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Overview

• Neutrinoless Double Beta Decay
• CUORE: tonne-scale bolometric 0𝜈𝛽𝛽 

experiment
! CUORE-0 Results
! CUORE status and outlook

• Future upgrade: CUPID
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At least one ν has m > 55 meV

Neutrino Physics Landscape
Neutrino mass hierarchy
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At least one ν has m > 55 meV

Neutrino Physics Landscape
• Compelling evidence for

! Neutrino flavor-changing oscillations
! (therefore) finite neutrino masses
! Mixing angles are well measured

• Open questions in ν  Physics:
! How many neutrinos? 

" Sterile neutrinos ? 
! What is absolute scale of ν  mass ?
! How are masses arranged ? 
! Are neutrinos responsible for matter-

antimatter asymmetry ?
! Majorana or Dirac neutrinos ? 
! Is Lepton Number conserved ? 

Neutrino mass hierarchy
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• Understanding how neutrinos acquire mass is of fundamental 
importance
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CUOREDirac vs Majorana Neutrinos

• Dirac
! Requires new fundamental global 

symmetry U(1)lepton number 
" New physics ?
" Matter and antimatter are 

fundamentally different 

• Majorana
! Cannot be explained by “standard” 

Higgs Yukawa coupling 
" New physics ?
" Potentially sensitive to very high 

mass scales
" Can generate matter⇔antimatter 

transitions 
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! Requires new fundamental global 
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Neutrinoless Double-Beta Decay

SM 2νββ decay τ ≥ 1019 y 0νββ τ ≥ 1025 y
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Neutrinoless Double-Beta Decay

• Observation of 0νββ  would mean
! Lepton number violation
! Neutrinos are Majorana particles
! Rate measures (effective) electron neutrino mass

SM 2νββ decay τ ≥ 1019 y 0νββ τ ≥ 1025 y
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The measurable quantity is the half life:
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Γ =  1/τ = GF
2Φ(Q,Z) |M0ν|2 <mββ>

2

0νββ 
rate

 Phase  
space∝ Q5 Nuclear  

matrix element
Effective  

neutrino mass

high Q candidates preferred

large phase space low background

238U  γ end at 2.4 MeV
232Th γ end at 2.6 MeV

[2039 keV (76Ge) ⇔ 4271 keV (48Ca)] 
                         

0νββ Rate and Neutrino Mass

2νββ 
continuum

0νββ peak

sum electron energy / Q
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τ0ν~1024–1026 years: large mass and extremely low backgrounds needed (underground labs, ultra 
purity materials, active rejection of backgrounds) 



 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 201523

0νββ signals & sensitivity

1/2
0νT⎡⎣⎢

⎤

⎦
⎥ ∝ε ff ⋅ Iabundance ⋅Source Mass ⋅  Time Background free

1/2
0νT⎡⎣⎢

⎤

⎦
⎥ ∝ε ff ⋅ Iabundance ⋅ Source Mass ⋅  Time

Bkg ⋅  ΔE Background limited

Note : Backgrounds do not always scale with detector mass

Half life
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(cnts/tonne-year)

1025 500

5x1026 10

5x1027 1

5x1028 0.1
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Experimental Sensitivity

Experimental challenge: 
# Increase Mass (200-1000 kg for current experiments): $$, R&D
# Increase Isotopic Abundance: $$ 
# Decrease Bkg (ultimately to 2νββ limit): radiopurity, active rejection 
# Decrease 𝛥E: technology choice

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 201523

0νββ signals & sensitivity

1/2
0νT⎡⎣⎢

⎤

⎦
⎥ ∝ε ff ⋅ Iabundance ⋅Source Mass ⋅  Time Background free

1/2
0νT⎡⎣⎢

⎤

⎦
⎥ ∝ε ff ⋅ Iabundance ⋅ Source Mass ⋅  Time

Bkg ⋅  ΔE Background limited

Note : Backgrounds do not always scale with detector mass

Half life
(years)

~Signal
(cnts/tonne-year)

1025 500

5x1026 10

5x1027 1

5x1028 0.1

(background-limited)

(background-free)

Half-life Expected Signal (counts/tonne-year)
5×1025 ~100
5×1026 ~10
5×1027 ~1
5×1028 ~0.1

Sensitivity scaling:

CUORE
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F = GF2Φ(Q,Z)|M0ν|2 me2  [y-1]
F 

[y
-1

]

82Se 100Mo 116Cd 130Te 136Xe 150Nd76Ge

0νββ Isotopes: Figure of Merit 
(Want as high as possible)
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Diverse, Vibrant Program
12
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 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

0νββ decay Experiments - Efforts Underway
NLDBD Sub Committee Report to NSAC

29

Assembly of all 19 towers is complete

!17

Construction
Operation

(2014)

J.F. Wilkerson
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 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

0νββ decay Experiments - Efforts Underway
NLDBD Sub Committee Report to NSAC

29

Assembly of all 19 towers is complete

!17

Construction
Operation

(2014)

now

J.F. Wilkerson
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Detection Techniques
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 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

0νββ Detection Techniques

28

Ionization 
Crystals:  
GERDA

MAJORANA

Tracking & Cal:  
SuperNEMO  

Scintillation  
 Liquid:  

KamLAND ZEN 
SNO+

 
CUPID (LUCIFER

LUMINEU, …)

TPC:  
EXO  

 NEXT

Phonons

Bolometer:
CUORE

J.F. Wilkerson

Source external to detector
(NEMO, SuperNEMO)

Source internal to detector
(most common)
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Cryogenic Underground Observatory for Rare 
Events

14

CUORE

Lawrence Livermore
National Laboratory

SOL PER
NOCTEM

CUORE
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Cryogenic Bolometers
15
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Cryogenic bolometers 

Ultracold TeO2 crystals function as highly sensitive calorimeters

߬ = /ܧ݇/(ܶ)ܥ
)ܥ
ܶ)

Vivek Singh, UC Berkeley 10

Ultra-cold TeO2 crystals function as very sensitive calorimeters 

Copper frame: !
10 mK heat sink!

PTFE holders: "
weak thermal coupling!

TeO2 crystal: "
energy absorber!

Radia%on:))
energy!deposit!

NTD Ge thermistor: "
resistive thermometer!

Si joule heater: "
reference pulses!
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At T=10 mK, energy deposited 
inside a TeO2 crystal by radiation 

produces a measurable rise in its 

temperature!

11 

Cryogenic'bolometers'

Amplitude of temperature pulse is 
proportional to deposited energy!

5 cm 

Cryogenic bolometers 

Ultracold TeO2 crystals function as highly sensitive calorimeters

߬ = /ܧ݇/(ܶ)ܥ
)ܥ
ܶ)

Vivek Singh, UC Berkeley 10

𝜏 = C(T)/G(T) ~ 1 sec

C(T)

𝛥T = E/C ~ 0.1 mK/MeV
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Cryogenic Bolometer Array
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CUORE

9 

Cryogenic'bolometers'
PTFE Holders

Copper Frames Copper Columns

Crystal Absorber



Array of 988 TeO2 crystals
$ 19 towers suspended in a cylindrical structure
$ 13 levels, 4 crystals each 

$ 5x5x5 cm3 (750g each)
$ 130Te: 34.2% natural isotope abundance

$ New pulse tube refrigerator and cryostat
$ Radio-purity techniques and high resolution 

achieve low backgrounds
$ Joint venture between Italy (INFN) and US (DOE, 

NSF) 
$ Under construction (expected start of operations in 

early 2016)
$ Expect energy resolution of 5 keV FWHM and 

background of ~0.01 counts/(kg*keV*year) in ROI

750 kg TeO2  =>  206 kg 130Te

Demonstrated 5 keV energy resolution 

•  < 5 keV resolution routinely achieved in our R&D runs.  

•  Obvious temperature dependence.  

•  CUORE’s new cryostat 
–  10 mK base temperature ! higher signal 

–  Independent suspension of the detector array from the 
dilution unit. ! smaller noise 
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Resolution (KeV) at 5.4 MeV 

" T(Work) >15mK" 

" T(Work) < 15mK" 

R&D Runs: CCVR CUORE baseline 

TAUP Asilomar, Sept 11 2013 4 Ke Han (Berkeley Lab) for CUORE 
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Gran Sasso LaboratoryGoing underground: LNGS

Laboratori Nazionali del Gran Sasso, Italy
Depth: 3600 meters water equivalent

!
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Hall A
(CUORE/Cuoricino)

Hall C 
(R&D cryostat)

►  Gran Sasso, Italy!

►  1.4-km rock overburden"

    cuts muon flux by 106!
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C 

A24 

NE 
13 

LNGS'underground'lab' CUORE
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Gran Sasso LaboratoryGoing underground: LNGS

Laboratori Nazionali del Gran Sasso, Italy
Depth: 3600 meters water equivalent
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Hall A
(CUORE/Cuoricino)

Hall C 
(R&D cryostat)

Shielding: ~3650 m.w.e.
Muons: ~2 x 10-8/cm2-s 
Thermal neutrons: ~1 x 10-6/cm2-s 
Epithermal neutrons: ~2 x 10-6/cm2-s 
> 2.5 MeV Neutrons: 2 x 10-7/cm2-s

CUORE



05/11/2016 Yury Kolomensky: 0νββ & CUORE 

The CUORE Program
19

CUORE

Cuoricino CUORE CUORE-O 
2003–2008! 2013–2015! 2015–2020!
11 kg 130Te! 11 kg 130Te! 206 kg 130Te!

3 

CUORE'program'

COMPLETE Complete Under ConstructionComplete

Cuoricino
2003-2008

11 kg of 130Te

CUORE-0
2003-2008

11 kg of 130Te

CUORE
2016-202x

206 kg of 130Te



Background: from CUORE-0 to CUORE 
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0.02 c/keV/kg/y 
directly from CUORE-0 
alpha continuum 
background. Full MC 
simulation in 
progress. 
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Cuoricino Backgrounds
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CUORICINO

crystal surface contamination
copper surface contamination

cryostat contamination in Th232

Figure 5: The plot illustrates the CUORICINO background model: the black histogram is the single-hit
spectrum recorded by CUORICINO 5�5�5 cm3 crystals. The counting rate above ⇤2.5 MeV is explained
on the basis of three di�erent sources, whose e�ects are here reproduced by a MonteCarlo simulation. The
first is a crystal surface contamination in 232Th and 238U (red histogram) that accounts for the visible
alpha peaks. The second a surface contamination of the crystal copper holder, in this plot ascribed
to 232Th (green histogram). The third a 232Th contamination of the cryostat and/or its shields, (blue
histogram). Below 2.5 MeV other contributions, mainly 238U contamination of the cryostat and/or its
shields are needed to explain the observed background. The peak appearing at ⇤3.3 MeV is ascribed to
an internal contamination in 190Pt of the crystals, yielding no other contributions apart from the clearly
visible peak.

(even if accurate) temporary solution and the introduction of the possibility to describe the radioactive
contamination in all details with QSHIELDS is in progress.

QSHIELDS and ARBY include the propagation of photons, electrons, alpha particles and heavy
ions (nuclear recoils from alpha emission) as well as neutrons and muons. All the simulations discussed
in this report are based on the Livermore GEANT4 Physics List, unless di�erently indicated. The
generation of nuclear transitions and the reproduction of the detector operating features are based on
two dedicated packages (GENDEC and G2TAS) that have been developed to correctly simulate chains of
radioactive decays in secular equilibrium (GENDEC) and to fully exploit and reproduce the capability of
bolometer arrays in terms of coincidence analysis (G2TAS). These two packages are described in detail
in reference [6]. ARBY is used also for the simulation of HPGe and Si surface barrier measurements, as
well as the bolometric measurements realized with small test arrays.

5 Simulation inputs

The simulation uses as input the contamination levels assumed or measured for CUORE materials. These
measurements are shortly summarized in the two following sections. The techniques used are:

• bolometric, used only when other techniques fail in reaching the required sensitivity [6, 7, 11].
These measurements are carried out in the cryogenic facility installed at LNGS in the underground
experimental Hall C or in the cryostat used for the CUORICINO experiment in Hall A using small
TeO2 arrays. In particular:

1. for TeO2 crystals a single-plane 4-crystal array (CCVR for CUORE Crystal Validation Run)
is used to periodically check the internal and surface contamination of crystals coming from
the di�erent CUORE production batches [11];

6
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Figure 5: The plot illustrates the CUORICINO background model: the black histogram is the single-hit
spectrum recorded by CUORICINO 5�5�5 cm3 crystals. The counting rate above ⇤2.5 MeV is explained
on the basis of three di�erent sources, whose e�ects are here reproduced by a MonteCarlo simulation. The
first is a crystal surface contamination in 232Th and 238U (red histogram) that accounts for the visible
alpha peaks. The second a surface contamination of the crystal copper holder, in this plot ascribed
to 232Th (green histogram). The third a 232Th contamination of the cryostat and/or its shields, (blue
histogram). Below 2.5 MeV other contributions, mainly 238U contamination of the cryostat and/or its
shields are needed to explain the observed background. The peak appearing at ⇤3.3 MeV is ascribed to
an internal contamination in 190Pt of the crystals, yielding no other contributions apart from the clearly
visible peak.

(even if accurate) temporary solution and the introduction of the possibility to describe the radioactive
contamination in all details with QSHIELDS is in progress.

QSHIELDS and ARBY include the propagation of photons, electrons, alpha particles and heavy
ions (nuclear recoils from alpha emission) as well as neutrons and muons. All the simulations discussed
in this report are based on the Livermore GEANT4 Physics List, unless di�erently indicated. The
generation of nuclear transitions and the reproduction of the detector operating features are based on
two dedicated packages (GENDEC and G2TAS) that have been developed to correctly simulate chains of
radioactive decays in secular equilibrium (GENDEC) and to fully exploit and reproduce the capability of
bolometer arrays in terms of coincidence analysis (G2TAS). These two packages are described in detail
in reference [6]. ARBY is used also for the simulation of HPGe and Si surface barrier measurements, as
well as the bolometric measurements realized with small test arrays.

5 Simulation inputs

The simulation uses as input the contamination levels assumed or measured for CUORE materials. These
measurements are shortly summarized in the two following sections. The techniques used are:

• bolometric, used only when other techniques fail in reaching the required sensitivity [6, 7, 11].
These measurements are carried out in the cryogenic facility installed at LNGS in the underground
experimental Hall C or in the cryostat used for the CUORICINO experiment in Hall A using small
TeO2 arrays. In particular:

1. for TeO2 crystals a single-plane 4-crystal array (CCVR for CUORE Crystal Validation Run)
is used to periodically check the internal and surface contamination of crystals coming from
the di�erent CUORE production batches [11];
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Figure 5: The plot illustrates the CUORICINO background model: the black histogram is the single-hit
spectrum recorded by CUORICINO 5�5�5 cm3 crystals. The counting rate above ⇤2.5 MeV is explained
on the basis of three di�erent sources, whose e�ects are here reproduced by a MonteCarlo simulation. The
first is a crystal surface contamination in 232Th and 238U (red histogram) that accounts for the visible
alpha peaks. The second a surface contamination of the crystal copper holder, in this plot ascribed
to 232Th (green histogram). The third a 232Th contamination of the cryostat and/or its shields, (blue
histogram). Below 2.5 MeV other contributions, mainly 238U contamination of the cryostat and/or its
shields are needed to explain the observed background. The peak appearing at ⇤3.3 MeV is ascribed to
an internal contamination in 190Pt of the crystals, yielding no other contributions apart from the clearly
visible peak.

(even if accurate) temporary solution and the introduction of the possibility to describe the radioactive
contamination in all details with QSHIELDS is in progress.

QSHIELDS and ARBY include the propagation of photons, electrons, alpha particles and heavy
ions (nuclear recoils from alpha emission) as well as neutrons and muons. All the simulations discussed
in this report are based on the Livermore GEANT4 Physics List, unless di�erently indicated. The
generation of nuclear transitions and the reproduction of the detector operating features are based on
two dedicated packages (GENDEC and G2TAS) that have been developed to correctly simulate chains of
radioactive decays in secular equilibrium (GENDEC) and to fully exploit and reproduce the capability of
bolometer arrays in terms of coincidence analysis (G2TAS). These two packages are described in detail
in reference [6]. ARBY is used also for the simulation of HPGe and Si surface barrier measurements, as
well as the bolometric measurements realized with small test arrays.

5 Simulation inputs

The simulation uses as input the contamination levels assumed or measured for CUORE materials. These
measurements are shortly summarized in the two following sections. The techniques used are:

• bolometric, used only when other techniques fail in reaching the required sensitivity [6, 7, 11].
These measurements are carried out in the cryogenic facility installed at LNGS in the underground
experimental Hall C or in the cryostat used for the CUORICINO experiment in Hall A using small
TeO2 arrays. In particular:

1. for TeO2 crystals a single-plane 4-crystal array (CCVR for CUORE Crystal Validation Run)
is used to periodically check the internal and surface contamination of crystals coming from
the di�erent CUORE production batches [11];
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Figure 5: The plot illustrates the CUORICINO background model: the black histogram is the single-hit
spectrum recorded by CUORICINO 5�5�5 cm3 crystals. The counting rate above ⇤2.5 MeV is explained
on the basis of three di�erent sources, whose e�ects are here reproduced by a MonteCarlo simulation. The
first is a crystal surface contamination in 232Th and 238U (red histogram) that accounts for the visible
alpha peaks. The second a surface contamination of the crystal copper holder, in this plot ascribed
to 232Th (green histogram). The third a 232Th contamination of the cryostat and/or its shields, (blue
histogram). Below 2.5 MeV other contributions, mainly 238U contamination of the cryostat and/or its
shields are needed to explain the observed background. The peak appearing at ⇤3.3 MeV is ascribed to
an internal contamination in 190Pt of the crystals, yielding no other contributions apart from the clearly
visible peak.

(even if accurate) temporary solution and the introduction of the possibility to describe the radioactive
contamination in all details with QSHIELDS is in progress.

QSHIELDS and ARBY include the propagation of photons, electrons, alpha particles and heavy
ions (nuclear recoils from alpha emission) as well as neutrons and muons. All the simulations discussed
in this report are based on the Livermore GEANT4 Physics List, unless di�erently indicated. The
generation of nuclear transitions and the reproduction of the detector operating features are based on
two dedicated packages (GENDEC and G2TAS) that have been developed to correctly simulate chains of
radioactive decays in secular equilibrium (GENDEC) and to fully exploit and reproduce the capability of
bolometer arrays in terms of coincidence analysis (G2TAS). These two packages are described in detail
in reference [6]. ARBY is used also for the simulation of HPGe and Si surface barrier measurements, as
well as the bolometric measurements realized with small test arrays.

5 Simulation inputs

The simulation uses as input the contamination levels assumed or measured for CUORE materials. These
measurements are shortly summarized in the two following sections. The techniques used are:

• bolometric, used only when other techniques fail in reaching the required sensitivity [6, 7, 11].
These measurements are carried out in the cryogenic facility installed at LNGS in the underground
experimental Hall C or in the cryostat used for the CUORICINO experiment in Hall A using small
TeO2 arrays. In particular:

1. for TeO2 crystals a single-plane 4-crystal array (CCVR for CUORE Crystal Validation Run)
is used to periodically check the internal and surface contamination of crystals coming from
the di�erent CUORE production batches [11];
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CUORE

►  Larger !

►  Cleaner crystals!

►  Cleaner copper, and less of it per kg TeO2!

►  Cleaner assembly environment!

►  More robust assembly methods, better wiring!

►  Better self-shielding & anticoincidence coverage!

►  Better fit tolerances, hence less vibration!

Cuoricino CUORE-0 CUORE 
130Te mass (kg)! 11! 11! 206!

Background (c/keV/kg/y) @ 2528 keV! 0.17! 0.06! 0.01!

E resolution (keV) FWHM @ 2615 keV! 5.8! 4.9! 5!

T1/2 sensitivity (1024 yr) @ 90% C.L.! 2.6 ! 2.9! 95!

22 

Detector'improvements'
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CUORE

26 

1.'Gluing'sensors'to'crystals'

Semi-automated, glovebox-enclosed system used to glue sensors to crystals"
in consistent, reproducible fashion !

3 mm

3 
m

m
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CUORE

27 

2.'Tower'assembly'

►  51/52 thermistors connected!

►  51/52 heaters connected!

Physical assembly!

Wire bonding!

Complete!

CUORE-0 assembly:

CUORE-0 assembly:
51/52 thermistors connected
50/52 heaters connected

CUORE assembly:
988/988 thermistors connected
988/988 heaters connected
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DKF$4,C9,#@,-$GHID$ GHID$<57$?''L&.$6,A8,B$$$!MNM%&'()$ GH$

!"B,-$)9"-&W,$

•  6 storage stations inside clean room"
!

•  13 more stations planned for 

upstairs electronics room!
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CUORE

24 

CUORE;0'

►  First tower from the CUORE detector assembly line!

►  52 TeO2 crystals, total mass = 39 kg TeO2 = 10.9 kg 130Te!

►  Purpose:!

1.  Commission assembly line!

2.  Run as standalone experiment while CUORE is being 

constructed, with aim of surpassing Cuoricino!
3.  Validate CUORE detector design!

4.  Provide test bed for developing DAQ & analysis 

framework for CUORE"

!
►  Operating in former Cuoricino cryostat since March 2013!
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Energy'resolu@on'

►  We evaluate the energy resolution for each bolometer and dataset by fitting the   "
    208Tl photopeak in the calibration data!

►  We achieved the 5 keV resolution goal of CUORE!!

CUORE-0 
Preliminary 

CUORE-0 
Preliminary 

Bolometer;dataset'FWHMs'@'2615'keV'

FWHM'harmonic'
mean'(keV)'

FWHM'dist'
RMS'(keV)'

Cuoricino' 5.8' 2.1'

CUORE;0' 4.9' 2.9'

Weight'FWHMs'
by'corresponding'
physics'exposure'
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Backgrounds'

Experiment! Background rate (counts/keV/kg/y)!

0νββ decay region! Alpha region (excl. peak)!

Cuoricino! 0.169 ± 0.006! 0.110 ± 0.001!

CUORE-0! 0.058 ± 0.004! 0.016 ± 0.001!

CUORE-0 
Preliminary 
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9.8 kg-yr 130Te exposure (2013–2015) !

2527.5 keV 

60Co 

Fitted background:!

Best-fit decay rate:!

0.058 ± 0.004 (stat.) ± 0.002 (syst.) counts/keV/kg/yr 

Γ0νββ (130Te) = 0.007 ± 0.123 (stat.) ± 0.012 (syst.) × 10–24 yr–1 

CUORE-0 
Preliminary 

90% C.L. limits (Bayesian):

62 

Systema@cs'

Γ0νββ (130Te) < 0.25 × 10–24 yr–1 (90% C.L., stat.+syst.) 

        (130Te) > 2.7 × 1024 yr (90% C.L., stat. + syst.) 

€ 

T1 2
0νββ

After accounting for systematic uncertainties we report the Bayesian limits: !

5

peak, we determine the yield of 0⌫�� decay events316

from a simultaneous UEML fit [30] in the energy region317

2470–2570 keV (Fig. 3). The fit has three components:318

a posited signal peak at Q��, a peak at ⇠ 2507 keV319

from 60Co double-gammas, and a smooth continuum320

background attributed to multiscatter Compton events321

from 208Tl and surface decays [31]. We model both322

peaks using the established lineshape. For 0⌫�� decay,323

the µb,d(Q��) are fixed at the expected position (i.e.,324

87.015 keV+�µ(Q��) below the µ̂b,d, where 87.015 keV325

is the nominal energy di↵erence between Q�� and the326

208Tl line); the �b,d are fixed to be 1.05 ⇥ �̂b,d; the �b,d327

and ⌘d,b are fixed to their best-fit calibration values; the328

0⌫�� decay rate is treated as a global free parameter.329

The 60Co peak is treated in an similar way except that a330

global free parameter is added to the expected µb,d to ac-331

comodate the anomalous double-gamma reconstruction.332

Furthermore the 60Co yield, although a free parameter,333

is constrained to follow the 60Co half-life [29] since 60Co334

was cosmogenically produced at sea level and is not re-335

plenished underground. Within the limited statistics the336

continuum background can be modeled using a simple337

slowly-varying function. We use a zeroth-order polyno-338

mial as the default choice but also consider first- and339

second-order functions.340

The ROI contains 233 candidate events from341

a total 130Te exposure of 9.8 kg·yr. The re-342

sult of the UEML fit is shown in Fig. 3.343

The best-fit value for the 0⌫�� decay rate is344

�0⌫ = 0.007± 0.123 (stat.)± 0.012 (syst.)⇥ 10�24yr�1,345

the background index in the ROI is346

0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).347

We evaluate the goodness-of-fit by comparing the value348

of the binned �2 in Fig. 3 (43.8 for 46 d.o.f.) with the349

distribution from a large set of pseudo-experiments with350

233 Poisson-distributed events in each, and generated351

with the best-fit values of all parameters. We find that352

90% of such experiments return a value of �2 > 43.8.353

The data are also compatible with this set of pseudo-354

experiments according to the Kolmogorov-Smirnov355

metric. Finally, we observe that none of the positive and356

negative fluctuations about the best-fit function have357

significance greater than 3�, and that the probability358

to observe the largest such fluctuation anywhere in the359

100-keV ROI is ⇠ 10%.360

We find no evidence for 0⌫�� of 130Te and set a 90%361

C.L. Bayesian upper limit on the decay rate using a uni-362

form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at363

�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 1/2
0⌫ >2.8 ⇥ 1024 yr (statis-364

tical uncertainties only). The median 90% C.L. lower-365

limit sensitivity for T 1/2
0⌫ is 2.9 ⇥ 1024 yr. The proba-366

bility to obtain a more stringent limit than the one re-367

ported above is 54.7%. Including the systematic uncer-368

tainties which are described below, the 90% C.L. limits369

are �0⌫ < 0.25⇥ 10�24 yr�1 or T 1/2
0⌫ > 2.7⇥ 1024 yr.370

To estimate systematic uncertainties we perform a371

large number of pseudo-experiments with both zero and372
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FIG. 4. Profile negative log-likelihood curves for CUORE-0,
Cuoricino [16–18], and their combination.

non-zero signal. We find that our UEML analysis has373

negligible bias on �0⌫ . To estimate the systematic er-374

ror from the lineshape choice we repeat the analysis of375

each pseudo-experiment with single-gaussian and triple-376

gaussian lineshapes and study deviation of the best-fit377

decay rate from the positied decay rate as a function378

of posited decay rate. We also propagate the 5% un-379

certainty on ↵�(Q��) and the 0.12 keV energy scale un-380

certainty using this approach. Following [32], we treat381

the choice of zeroth-, first-, or second-order polynomial382

for the continuum background as a discrete nuisance pa-383

rameter in the analysis of each psuedo-experiment. The384

resultant systematic uncertainties are summarized in Ta-385

ble I.386387

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Signal normalization 0.7%
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We combine our data with an existing 19.75 kg·yr ex-390

posure of 130Te from Cuoricino [18]; the ROI background391

was 0.169 ± 0.006 counts/(keV · kg · y), and the mean392

and RMS FWHM energy resolution of the detectors were393

6.9 keV and 2.9 keV, respectively. The profile likelihoods394

are shown in Fig. 4. The combined 90% C.L. limit is395

T 0⌫
1/2 > 4.1⇥ 1024 yr which is the most stringent limit to396

date on this quantity. For comparison, the 90%C.L. fre-397

quentist limits [33] are 2.9 ⇥ 1024 yr for CUORE-0 only398

and 4.3⇥ 1024 yr for the combination with Cuoricino.399

Using [34–49], we interpret our combined Bayesian400

half-life result as a limit on the e↵ective Majorana neu-401
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Γ0νββ (130Te) < 0.25 × 10–24 yr–1 (90% C.L., stat.+syst.) 

        (130Te) > 2.7 × 1024 yr (90% C.L., stat. + syst.) 
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After accounting for systematic uncertainties we report the Bayesian limits: !

5

peak, we determine the yield of 0⌫�� decay events316

from a simultaneous UEML fit [30] in the energy region317

2470–2570 keV (Fig. 3). The fit has three components:318

a posited signal peak at Q��, a peak at ⇠ 2507 keV319

from 60Co double-gammas, and a smooth continuum320

background attributed to multiscatter Compton events321

from 208Tl and surface decays [31]. We model both322

peaks using the established lineshape. For 0⌫�� decay,323

the µb,d(Q��) are fixed at the expected position (i.e.,324

87.015 keV+�µ(Q��) below the µ̂b,d, where 87.015 keV325

is the nominal energy di↵erence between Q�� and the326

208Tl line); the �b,d are fixed to be 1.05 ⇥ �̂b,d; the �b,d327

and ⌘d,b are fixed to their best-fit calibration values; the328

0⌫�� decay rate is treated as a global free parameter.329

The 60Co peak is treated in an similar way except that a330

global free parameter is added to the expected µb,d to ac-331

comodate the anomalous double-gamma reconstruction.332

Furthermore the 60Co yield, although a free parameter,333

is constrained to follow the 60Co half-life [29] since 60Co334

was cosmogenically produced at sea level and is not re-335

plenished underground. Within the limited statistics the336

continuum background can be modeled using a simple337

slowly-varying function. We use a zeroth-order polyno-338

mial as the default choice but also consider first- and339

second-order functions.340

The ROI contains 233 candidate events from341

a total 130Te exposure of 9.8 kg·yr. The re-342

sult of the UEML fit is shown in Fig. 3.343

The best-fit value for the 0⌫�� decay rate is344

�0⌫ = 0.007± 0.123 (stat.)± 0.012 (syst.)⇥ 10�24yr�1,345

the background index in the ROI is346

0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).347

We evaluate the goodness-of-fit by comparing the value348

of the binned �2 in Fig. 3 (43.8 for 46 d.o.f.) with the349

distribution from a large set of pseudo-experiments with350

233 Poisson-distributed events in each, and generated351

with the best-fit values of all parameters. We find that352

90% of such experiments return a value of �2 > 43.8.353

The data are also compatible with this set of pseudo-354

experiments according to the Kolmogorov-Smirnov355

metric. Finally, we observe that none of the positive and356

negative fluctuations about the best-fit function have357

significance greater than 3�, and that the probability358

to observe the largest such fluctuation anywhere in the359

100-keV ROI is ⇠ 10%.360

We find no evidence for 0⌫�� of 130Te and set a 90%361

C.L. Bayesian upper limit on the decay rate using a uni-362

form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at363

�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 1/2
0⌫ >2.8 ⇥ 1024 yr (statis-364

tical uncertainties only). The median 90% C.L. lower-365

limit sensitivity for T 1/2
0⌫ is 2.9 ⇥ 1024 yr. The proba-366

bility to obtain a more stringent limit than the one re-367

ported above is 54.7%. Including the systematic uncer-368

tainties which are described below, the 90% C.L. limits369

are �0⌫ < 0.25⇥ 10�24 yr�1 or T 1/2
0⌫ > 2.7⇥ 1024 yr.370

To estimate systematic uncertainties we perform a371

large number of pseudo-experiments with both zero and372
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Combining'Cuoricino'&'CUORE;0'

Combining the CUORE-0 result with the Cuoricino result from 
19.75 kg-yr of 130Te exposure yields the Bayesian lower limit:!

(130Te) >  4.0 × 1024 yr  (90% C.L.) 
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CUORE;0'experimental'reach'

�mββ� < 270 – 650 meV 
 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) ISM (NPA 818, 139 (2009)) 
 5) EDF (PRL 105, 252503 (2010)) 

CUORE-0 
Preliminary 

 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) Shell Model (PRC 91, 024309 (2015)) 
 5) ISM (NPA 818, 139 (2009)) 
 6) EDF (PRL 105, 252503 (2010)) 

�mββ� < 270 – 760 meV 

Including additional Shell-
Model NME!
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From CUORE-0 to CUORE
32

CUORE

CUORE-0 to CUORE
CUORE-0

• The first CUORE tower put in old 
Cuoricino cryostat

• Validating all CUORE 
cleanness standards and 
assembly procedures

• Tower Properties:

• 52 (14X4) crystals, total 39 kg

• 11kg of 130Te

• 4kg of copper structure

CUORE-0 CUORE
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From CUORE-0 to CUORE
32

CUORE

CUORE-0 to CUORE

CUORE-0 CUORE

CUORE-0 results are of critical 
importance for understanding 
CUORE scientific reach, and 

validating CUORE construction 
procedures

Background extrapolation to 
CUORE looks very good
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Environmental n

Environmental μ
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Small near parts

Cosm. Activation: TeO2
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R. Artusa et al., “Projected background budget of the CUORE experiment”, in preparation
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CUORE Background Model
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R. Artusa et al., “Projected background budget of the CUORE experiment”, in preparation
CUORE background goals now demonstrated
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34 CUORE cryostat

•  10 mK baseline temperature 
–  750 kg of crystals 
–  Copper supporting structure 

•  ~20 tons at various low 
temperature 

•  Low background 
–  Built with radio-pure materials 
–  Roman lead shield from ancient 

shipwreck, <4mBq/kg 210Pb 
•  Low vibrations 

–  Separated suspension for the 
crystal tower and DR 

•  Minimal maintenance and dead 
time 
–  Cryogen free DR 

CUORE Cryostat CUORE

(Roman)
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34 CUORE cryostat

•  10 mK baseline temperature 
–  750 kg of crystals 
–  Copper supporting structure 

•  ~20 tons at various low 
temperature 

•  Low background 
–  Built with radio-pure materials 
–  Roman lead shield from ancient 

shipwreck, <4mBq/kg 210Pb 
•  Low vibrations 

–  Separated suspension for the 
crystal tower and DR 

•  Minimal maintenance and dead 
time 
–  Cryogen free DR 

CUORE Cryostat

Coldest m3 in known Universe !

CUORE

(Roman)
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Cryogenic Commissioning
• Cryogenic commissioning complete
• Demonstrated stable base temperature ~6.3 

mK, design cooling power (3𝜇W @ 10 mK)
! Fully loaded cryostat (>10 t of lead and copper)
! 70 days of cryogenic operations
! Operated 8-detector “mini-tower”, commissioned 

temperature stabilization system, electronics, 
DAQ, Detector Calibration System
" Good news for detector resolution and 

backgrounds

35

CUORE

Paolo Gorla 19

 Cryogenic system commissioning

Rencontres de Moriond EW 2016

Goal was to develop a cryogenic system capable to deliver stable 
base T (~10 mK) together with reduced vibrations (baseline RMS 
at few keV) and a radio clean environment (selected material, 
cold Pb shields).
• All the cryostat components well thermalized at the different 

stages (including top Pb @ 50 mK and lateral roman Pb @ 3.5 
K). No evident temperature gradient or heat leak. 

• Stable base temperature -that allows CUORE bolometers 
operation- 6.3 mK. Base T stable for more than 70 days. 
Proved nominal cooling power: 3 !W @ 10 mK.

300 K

35 K

3.5 K

800 mK

50 mK

10 mK

• Base temperature allows to stabilise operating temperature 
around 10 mK for a stable detector response. 

Paolo Gorla 19

 Cryogenic system commissioning
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Goal was to develop a cryogenic system capable to deliver stable 
base T (~10 mK) together with reduced vibrations (baseline RMS 
at few keV) and a radio clean environment (selected material, 
cold Pb shields).
• All the cryostat components well thermalized at the different 

stages (including top Pb @ 50 mK and lateral roman Pb @ 3.5 
K). No evident temperature gradient or heat leak. 

• Stable base temperature -that allows CUORE bolometers 
operation- 6.3 mK. Base T stable for more than 70 days. 
Proved nominal cooling power: 3 !W @ 10 mK.

300 K

35 K

3.5 K

800 mK

50 mK

10 mK

• Base temperature allows to stabilise operating temperature 
around 10 mK for a stable detector response. 

Paolo Gorla 20

Bolometers and readout commissioning

Rencontres de Moriond EW 2016

10 mK plate

Top Pb surrounded 
by 10 mK Cu vessel

Tower Support Plate

Mini 
Tower

• Encouraging detector performance 
(energy resolution) on 8 detectors array 
(Mini-Tower) 

• Commissioned electronics, DAQ, 
temperature stabilization, and detector 
calibration systems 

Cryogenic commissioning complete: 
detector installation in Spring 2016
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Figure 1: CUORE-0 background-fluctuation sensitivity at 1σ for
two different values of the background rate in the region of inter-
est, 0.05 cts/(keV kg y) (solid line) and 0.11 cts/(keV kg y) (dotted
line), representing the range into which the CUORE-0 background
is expected to fall.

of 0.11 cts/(keVkg y) follows from scaling the Cuoricino
background in the conservative case, described above, of a
factor of 2 improvement in crystal and copper contamina-
tion.

A plot of the expected 1σ background-fluctuation sen-
sitivity of CUORE-0 as a function of live time in these two
bounding cases is shown in Fig. 1. Tab. 3 provides a quan-
titative comparison between 1σ background-fluctuation sen-
sitivities (as shown in Fig. 1), 1.64σ background-fluctuation
sensitivities, and 90% C.L. average-limit sensitivities for
CUORE-0 at several representative live times. The antic-
ipated total live time of CUORE-0 is approximately two
years; for this live time at the 0.05 cts/(keVkg y) back-
ground level, B(δE) ∼ 20 cts, meaning that the Poisson-
regime calculation is really necessary in this case because it
differs from the Gaussian-regime approximation by > 10%
(see Sec. 2.2).

CUORE, in addition to the new crystals and frames
already present in CUORE-0, will be assembled as a 19-
tower array in a newly constructed cryostat. The change
in detector geometry will have two effects. First, the large,
close-packed array will enable significant improvement in
the anticoincidence analysis, further reducing crystal-related
backgrounds. Second, the fraction of the total crystal sur-
face area facing the outer copper shields will be reduced by
approximately a factor of 3. In addition to these consider-
ations, the new cryostat will contain thicker lead shielding
and be constructed of cleaner material, which should result
in a gamma background approximately an order of magni-
tude lower than that in the Cuoricino cryostat. Based
on the above considerations and the Cuoricino results,
CUORE is expected to achieve its design background value
of 0.01 cts/(keVkg y). A comprehensive Monte Carlo sim-
ulation that includes the most recent background measure-
ments is currently ongoing.

An overview of the 1σ background-fluctuation sensitiv-
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Figure 2: 1σ expected background-fluctuation sensitivities for the
CUORE-0 (dotted line) and CUORE (solid line) experiments, cal-
culated from Eq. (9) and Eq. (3) with the experimental parameters
shown in Tab. 2. The Cuoricino 1σ sensitivity calculation (dashed
line) is discussed in Sec. 3.

ities of the Cuoricino, CUORE-0, and CUORE TeO2 bolo-
metric experiments is shown in Fig. 2. The Cuoricino 1σ
sensitivity calculated in Sec. 3 is shown for reference. A
1σ half-life sensitivity close to 1025 years is expected from
2 years’ live time of CUORE-0. Once CUORE starts data-
taking, another order of magnitude improvement in sensi-
tivity is expected in another two years.

A plot of the CUORE experiment’s sensitivity as a
function of the live time and exposure is shown in Fig. 3.
Tab. 4 provides a quantitative comparison between 1σ
background-fluctuation sensitivities (as shown in Fig. 3),
1.64σ background-fluctuation sensitivities, and 90% C.L.
average-limit sensitivities for CUORE at several repre-
sentative live times. The anticipated total live time of
CUORE is approximately five years; for this live time at
the design goal background level, B(δE) ∼ 190 cts, mean-
ing that the Gaussian approximation would still be valid
in this case. The sensitivity values we show in this pa-
per nevertheless differ from those previously reported by
the experiment [16, 17], but this ∼ 25% difference can be
attributed to the inclusion of the signal fraction f(δE),
which has not previously been considered.

As mentioned previously, estimates of the CUORE back-
ground are currently based on measured limits, not mea-
sured values. While there are promising indications that it
may perform even better than its design value of
0.01 cts/(keVkg y), it is also likely that background rates
of 0.001 cts/(keVkg y) or below cannot be reached with
the present technology. Even so, R&D activities are al-
ready underway pursuing ideas for further reduction of
the background in a possible future experiment. Tech-
niques for active background rejection are being investi-
gated [46, 47]) that could provide substantial reduction
of the background. Sensitivities for a scenario with 0.001
cts/(keVkg y) in a CUORE-like experiment are given in
Fig. 3 and Tab. 4.

8

• Detector: all towers assembled, in underground storage
• Cryostat and dilution unit: commissioning complete
• Will install detectors and start operations by Fall 2016
• 5-year sensitivity: T1/2(130Te)>9.5×1025 years, m𝛽𝛽<52-120 meV 
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International 0𝜈𝛽𝛽 Program 
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 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

International Program in 0νββ 

49

Previous Expts.  
T1/2 ~1024 y 

(~ 1 eV)
~kg scale

Quasi-degenerate 
T1/2 ~1025-1026 y 

(~100 meV)  
30 - 200 kg  

~8 expts 

2007  -  2017 2015  -  20251980 - 2007
J.F. Wilkerson
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~kg scale

Quasi-degenerate 
T1/2 ~1025-1026 y 

(~100 meV)  
30 - 200 kg  

~8 expts 

2007  -  2017 2015  -  20251980 - 2007

Program to study multiple 0νββ 
isotopes, using various techniques  

200-500 kg scale

If 0νββ 
ObservedIf 0𝜈𝛽𝛽 observed

J.F. Wilkerson
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Depth requirements
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Figure 3: Operating principle of a scintillating bolometer. The release of energy inside a
scintillating crystal follows two channels: light production and thermal excitation.

3. The isotopic abundance can be maximized through enrichment (except for268

48Ca with present technology);269

4. As discussed later in this paper, the background can be minimized with a270

choice of the isotope and by employing active rejection techniques.271

The CUORE experiment represents the most advanced stage in the use of272

bolometers for 0⌅⇥⇥ searches. CUORE will consist in an array of �1000 crystals273

for a total mass of �1 ton of TeO2 and �200 kg of 130Te. It is expected to274

be taking data at Laboratori Nazionali del Gran Sasso (LNGS) in 2015. The275

sensitivity of CUORE will depend on the background level, but will likely be276

near 50 meV [44]. In the future CUORE may lead the way toward a few-ton277

scale experiment capable of either exploring the entire IH region, or making a278

precision measurement of T 0�
1/2.279

3.1. Scintillating bolometers280

In the previous section we enumerated the many advantages of using bolome-281

ters for 0⌅⇥⇥ searches. Among those, we mentioned the possibility to actively282

reject radioactive background via particle identification; this is possible employ-283

ing scintillating bolometers.284

Scintillating bolometers, used in recent years both for 0⌅⇥⇥ [45, 46] and for285

dark matter [47, 48] searches, provide a mechanism to distinguish � interactions286

(which are part of the background only) from ⇥/⇤ interactions (which can be a287

part of both the background and signal).288

10
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CUORE Upgrade with Particle ID (CUPID)

• Next-generation bolometric tonne-scale experiment
• Based on the CUORE design, CUORE cryogenics
• 988 enriched (90%) crystals, PID with light detection

! 4 crystals considered:
"  TeO2 : phonons + Cherenkov detector

"  Options: ZnSe, ZnMoO4, CdWO4 (phonons+scintillation)

• Sensitivity to entire IH region
"CUORE geometry and background model
" Challenge: nearly zero background measurement                                                

background goal < 0.1 events / (ROI ton*year)
"99.9% α rejection @  >90% signal efficiency 
"5 keV FWHM resolution 
"Half-life sensitivity (2-5)×1027 years in 10 years (3𝜎)
"m𝛽𝛽 sensitivity 6-20 meV (3𝜎)

Table 4: IHE characteristics for the di�erent �� candidates. For each isotope we quote the
type of scintillating crystal, the total mass of a 988 5�5�5 cm3 crystal array, the number of
�� candidates, the anticipated number of decays in 5 years (N0⇥��) for both the most and
the least favourable values of FN among those discussed in Section 2.2 for |mee| = 50 meV
and |mee| = 10 meV. We assume a 90% isotopic enrichment in the �� emitting isotope. The
last column is the 5 year sensitivity at 90% CL under the zero background hypothesis (see
Eq. (6)).

Isotope Crystal Mass N�� N50meV
0⇥�� N10meV

0⇥�� 5 y sensitivity
[kg] [cnts] [cnts] [y]

82Se ZnSe 664 2.4�1027 10 - 85 0.4 - 3.4 2.1�1027

116Cd CdWO4 985 1.5�1027 13 - 44 0.5 - 1.8 1.5�1027

100Mo ZnMoO4 540 1.3�1027 12 - 99 0.5 - 4 1.1�1027

130Te TeO2 751 2.4�1027 13 - 89 0.5 - 3.6 2.5�1027

Figure 5: Drawing of the IHE geometry, as implemented in the MC simulation: 988 bolome-
ters (5�5�5 cm3 each) arranged in a close-packed array held by a copper structure, a low
temperature refrigerator made of few nested copper thermal shields, a 10 cm thick internal
copper vessel shields, a 30 cm thick lead disk placed just above the detector, a 30 cm thick
external lead shield, and a 20 cm thick borated polyethylene shield.

16
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CUORE

R. Artusa et al., Eur.Phys.J. C74, 3096 (2014)
White papers: arXiv:1504.03599 & arXiv:1504.03612

Subject of focused R&D effort in next 2-3 years
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The measurable quantity is the half life:
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Next-generation goal

Near future experiments
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Exciting future ahead !
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