted at the first vertex but only an antineutrino can be absorbed at the second!

• Neutrino = Anti-neutrino 
• Neutrino is a Majorana particle



Oliviero Cremonesi - October 23, 2017 - CUORE inauguration - LNGS

CUORE

11

Nowadays
Standard Model (SM) is the best theory of matter we have

• Few particles can explain all observed processes 
• Neutrinos look different from other fundamental particles
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Standard Model

•neutrino masses are zero 
•B-L , Le-Lμ , Le-Lτ , Lτ-Lμ are exactly conserved;        
•B , L , Le , Lμ , Lτ only perturbatively 
•matter ≠ antimatter, neutrinos included  
•(no explanation of cosmic matter unbalance)

•neutrino masses are zero [FALSE]

•(no explanation of cosmic matter unbalance)

•B-L , Le-Lμ , Le-Lτ , Lτ-Lμ are exactly conserved;        
•B , L , Le , Lμ , Lτ only perturbatively [MOSTLY FALSE]
•matter ≠ antimatter, neutrinos included [UNCERTAIN]

ββ0ν: a unique opportunity to 
solve an 80 year old mystery
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The neutrino open questions

• What is the absolute neutrino mass 
scale?  

Is the lightest ν massless? Hierarchical or 
degenerate? 

• What is the neutrino mass ordering?  
Normal (m1<m2  ≪ m3) or inverted (m3 ≪ 
m1 <m2)? 

• Are neutrinos Dirac or Majorana 
particles? 

Lepton number violation, neutrinoless 
double beta decays 

• What is the origin of neutrino masses 
and flavor mixing?  

See saw mechanisms, flavor 
symmetries, ... 

• Is there CP violation in the lepton 
sector?  

What is the value of the Dirac CP-violating 
phase δ?

νe
νµ

ντ
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ββ0ν and the neutrino

• Neutrinos are important probes of the Standard Model

• ββ0ν observation would imply that: 
• lepton number L is violated (by two units) 
• neutrinos and antineutrinos are different states of the same particle (Majorana particle)  

• and moreover that: 
- neutrinos are massive particles (this actually is already known!) 
- neutrino masses are measurable 
- new mechanisms for CP violations are possible 
- explanations of the cosmic asymmetry between matter and antimatter exist (leptogenesis)
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The experimental search

(A,Z) ! (A,Z + 2) + 2e�

• A very complex interpretation for a quite simple reaction

• Few actors: a recoiling nucleus and two freshly 
produced electrons 

• A quite simple signature: the two electrons carry 
always the same energy 
→  a sharp peaks in the sum spectrum of the 
electron energies 

Additional signatures: 
• Single electron energy spectrum 
• Angular correlation between the two electrons 
• Daughter nuclear species
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ββ0ν sensitivity master formula
The sensitivity (minimum observable activity) of an experiment like CUORE can be 
derived under very simple assumptions

S0⌫
1/2 / ✏

i.a.

A

s
M · tmeas

bkg ·�E

Nnuclei  number of active nuclei 
in the experiment

tmeas      measuring time [y] 
M detector mass [kg]
ε detector efficiency
i.a. isotopic abundance
A atomic number
ΔE energy resolution [keV]
bkg background [c/keV/y/kg]

where:

Despite its simplicity this formula outlines the dependence 
of the sensitivity on the critical experimental parameters: 

• Isotope properties
• Detection efficiency 
• Mass
• Energy resolution
• Background
• Measure Time
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Why Tellurium?

Isotope i.a.(%) Q [MeV]
48Ca 0.187 4.263
76Ge 7.8 2.039
82Se 9.2 2.998
96Zr 2.8 3.348
100Mo 9.6 3.035
116Cd 7.6 2.813
130Te 34.1 2.527
136Xe 8.9 2.459
150Nd 5.6 3.371
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Lifetime achievement award
• In the ’60’s Ettore Fiorini understands the 

importance of the homogeneous approach 
to increase the efficiency ε

• Almost exactly 50 years have passed 
since the first experiment on 76Ge



Oliviero Cremonesi - October 23, 2017 - CUORE inauguration - LNGS

CUORE

19

Direct searches in Tellurium become a reality
• In 1984 E.Fiorini and T.Niinikoski 

propose the use of low temperature 
detectors for rare event searches 

• This opens completely new 
perspectives in the field since any 
constraint on the choice of the 
element of interest seems to vanish 

• In principle any ββ0ν decaying 
isotope can be studied with this 
technique

•Later in th 80’s, Giorgio Benedek suggests the use of TeO2 

•The adventure begins ….
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The CUORE detectors
Large array of thermal detectors 

• low heat capacity @ Twork (C~T3) 
• excellent energy resolution (~0.2% FWHM) 
• same detector response for different particles 
• slowness (suitable for rare event searches)

The concept: a pure calorimeter
The absorbed energy is converted into a variation of 
the crystal temperature, measured by the thermistor

Thermal coupling 
(wires and PTFE supports)

Thermistor 
(Ge-NTD)

Absorber 
(TeO2 crystal)

Si heater
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CUORE
(Cryogenic Underground Observatory for Rare Events) 

• 988 TeO2 crystals  
• 19 towers

CUORE projected sensitivity (5 years, 90% C.L.):
T1/2 > 9 × 1025 yr

Primary goal: search for ββ0ν decay in 130Te

CUORE design parameters: 
• mass of TeO2: 742 kg (206 kg of 130Te ) 
• low background aim: 10-2 c/(keV⋅kg⋅yr)
• energy resolution: 5 keV FWHM in the Region Of Interest (ROI)  
• high granularity 
• deep underground location 
• strict radio-purity controls on materials and assembly
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CUORE @ LNGS

1400 m of rock (~3600 m.w.e.) deep 
• μ’s: ~3 × 10-8 / (s⋅cm2) 
• γ’s: ~0.73 / (s⋅cm2) 
• neutrons: 4 × 10-6 n/(s⋅cm2) below 10 MeV
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CUORE @ LNGS

 CUORE 
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Underground lab

• Three-story building 
• Ground floor: service area 
• First floor: clean room & cryostat 
• Second floor: Readout systems
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The CUORE cryostat

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:

• Designed to cool down ~1 ton detector to ~10 mK  
• Mechanically decoupled for extremely low vibrations  

• Low background environment
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CUORE operation and present results

• Seven weeks of useful physics data have 
been so far collected 

• No evidence for ββ0ν of 130Te has been 
observed 

• The corresponding limit on the 130Te ββ0ν 
half-lifetime already surpasses the results 
of its predecessors (CUORE-0 and 
Cuoricino) which were operated for years: 

T1/2 > 1.3 × 1025 yr

• CUORE has started taking data in April 2017 
• System performance is excellent and 

preludes to a long and stable operation 
• Performance parameter are consistent with 

design parameters



Oliviero Cremonesi - October 23, 2017 - CUORE inauguration - LNGS

CUORE

27

Results & perspectives
• Combining CUORE result with 

the existing 130Te 
• 19.75 kg·yr of Cuoricino  
•   9.8 kg·yr of CUORE-0 

we get a 90% C.L. limit   
T0ν > 1.5 × 1025 yr

mββ <  140 – 400 meV 
corresponding to

Se
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•  The estimated in 5 years of data 
taking make CUORE the most 
sensitive experiment for the 
search of ββ0ν of 130Te
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Other BDB studies

130Te β−β−       34.08% 2527.51
120Te β+/EC,EC/EC 0.09% 1714.81
128Te β−β−      31.74% 865.87

The relevance of these studies has already been demonstrated in Cuoricino and CUORE-0, but the experimental 
sensitivity can be enormously amplified by exploiting the huge mass of CUORE

Tellurium has three isotopes of interest for double beta decay

We have so far considered only transitions to the ground state of the daughter nucleus but transitions to 
excited states are equally important and can provide unique informations
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Other physics studies

Preliminary studies carried out with CUORE-0 can become competitive measurements with CUORE

The increased mass of the detector opens new horizons for the study of a number of physics processes

• supernovae neutrinos 
• dark matter candidates 
• exotic processes (electron stability, CPT/Lorentz invariance, …)
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Conclusions

• CUORE is the first ton-scale cryogenic detector array in operation, more than an order 
440 of magnitude larger than its predecessors 

• The successful commissioning and operation of this large-mass, low-background 
cryogenic bolometer array represents a major advancement in the application of this 
technique to ββ0ν decay searches and demonstrates the feasibility of future large-mass 
bolometer arrays for rare-event searches. 

• Thanks to the increased mass of the detector a number of physics processes can be 
studied with a high precision
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The CUORE Collaboration


