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 Present knowledge about neutrinos
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• neutrinos are massive fermions 
• there are 3 active neutrino flavors (να) 
• neutrino flavor states are mixtures of mass states (νk)

Measurements of neutrino parameters from: 
 - neutrino oscillations 
 - single beta decay 
 - cosmology 
 - neutrinoless double beta decay
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 Open questions

• What is the absolute neutrino mass scale?  

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

• Are neutrinos Dirac or Majorana particles?  

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

• Is there CP violation in the lepton sector?  

▸ Neutrinos are important probes of the Standard Model limits  
▸ Neutrino masses are linked (directly or indirectly) to all the above 
questions  
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 Open questions

 0ν-ββ can give an answer to three of those questions: 

• Dirac or Majorana nature  

• absolute mass scale:  
mass of the lightest ν 

• hierarchy of masses  
(m1 < m2 ≪ m3 or m3 ≪ m1 <m2)

Oscillation experiments can determine the hierarchy but are blind to the other two questions
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 Double beta decay

Isotope Q-value
 [keV]

Isotopic 
abundance

48Ca 4272 0,19
76Ge 2039 7,8
82Se 2996 9,2
96Zr 3350 2,8

100Mo 3034 9,6
116Cd 2814 7,6
130Te 2527 33,4
136Xe 2459 8,9
150Nd 3371 5,6

Very rare nuclear decay  (A,Z) → (A,Z+2) + 2e- (+?)
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 Double beta decay
0ν-DBD is a fundamental tool to determine neutrino properties 

• Dirac or Majorana nature 

• Absolute mass scale 

• Mass hierarchy

2νββ 

0νββ 

ββ summed e� energy spectrum 

(A,Z) ! (A,Z + 2) + 2e�

2ν-DBD 
2nd order process allowed in the SM 
observed in several nuclei with  τ2ν ~ 1019-1021 y

(A,Z) ! (A,Z + 2) + 2e� + 2�

0ν-DBD (implies physics beyond SM) 

lepton number violating process 
τ0ν > 1024-1025 y 
exists if neutrino is a Majorana particle and mν≠0
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 A long history of 0ν-ββ experiments

<m
ee
>

An order of magnitude on the effective Majorana mass every 15 years? 
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 0ν-ββ and Majorana mass
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 Is there a preferred isotope?

• Nuclear matrix elements calculations are rapidly improving and today the differences 
between different methods (IBM, QRPA, ISM) are much smaller than in the past 

• Uncertainty on gA plays a relevant role 
factor 2 in gA is a factor 16 in decay rate 

• inverse correlation observed between phase space  
and square of the nuclear matrix element 

geometric mean of the squared 
matrix element range limits & the 
phase-space factor evaluated at gA=1 !
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 Isotope choice

In many cases driven by the detector characteristics. 
- 76Ge with Germanium diodes 
- 136Xe with Xenon TPCs 
- bolometers and scintillators have multiple choices 

• Isotopic abundance as high as possible 
- money issue

• Q-value as high as possible 
- background

• 2ν-DBD half-life as high as possible 
 - energy resolution
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 Sensitivity

S0⌫ = ln(2)NA
⌘ · ✏
W

M · TS0⌫ = ln(2)NA
⌘ · ✏
W

r
M · T
�E ·B

M: active detector mass [kg] 
T: measurement life time [anni] 
B: background in the ROI [counts keV-1 kg-1 y-1] 
W: molecular weight

 NA: Avogadro number 
 η: isotopic abundance 
 ε: detector efficiency 
 ΔE: FWHM energy resolution @ Q-value

zero background: M⋅T⋅B⋅ΔE ≲1 finite background: M⋅T⋅B⋅ΔE >1 

Half-life corresponding to the minimum detectable number of events 
over background at a given confidence level
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 How to improve sensitivity?

Increase measurement time 

Increase mass 

Increase isotopic abundance (enrichment) 

Improve energy resolution 

Reduce background
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 Irreducible background from 2ν-ββ
Re
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]

136Xe

S/B=1 Zdesenko, Danevich, Tretyak, J. Phys. G 30 (2004) 971

The irreducible background induced by the 2ν-ββ  
could be mitigated just by the energy resolution 

The effect can be partially attenuated with an 
asymmetric ROI (but losing efficiency)
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 Neutrinoless ββ decay @ LNGS
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• ~3600 m.w.e. deep 
• μS: ~3x10-8/(s cm2) 
• γS: ~0.73/(s cm2) 
• neutrons: 4x10-6 n/(s cm2)

A long history in 0νββ search  
• MiDBD (130Te)  
• Heidelberg-Moscow (76Ge)  
• Cuoricino (130Te)  
• GERDA-I (76Ge) 
• CUORE-0 (130Te)  
various R&D projects  
• DAMA R&D (116Cd)  
• Cobra (116Cd) 
• CUPID-0/LUCIFER (82Se) 
important role in the next years  
• GERDA-II (76Ge) 
• CUORE (130Te)
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 GERDA
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• High purity semiconductor  
• Enrichment: about 87% of 76Ge 
• Qββ value 2039 keV 
• Energy resolution @ Qββ ∼ 0.2% (FWHM) 
• High detection efficiency 
• Modular 
• Point-like energy deposition (PSD)  
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 GERmanium Detector Array

16

HPGe detector array

LAr

Water tank

Cryostat
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 GERDA Phase I results
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T1/2 > 2.1·1025 yr  
  

<mββ > < 0.2−0.4 eV (90% C.L.)  
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 GERDA Phase II
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Goals:  
- Sensitivity above 1 · 1026 yr 
- Exposure ∼ 100 kg · yr  
- Background index 10−3 cts/(keV·kg·yr)  

What’s new?  
- 30 custom BEGe detectors (∼ 20 kg ) 
- energy resolution ∼ 3keV FWHM @ 2MeV  
- pulse shape discrimination of bulk SSE 
  against surface events (α&β) and MSE 
  
Background veto 
- LAr scintillating read–out  
- better anti-coincidence  
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 PSD
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 Phase II Detectors
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 Present Status
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- Phase II started on December 20, 2015 

- 7 strings – 40 detectors 

- exposure by Feb 2016: ∼ 2.6 kg · yr  

- no surprises in the background spectrum 
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 The CUORE challenge
Operate a huge thermal detector array in a extremely low radioactivity and low vibrations environment

• Closely packed array of 988 TeO2 crystals (19 towers of 52 crystals 5×5×5 cm3, 0.75 kg each) 

• Mass of TeO2: 741 kg ( ~206 kg of 130Te ) 

• Energy resolution: 5 keV @ 2615 keV (FWHM) 

• Stringent radiopurity controls on materials and assembly  

• Operating temperature: ~ 10 mK 

• Mass to be cooled down: ~ 15 tons (lead, copper and TeO2) 

• Background aim: 10-2 c/keV/kg/year 

• T1/2 sensitivity (90% C.L.): ~ 9.5 x 1025 yr
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 Thermal detectors
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• wide choice of detector materials 
low heat capacity @  Twork 

• excellent energy resolution (~1 ‰ FWHM) 
huge number of energy carriers (phonons) 

• equal detector response for different particles 
true calorimeters 

• slowness  
in rare event search doesn’t matter
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 CUORE-0

CUORE-0 is the first tower produced out of the CUORE assembly line.
  

• 52 TeO2 5x5x5 cm3 crystals (~750 g each)  
• 13 floors of 4 crystals each  
• total detector mass: 39 kg TeO2 (10.9 kg of 130Te)  

 

CUORE-0 has been taking data since March 2013 in the 25 year old 
Cuoricino cryostat.  

• Proof of concept of CUORE detector in all stages  
• Test and debug of the CUORE tower assembly line  
• Test of the CUORE DAQ and analysis framework  
• Check of the radioactive background reduction 
• Extend the physics reach beyond Cuoricino while CUORE is 

being assembled  
• Sensitive 0νDBD experiment 
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 CUORE-0 results

Reconstructed Energy [keV]
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CUORE-0 Preliminary

Reconstructed Energy  ( keV )
2470 2480 2490 2500 2510 2520 2530 2540 2550 2560 2570

Ev
en

ts 
/ (

 2
ke

V
 )

0
2
4
6
8

10
12
14
16
18

/NDF = 43.8/462χ  y
 ))

⋅
 k

g 
⋅

Ev
en

t R
at

e 
( c

ou
nt

s /
 ( 

ke
V

 

0

0.05

0.1

0.15

0.2

0.25CUORE-0 Unblinded Energy (keV)
2470 2480 2490 2500 2510 2520 2530 2540 2550 2560 2570

 )σ
Re

sid
ua

l (
 

4−
3−
2−
1−
0
1
2
3
4

Background index: 0.058 ± 0.004 (stat.) ± 0.002 (syst.) c keV-1 kg-1 yr-1

0νDBD 130Te Bayesian 90% C.L. limit: T1/2 > 2.7 × 1024 yr
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<mββ> < (270-650) meV
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 CUORE detectors

!

!

• New lighter detector design structure 

• Reduced overall copper surfaces by a factor ~2 

• New surface cleaning technique 

• Strict production protocols for TeO2 surface 

contamination 

• Minimization of Rn exposure (Glove Box assembly) 

• Strict material selection
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 CUORE Assembly & Bonding

1. Assembly box 2. Cabling box 3. Bonding box 4. Storage box

Tower garage
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 CUORE Towers Assembly
• Assembly of all the 19 CUORE towers completed in 2014

Assembly line improved 

after CUORE-0

51/52 NTD connected 

51/52 heaters connected

CUORE-0

988/988 NTD connected 

988/988 heaters connected

CUORE

• Also a mockup tower for the Detector installation phase and a minitower to be used during the cryostat 
commissioning runs were produced
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 Cryogenic system commissioning: phase 1

29

Phased commissioning adding complexity at each step

• Phase I: individual systems test 

• Outer/Inner vacuum chamber  

• Cryostat 
Final temperatures: 

32 K at the 40K stage 
3.3 K at the 4K stage 

• Dilution Unit 
Lowest temperature: 4.95 mK 

• Phase II: system integration

5"

7"

9"

11"

13"

15"

0" 2" 4" 6" 8" 10"

M
ix
in
g&
Ch

am
be

r&T
em

pe
ra
tu
re
&[m

K]
&

MC&Power&[µW]&

S-ll"0"mW"HEX"0"uW"
S-ll"0"mW"HEX"50"uW"
S-ll"0"mW"HEX"100"uW"
S-ll"0"mW"HEX"150"uW"
S-ll"5"mW"HEX"0"uW"
S-ll"5"mW"HEX"50"uW"
S-ll"5"mW"HEX"100"uW"
S-ll"5"mW"HEX"150"uW"
S-ll"10"mW"HEX"0"uW"
S-ll"10"mW"HEX"50"uW"
S-ll"10"mW"HEX"100"uW"
S-ll"10"mW"HEX"150"uW"



Compact Stars in the QCD phase diagram V”  
May 25, 2016 - LNGS, Italy  

Neutrinoless ββ decay @ LNGS 
Carlo Bucci

 Cryogenic system commissioning: phase 2
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Cryostat  
+ 

Dilution Unit
Wiring

Top Pb shield  
Detector Calibration System  

Towers support plate 
Fast Cooling System

Insertion of few  
TeO2 detectors

side roman Pb shield
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 Coldest m3
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 Present Status
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• Commissioning is over 

• Installation of all the 19 CUORE towers in the cryostat
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 Present Status
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- Detector installation phase started (to be finished by the end of August) 

- cooldown foreseen for October  

- operation before the end of 2016
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 Present limits on mββ
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 Importance of the gA quenching
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 Which is the level that we can reach?
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Dell’Oro, Marcocci and Vissani, Phys. Rev. D 90, 033005 (2014)
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