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What we know about neutrinos!
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Physics Motivations!

Neutrino oscillation experiments proved that neutrinos are 
Mixed and Massive 

Open questions:  
 

•  Absolute mass 
scale and the 
hierarchy pattern 

•  Type of fermion: 
Dirac or a 
Majorana ? 

•  θ13 and values of 
the CP phases 

Motivations for 0ν2β searches	
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n    Neutrinoless Double Beta Decay"

n  Not allowed by SM (L-Violation)"
n  Claim of observation in 76Ge:  t = 2.23 x 1025 y"

!Mod.Phys.Lett.A21:1547-1566,2006"
n  Neglecting the claim: τ (76Ge)> 1.9 x 1025 y!

Phys. Rev. D 63 073005"
n  Possible only if neutrinos are Majorana particles
"    "       Schetcher, Valle Phys. Rev. D25 2951 1982!

n    Double Beta Decay"

n  2nd order SM weak process!

n  already observed with lifetimes  τ ~ 1019-1021 y!

Double Beta Decays!
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Rome, December 6, 2010 Discrete Conference - Elena Guardincerri 

0ν2β Decay and the Effective Mass!
In the (standard) hypothesis that the process is mediated by the  
exchange of a light Majorana ν the half-life for 0ν2β is: 
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Phase space 
factor, ~ Q5,can be 
computed exactly 

Nuclear matrix element, main 
source of uncertainty when 
deriving mββ from τ 

Effective 
neutrino mass 

From the measurement of mββ costraints on the ν Mass Hierarchy can be set 
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We can express the effective neutrino mass in terms of the measured oscillation 
parameters and of the unknown lightest neutrino mass: 
 
 
and therefore use the oscillation parameters to constraint mββ and mmin  

Degeneracy: m1 ~ m2 ~ m3 

Inverted hierarchy: m3 << m2 ~ m1 

1σ errors for  
oscillation parameters 

best values of 
oscillation parameters 

! 

m"" = f Uek,mlightest ,#m12,#m13( )

Next  Generation  0ν2β  Experiments 
CUORE among them 
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A. Strumia, F. Vissani, arXiv.org/abs/hep-ph/0606054 

Normal hierarchy: 
 m1 < m2 << m3 

0ν2β and Mass Hierarchy Patterns!
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2ν2β  vs  0ν2β  Decay!
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0ν2β Decay Signature!
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M:	  mass	  (g)	  
ε	  :	  efficiency	  
KC.L.:	  Confidence	  level	  
N: Avogadro	  number	  

t:	  :me	  (y)	  
NBckg:	  Background	  events	  
(keV-‐1.g-‐1.y-‐1)	  
ΔE:	  energy	  resolu:on	  (keV)	  

Experimental Sensitivity (0ν2β)!
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Determining the Nature of Neutrino 
using!

Bolometric Techniques!
!
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The Bolometric Technique!
Ø  Crystals, cooled to ~10 mK inside a Dilution-Refrigerator Cryostat, have small 

heat capacities: single particle interactions produce measurable rises in temperature. 

Good Features: 
Ø  Excellent energy resolution 
Ø  Wide choice of detector materials 
Ø  Large source mass 
Ø  High Efficiency 
Ø  Real Calorimeter 

Bad Features: 
Ø  Speed 
Ø  Very Low Operating Temperatures (5-10 mK) 

!T(t) " !E
C
e
#
t
!

! =C /G
C= Heat Capacity 
G= Thermal conduct. 
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LNGS !
Gran Sasso National Laboratories!
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Ø  1400 m of Rock coverage"
Ø  3650 m Water equivalent deep"
Ø  Underground Area 18000 m2"

Ø  Cosmic µ reduction 10-6"
Ø  µ Flux= 2.6 x 10-8 cm-2 s-1"
Ø  g  Flux= 0.73 cm-2 s-1"
Ø  n Flux= 2.6 x 10-8 cm-2 s-1"

CUORE: Cryogenic Underground 
Observatory for Rare Events!

!
!
!
!
!
!
!
!
!
!
!
!
!

! !! ! ! !!    !
!
!

                                         !
CUORE in Italian stands for Hearth!
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TE 

Ø  1400	  m	  of	  Rock	  coverage,	  	  
Ø  3650	  m	  Water	  equivalent;	  

Ø  Cosmic	  µ	  reduc:on	  10-‐6;	  
Ø  µ	  Flux=	  2.6	  x	  10-‐8	  cm-‐2	  s-‐1;	  
Ø  γ 	  Flux=	  0.73	  cm-‐2	  s-‐1;	  
Ø  n	  Flux=	  2.6	  x	  10-‐8	  cm-‐2	  s-‐1;	  
	  

Ø  Underground	  Area	  18000	  m2;	  
Ø  External	  Facili:es;	  
Ø  Very	  Easy	  access	  (highway);	  
Ø  800	  Scien8st	  from	  >24	  Countries.	  
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52
130Te! 54

130Xe+2e"

52
130Te 54

130Xe

    

130Te Double Beta Decay!
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Heat bath (~8 mK) 

Thermometer 
(NTD Ge , R~100 MΩ) 

Weak thermal coupling 
(G~4 pW/mK) 

Adsorber crystal 
(TeO2, C~10-9 J/K) 

C
ET =Δ

CRYSTAL 
Ø  TeO2, Sizes: 5x5x5 cm3; Mass= 0.75 kg 
Ø  Heat Capacity= 10-9 J/K  
Ø  ΔT/ΔE= 100 µK/MeV 
SENSOR 
Ø  Joule heaters for calibration purposes 
Ø  Transmutation Doped (NTD) Ge thermistors 
Ø  R= 100 MΩ	

Ø  ΔR/ΔE= 3 MΩ/MeV 

CUORE Bolometers!
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At T=10 mK, energy deposited inside a 
TeO2 crystal by radiation produces a 
measurable rise in its temperature	


Amplitude of temperature pulse is 
proportional to deposited energy	


CUORE Cryogenic Bolometers!
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S0ν  =  ln 2 NA ×  × ε	

a 
A 

1/2 
M T 
b Γ	


Isotopic abundance 

Atomic mass 

Detector mass (kg) 
Measurement Time (y) 

Efficiency 

Background (counts/keV/kg/y) 

Energy resolution (keV) 

Sensitivity: Lifetime corresponding to the minimum number of detectable  
         events above   background at a given C.L.  

sum electron energy / Q 

Unavoidable background 
 
 

6Γ∝Q

0ν2β  Sensitivity!
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Why 130Te02 Crystals ?!

Ø  There are 38 known nuclear isomers of tellurium (52Te), with atomic masses that range 
from 105 to 142; 

Ø  Naturally occurring Tellurium has eight isotopes. Five of those isotopes, 122Te, 123Te, 124Te, 
125Te and 126Te, are stable. The other three, 120Te, 128Te and 130Te, have been observed 
to be radioactive; 

Ø  High natural abundance (i.a. 130Te ~ 34%): no need for enrichment;  
Ø  Q-value ~2528 keV is above the energy range of most naturally occurring γ rays. 

Good Features: 
Ø  Favorable characteristics of these crystals if compared with Te. 
Ø  Higher Debye temperature; 
Ø  Rather good mechanical properties and it is possible to grow large crystals; 
Ø  Good intrinsic radio-purity (< 1 pg/g in 232Th and 238U). 
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21	  

80 cm 

CUORE will be a closely packed array 
of 988 detectors (Bolometers) !
M = 741 kg of TeO2 at 5-10 mK"
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The long path to CUORE!
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Cuoricino!
2003 - 2008!
11.3 kg 130Te!

(62 Te02 – 41 Kg)!

CUORE0!
2013 - 2015!
11.3 kg 130Te !

(59  Te02 – 39 Kg)!

CUORE!
End 2016 – ?!
206 kg 130Te!

(988  Te02 – 741 Kg)!

The long path to CUORE!
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CUORE!
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PTFE Holders

Copper Frames Copper Columns

Crystal Absorber

CUORE Bolometric Towers!
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CUORE Assembling Line!
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Gluing of Thermistors to TeO2 crystals!

Ø  Semiautomatic Gluing System (Clean Room @1° floor); "
Ø  Joule heaters for calibration purposes;"
Ø  Transmutation Doped (NTD) Germanium thermistor sensors."
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Tower Assembling!
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NTD Sensors Bonding!
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Close-up of Sensors and Readout traces!

Heater	


NTD Thermistor	


Pads	
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Step 1: Physical Assembly of a Tower!

Tower Assembly Line!
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Tower Assembly Line!
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Assembled tower in the garage!

Tower Assembly Line!
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Tower Assembly Line!
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All the 19 assembled CUORE Towers!

Sitting in N2-fluxed storage"
Ready to be installed"
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CUORE  Cryostat !
&  Cryogenic  Systems!
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Ø  The	  Cryostat	  consists	  of	  Six	  Nested	  Vessels.	  	  
Ø  Two	  of	  them	  are	  Vacuum	  Chambers:	  	  

Ø  the	  Outer	  Vacuum	  Chamber	  (OVC),	  at	  room	  
temperature,	  	  

Ø  the	  Inner	  Vacuum	  Chamber	  (IVC),	  at	  ∼4	  K.	  	  
Ø  Between	  them	  there	  is	  a	  ther-‐mal	  radia:on	  shield	  at	  

40	  −	  50	  K	  covered	  with	  30	  layers	  of	  Mul:layer	  
Insula:on	  (MLI).	  	  

Ø  5	  Pulse	  Tubes	  (PT)	  mounted	  on	  the	  OVC	  top	  flange	  
provide	  the	  cooling	  for	  the	  40	  K	  radia:on	  shield	  (PT	  
first	  stages)	  and	  the	  IVC	  (PT	  second	  stages)	  

Ø  Cooling	  to	  mK	  range	  is	  achieved	  by	  a	  high-‐power	  
DiluTon	  Unit	  (DU).	  	  

Ø  Inside	  the	  IVC,	  three	  radia:on	  shields	  are	  ther-‐	  mally	  
linked	  to	  the	  DU:	  the	  S:ll	  shield	  (600	  −	  900	  mK),	  the	  
Cold	  Plate	  shield	  (50	  −	  100	  mK),	  and	  the	  Mixing	  
Chamber	  (MC)	  shield	  (<	  10	  mK)	  that	  surrounds	  the	  
experimental	  space.	  

CUORE Cryostat Complex!
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CUORE!

CUORE0!
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Pulse Tubes !
Cryomech PT415!

Fast Cooling System!
Cryomech GM AL600!

4  K	 5  mK	25  K	

OVC – Outer Vacuum Chamber!
  IVC – Inner Vacuum Chamber!

CUORE Cryogenic Systems!

Dilution Unit!
Leiden Cryogenics!
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PULSE TUBES (PTs)!
Ø  The commercial PT cryocoolers that will be used are 5 two-stage Cryomech 

PT415, chosen for their high cooling power. "
Ø  To reduce vibrations transmitted to the cryostat the rotatory valve is detached from 

the cold head. "
Ø  The pulsed He flow is transmitted by a ∼ 35 cm long tube from the valve to the cold 

head and by two 20 m long flexible lines to the compressor."

DILUTION UNIT (DU)!
Ø  The inner thermal shields will be cooled by the thermal stages of a 3He/4He Dilution 

Cryorefrigerator as well as the detector."

FAST COOLING Systen (FCS)!
Ø  As the 5 PTs alone cannot cool down the IVC to 4 K in an acceptable time, in 

addition to the 5 PTs, a Fast Cooling System (FCS) is being designed for a quick 
pre-cooling of the IVC from 300 K to less than 30-50 K in about a week."

Ø  A root pump will circulate the He gas cooled by 3 Gifford McMahon AL600 
Cryomech Cryocooler (600 W @ 77 K) inside the IVC vessel. "

Ø  Below 4 K it takes several hours to cool down CUORE to the baseline 
temperature.!

CUORE Cryogenic Systems!
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CUORE  DU!
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 40K  
   600mK - Still  

50mK - Hex 
10mK - Mixing Chamber 

4K - IVC 

300K - OVC 

Cold He 

warm He 

PIVC< 1.36 bar 
ΔT< 40 K 

ΦFM = -7.6 + 3.96 V 

CUORE FCS!
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•  Speeds up the cooling procedure flowing He into CUORE; 
•  3 Heat Exchangers: 2 Counter flow bellows + 1 Copper HEX; 
•  3 Cryomech Gifford-McMahon (GM) Cryocoolers; 
•  Cooling power: 600 W @ 77K (each); 

CUORE Fast Cooling System!
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CUORE !
Cryogeny Monitor & Control System!
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CUORE Detector Calibration System!
•  DCS	  is	  needed	  to	  lower	  and	  raise,	  to	  known	  posi:ons	  under	  independent	  control,	  12	  strings	  

of	  29	  weakly	  radioac:ve	  calibra:on	  sources	  through	  bent	  guide	  tubes;	  
•  The	  strings	  are	  Kevlar	  or	  Vectran	  thread	  just	  0.35mm	  (0.014")	  in	  diameter,	  on	  which	  1.8mm	  

diameter	  copper	  tubes	  and	  extend	  up	  to	  4	  meters	  in	  overall	  length;	  
I.   Gain	  StabilizaTon	  	  
For	  each	  bolometer	  an	  energy	  pulse	  generated	  by	  a	  Si	  
resistor	  is	  used	  to	  correct	  pulse	  amplitudes	  for	  gain	  
instabili:es	  (→	  every	  5	  min).	  
II.	  CalibraTon	  of	  individual	  bolometer	  	  
•  calibrate	  with	  γ-‐sources	  	  
•  need	  5+	  lines	  visible	  in	  calibra:on	  spectrum	  
•  energy	  accuracy	  goal:	  <	  0.05	  keV	  
III.	  Voltage-‐Energy	  Conversion	  	  
Fit	  of	  a	  calibra:on	  measurement	  with	  a	  gamma	  
source	  (e.g.	  232Th)	  of	  known	  energy.	  Energy	  
calibra:on	  performed	  regularly.	  (~	  monthly).	  
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CUORE Detector Calibration System!
!
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Calibration Motion System!
!
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CUORE Expected Sensitivity!
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CUORE Run 4 
Status & Preliminary Results!

- Installation of the Roman Lead; 
- Performances of the Cryogenic Systems; 
- Tests with a first Tower of 8 TeO2 Crystals (MiniTower); 
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►  Ancient Roman lead bricks for���
    low-activity shielding;	


►  Recovered in late ‘80s from ���
    shipwreck off Sardinian Coast;	


►  Obtained through an agreement ���
    between INFN and Sopraintenza ai 
	
beni archeologici (Italian Historical 
	
Society);	


►  270 bricks, 33 kg each = 7 tons ���
    (after inscriptions removed) 	


CUORE Roman Lead Shield!
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Construction and Installation of the Roman Pb Shield  

~ 5 tonnes of Pb shielding was added for Run 
4. This is in addition to 2 tonnes of top Pb that 
was already installed previously. 
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Top Pb ~ 2 tonnes! Side Pb ~ 5 tonnes!

CUORE Roman Lead Shield!
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Performances of CUORE 
Cryogenic Systems!
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The Coldest m3 ”in the Universe”!

21/10/2014!
5.9 mK!

No Top-Pb and Roman-Pb Shields at that time!
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Performances of CUORE Cryogenic Systems!

We cooled down ~ 14 tonnes (Pb shielding + Cryostat copper flanges and vessels)  
to 4K in ~16 days!

Te
m

pe
ra

tu
re

 (K
) 

Date 

CUORE Run 4 Preliminary!

Fast Cooling System only!
(FCS + 5 PTs)!
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ü  From 4 K to Base Temperature in ~ 1 day;!

ü  The I Base Temperature reached have been: ~11 mK;!

ü  After some adjustment we reached the II Base 
Temperature of  ~ 6.3 mK;!

ü  The II Base Temperature of 6.3 mK has been kept 
stably along all Run 4 Tests for more than 2 months.!

Performances of CUORE Cryogenic Systems!
(CUORE Run 4 Preliminary)!
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Minimum Temperature reached: (6.3 ± 0.2) mK - (MT≈ 410 kg)"

We have proved that: !
ü  We are able to reach the Base Temperature with Roman-Pb 

Shields;!
ü  The base temperature is Reproducible and Stable;!
ü  The operating conditions can be sustained over a long period of 

time. !

Performances of CUORE Cryogenic Systems!
(CUORE Run 4 Preliminary)!
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Mini-Tower  
Installation & Tests!
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TSP @ ~7mK 

Mechanical connection 

Teflon caps 

Run 4 Mini-Tower Setup!

Cu-PEN read-out wires 

Goals: 
•  demonstrate detector performance 
•  study vibrational and thermal noise 
•  check detectors base temperature 

•  check background 

Need a detector as similar 
as possible to CUORE 

8 Crystals"
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FWHM: 10keV 
208Tl 

SE 

DE 

40K 

208Tl 

210Po 

5 Best Channels!CUORE Preliminary!

Total calibration spectrum with pulse shape cuts:"
•  Cryostat at Base Temperature;"
•  Minus-K suspensions active;"
•  Th source outside 300 K Vessel;"
•  ~ 45 h livetime;"
•  8 out of 8 channels operational;"
•  5 out of 8 channels have ~10 keV  FWHM  Resolution."
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Run 4 Mini-Tower Results!

CUORE Preliminary!
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CUORE Future Plans!

ü  Assembling of Faraday Cage: ~ March-April 2016!

ü  DAQ & Electronics: ~ March-May 2016!

ü  CR6 (CUORE Tower Assembling Clean Room): ~ May 2016!

ü  New FCS (Cleaning and Assembling): ~ March-May 2016!

ü  Detector Installation: ~ May-June 2016!
!
ü  Run I Cool-down: ~ July-August 2016!

ü  Tests & Optimization: ~ September 2016!

ü  Data Taking (1th  CUORE Physics Run):  by the end of 2016!
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Latest Results from CUORE-0
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CUORE-0!
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Experimental!
Setup!
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Energy Resolution!
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Background Reduction!
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Results from CUORE-0!
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CUORE  Expected Sensitivity!

5-‐year	  Sensi8vity:	  	  	  
	  

	  	  	  	  	  	  T1/2(130Te)>	  9.5	  x	  1025	  years;	  
	  	  	  	  	  	  M!!<	  52-‐120	  MeV	  
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Status  of  CUORE  Experiment !
and  Latest  Results from CUORE-0!

1th CUORE Data Taking (Physics) Run  by the end of 2016!
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THANK  YOU !!

CUORE ∼ 160 Scientists from  ∼ 25 Institutions!
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CUORE background budget!
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