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CUORENeutrino Mass Opens Window To New Physics
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• Does the neutrino have a Majorana type mass? 
• Would imply that lepton number is not a conserved quantity in nature 
• Could explain why the neutrino is so light 
• Would provide a link between matter and anti-matter and could help 

explain the matter/anti-matter asymmetry of the Universe.
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Neutrinoless Double Beta Decay
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mi Neutrino Masses

Effective Majorana Mass Current Generation

Next Generation

Exchange of light Majorana Neutrino
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CUOREDouble Beta Decay
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2νββ
0νββ

►  Observed, but rare "
    (T½ > 1019 yr) 

►  Only visible in nuclei for    "
    which single β is forbidden!
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►  Even rarer than 2νββ, 
    (if it occurs at all)!

►  Only one controversial "
    claim of observation to "
    date!

►  Familiar weak process!
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►  Familiar weak process!

Beta'decay'

‣Detectors measure the kinetic energy of 
the emitted electrons 

‣2νββ produces a broadened spectrum 

‣0νββ has no neutrinos, thus no missing 
energy. 

‣2νββ is the slowest process ever 
measured with T1/2~1019-1024 yr 

‣0νββ is slower still with  T1/2>1024-1025 
yr (if it occurs at all) 

‣We combat this by making detectors 
very large and very low background!



CUORE

CUORE: A Ton 
Scale Bolometric 

0νββ Decay Search
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CUORELaboratori Nazionali del Gran Sasso
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�µ ⇠ 2.6⇥ 10�8s�1cm�2

�N ⇠ 4⇥ 10�6s�1cm�2

1400 m of rock overburden 
➡ 3600 m.w.e. shielding
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CUORESearch for 0νββ decay in 130Te
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➡ Primary decay channel via DBD 
➡ High natural isotopic abundance at 

~34% 
➡ Relatively high Q-value

130Te 76Ge 100Mo 
116Cd 

82Se 

136Xe

environmental γ bkg.

136Xe
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CUORE

➡ Absorber is 750g natTeO2 Crystal 
➡ “Source = Detector” 

➡ Operating Temperature of 10 mK 
➡ ΔT~100 µK per MeV 

➡ Temperature change causes change in 
Ge-NTD resistance. 

➡ Excellent energy resolution of 5 keV 
FWHM at 2615 keV                   
(0.2% resolution FWHM)

A CUORE Bolometer

10 

Cryogenic'bolometers'

Copper&frame:&
10'mK'heat'sink'

PTFE&holders:''
weak'thermal'coupling'

TeO2&crystal:''
energy'absorber'

Radia:on:&&
energy'deposit'

NTD&Ge&thermistor:&'
resis@ve'thermometer'

Si&joule&heater:''
reference'pulses'

8

Amplitude ∝ Energy

�
T

=
E
/C

⌧ = RC
1s



Extreme Cold and the Slowest Process Ever Measured

Jonathan Ouellet Heavy Quarks and Leptons 2016 May 23, 2016

CUORE

➡ Absorber is 750g natTeO2 Crystal 
➡ “Source = Detector” 

➡ Operating Temperature of 10 mK 
➡ ΔT~100 µK per MeV 

➡ Temperature change causes change in 
Ge-NTD resistance. 

➡ Excellent energy resolution of 5 keV 
FWHM at 2615 keV                   
(0.2% resolution FWHM)

A CUORE Bolometer

10 

Cryogenic'bolometers'

Copper&frame:&
10'mK'heat'sink'

PTFE&holders:''
weak'thermal'coupling'

TeO2&crystal:''
energy'absorber'

Radia:on:&&
energy'deposit'

NTD&Ge&thermistor:&'
resis@ve'thermometer'

Si&joule&heater:''
reference'pulses'

8

Amplitude ∝ Energy

�
T

=
E
/C

⌧ = RC
1s



Extreme Cold and the Slowest Process Ever Measured

Jonathan Ouellet Heavy Quarks and Leptons 2016 May 23, 2016

CUORE

CUORE is a ~ton scale bolometric detector with the goal of detecting 
0νββ down to the top of the inverted hierarchy 

• Array of 988 TeO2 bolometers  
• 19 towers of 52 750 g bolometers 

• 741 kg of TeO2 (206 kg of 130Te) 
• Energy resolution of ΔE = 5 keV FWHM at Q = 2615 keV 
• Background goal of 0.01 cnts/keV/kg/yr 
• Expected sensitivity of T1/2(0ν) > 9.5 × 1025 yr in 5 years of live time 

(mββ ≲ 50 - 130 meV) at 90% C.L. 

• Requires a powerful new dilution refrigerator 
• Cool 15 t of material to < 4K 
• Cool 1.5 t of material to 10mK 
• Temperature stable to <1 µK per day

CUORE Goal

9
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CUORE
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238U/232Th

• 11 kg of 130Te operated from 2003 - 2008 
• 130Te Exposure: 19.75 kg.yr 
• Energy Resolution: 5.8 keV FWHM at 2615 keV 
• Background: 0.169 ± 0.006 cnts/keV/kg/yr 
• T1/2(0ν)>2.8×1024 yr (90% C.L.)  
• mββ<300-700 meV 
• Primary background from environmental 238U/

232Th surface contamination

Predecessor to CUORE: Cuoricino

10

Astropart. Phys. 34, 822 (2011)

TeO2 TeO2 

Cu 

α  

α  

Surface 
contamination
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CUORE

New radiopurity protocols 
‣ Lighter design reduces copper surfaces 

facing detector 
‣ New copper surface treatment 
‣ Parts cleaned and stored under vacuum or 

N2 flux and underground 
‣ Custom designed assembly line for 

CUORE assembly 
‣ New cryostat assembled from cleaner 

materials, with better shielding

Background Reduction

11

42

(a) (b)

Figure 3.10: Photographs of (a) the Three Towers Test detector suspended from
the dilution refrigerator and (b) a closer view of the three towers. The polyethylene
tower is on top, the LNGS tower is in the middle, and the Legnaro tower is on
the bottom.

Three Towers 
Test

48) Mounting on holder 

49) Pumping 

50) Leak detection 

51) Baking 

52) Chamber cooling 

53) M-Plasma Cleaning 

54) Cooling of the pieces 

55) Chamber venting 

56) Chamber opening & 
demounting 

57) Triple vacuum packaging 

58) Storing 

Optical Inspection 

Tumbling 

Electropolishing 

Chemical Etching 

Mag. Plasma Cleaning 

CUORE Ultra-Cleaning 

Paolo Gorla 7

From CUORICINO to CUORE

Rencontres de Moriond EW 2016

!

!

• Strict material selection  

• 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 (N2 glove box assembly)
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CUORECUORE Detector Assembly

12

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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CUORECUORE Detector Assembly

12

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

‣ Entire CUORE assembly takes place in N2 flushed 
glove boxes in clean room underground 

‣ Reduce radioactive contamination from Rn, 
environment, and even US!

Step 1: Attaching NTDs to 
crystals

Step 2: Assembling the tower

Step 3: wiring the detectors
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CUORE

• First tower off the CUORE assembly line 
• Assembled with same materials and procedures 

• Operated as a single tower in the old Cuoricino Cryostat 

• CUORE-0 Objectives: 
1. Full scale debug of the CUORE assembly line 
2. Energy Resolution of 5 keV FWHM 
3.Validation of the CUORE α-background 
4. Formidable 0νββ search in its own right 

๏ Detector paper arXiv:1604.05465 (submitted to JINST)

The First Tower of CUORE: CUORE-0

13

IVC

Modern Lead
(16±4) Bq/Kg

Modern Lead
(150±20) Bq/Kg

Borated PET

Roman lead
< 4 Bq/Kg

Plexiglass

Damper

Roman lead
< 4 Bq/Kg

Roman lead
< 4 Bq/Kg

Aluminium Plate

Brass Plate

OVC

Modern lead
150 Bq/Kg

Mixing Chamber

Stainless 
steel spring

CUORICINO CUORE-0 
(Goal)

CUORE 
(Goal)

130Te Mass (kg) 11 11 206
Background (cnts/keV/kg/yr) 0.17 0.05 0.01

Resolution (keV) 5.8 5 5
T1/2 Sensitivity (1024 yr) @ 90%C.L. 2.6 2.9 95
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CUORECUORE-0 Energy Resolution
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Effective FWHM 
(Harmonic Mean)

FWHM Distribution 
RMS

Cuoricino 5.8 keV 2.1 keV
CUORE-0 4.9 keV 2.9 keV

CUORE Goal 5.0 keV

FWHM Distribution by 
channel and dataset

CUORE-0 
Full Statistics

✓CUORE-0 achieves the CUORE 
energy resolution goal of 5 keV 
FWHM at 2.6 MeV
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CUORE
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CUORE-0 α-Background

15

Background Rate (cnts/keV/kg/yr)
0νββ Region α Region

Cuoricino 0.169±0.006 0.110±0.001
CUORE-0 0.058±0.004 0.016±0.001

CUORE Goal 0.01 <0.01

α-regionγ-region

CUORE-0 
Full Statistics

Background Model Paper in Preparation

✓CUORE-0 validates the α-
background reduction procedures 
for CUORE
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CUORE
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Final CUORE-0 Result

16

Phys.Rev.Lett. 115 (2015) 10, 102502 
Phys.Rev.C 93, 045503 (2016)

‣ 233 candidate events in the ROI from 
2470 - 2570 keV 
‣Simultaneous UEML fit over all 

channels and datasets 
‣Background in the ROI of 0.058±0.004 

cnts/keV/kg/yr 
‣Signal detection efficiency of           

81.3 ± 0.6 % 
‣Projected position uncertainty at Qββ of 

~100 eV 
‣Projected energy resolution at Qββ of  

5.1 ± 0.2 keV 
‣Expected 90% sensitivity of              

T1/2 > 2.9 × 1024 yr

CUORE-0 + Cuoricino combined Limit:

T 0⌫
1/2 > 4.0⇥ 1024 yr (90% C.L.)
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CUORECUORE-0 Limit on mββ
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This Result

1) IBM-2 (PRC 91, 03404 (2015)) 
2) QRPA (PRC 87, 045501 (2013)) 
3) pnQRPA (PRC 024613 (2015)) 
4) ISM (NPA 818, 139 (2009)) 
5) EDF (PRL 105, 252503 (2010))

m�� < 270� 650 meV

1) IBM-2 (PRC 91, 03404 (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))

m�� < 270� 760 meV
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Extreme cold and shipwreck lead
Scientists have proven the concept of the CUORE experiment,
which will study neutrinos with the world’s coldest detector and
ancient lead.
By Lauren Biron

Scientists on an experiment in Italy are looking for a process so rare, it is thought to occur
less than once every trillion, trillion years. To find it, they will create the single coldest
cubic meter in the universe.

The experiment, the Cryogenic Underground Observatory for Rare Events, will begin
by the end of the year, scientists recently announced after a smaller version
demonstrated the feasibility of the design.

The project, based at Gran Sasso National Laboratory, will examine a property of
ghostly neutrinos by looking for a process called neutrinoless double beta decay. If
scientists find it, it could be a clue as to why there is more matter than antimatter in the
universe–and show that neutrinos get their mass in a way that’s different from all other
particles.

The full CUORE experiment requires 19 towers of tellurium dioxide crystals, each
made of 52 blocks just smaller than a Rubik’s cube. Physicists will place these towers
into a refrigerator called a cryostat and cool it to 10 millikelvin, barely above absolute
zero. The cryostat will eclipse even the chill of empty space, which registers a toasty 2.7
Kelvin (minus 455 degrees Fahrenheit).

CUORE uses the cold crystals to search for a small change in temperature caused by
these rare nuclear decays. Unlike ordinary beta decays, in which electrons and
antineutrinos share energy, the neutrinoless double beta decay produces two electrons,
but no neutrinos at all. It is as if the two antineutrinos that should have been produced
annihilate one another inside the nucleus.

“This would be really cool because it would mean that the neutrino and the

1

Status of CUORE



Extreme Cold and the Slowest Process Ever Measured

Jonathan Ouellet Heavy Quarks and Leptons 2016 May 23, 2016

CUORECUORE Detector Assembly

19

Detector Construction 
Completed June 2014 

‣ Total detector assembly time: ~18 Months 
‣ Detectors stored in clean room under constant 

N2 flux 
‣ Currently awaiting cryostat completion

1-9 10-16

17-19
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CUOREThe CUORE Cryostat

20

• Brand new state of the art dilution refrigerator 
• Cool 15 t of material to < 4 K 
• Cool 1.5 t of material to < 10mK 

• Built using low radioactivity materials 
• Clean copper 
• 30 cm of shielding in every direction 
• Lateral lead shielding made from ultra low 

radioactivity ancient Roman lead 

• Cryostat commissioned in 4 cool down runs between 
2014 and 2016
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CUORECryostat Commissioning Run 1

21

‣First commissioning cool down of the 
cryostat. 

‣Cool down to base with no load 

‣Achieved a base temperature of 5.9 mK 

‣Cooling power of 3 µW at 10 mK 
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CUORECryostat Commissioning Run 1

22

arXiv:1410.1560

known
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CUORECryostat Commissioning Run 2 & 3

23

cryostat commissioning 
wiring run

Carlo&Ligi&*&LTD16&Grenoble&24/7/2015&

2600&NbTi&cables&in&100&ribbons&
tested&for&thermalizaUon&
300*4&&K&by&radiaUon,&4*0.01&K&by&conducUon&
test&OK,&R(bolometers)&≈&GΩ&&

cryostat commissioning 
wiring run

Carlo&Ligi&*&LTD16&Grenoble&24/7/2015&

2600&NbTi&cables&in&100&ribbons&
tested&for&thermalizaUon&
300*4&&K&by&radiaUon,&4*0.01&K&by&conducUon&
test&OK,&R(bolometers)&≈&GΩ&&

Run 2: Test of the 
cryostat wiring

Paolo Gorla 26

Cold Pb shields

Rencontres de Moriond EW 2016

2 main elements 

- side & bottom: roman Pb, 6 cm thick 

- top: 5 discs (6 cm thickness each) of 

modern lead 

Run 3: Test of the top Pb 
shielding, fast cooling system, 

calibration system
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CUORECryostat Commissioning Run 4

24

Carlo&Ligi&*&LTD16&Grenoble&24/7/2015&

‣Test cool down with lateral Roman lead shielding 
‣Full load excluding the detector itself 

‣Mounted small 8 channel bolometric array 
‣Commissioned electronics, DAQ, temperature 

stabilization, calibration system
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CUOREIn Summary...

25

CUORE-0 CUORE

✓Collected 9.8 kg⋅yr of 130Te exposure from 
March 2013 - March 2015 

✓Surpassed the Cuoricino sensitivity in less 
than half the run time  

✓Set a new combined limit of the 0νββ half-life 
of 

✓Achieved the CUORE energy resolution goal 
of 5 keV FWHM at 2615 keV 

✓Validated the background reduction protocols 
for CUORE 

✓CUORE-0 gives confidence that our 
background goal is within reach

T 0⌫
1/2 > 4.0⇥ 1024 yr

✓19 towers built and stored under N2 flux 

✓Cryostat achieved 5.9 mK in first 
commissioning run 

✓Auxiliary cryostat systems installed and tested 

✓Completed test cool down with bolometers 

✓Cryostat commissioning completed March 
2016 

➡Detector commissioning beginning in summer 
2016

Stay tuned!
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CUOREDetector Energy Calibration

29
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CUOREEnergy Resolution

30
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‣ Use the resolution of the 208Tl line as the benchmark
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CUOREEvent Cuts

31

... or how we try to get rid of any non-signal-like events 



Extreme Cold and the Slowest Process Ever Measured

Jonathan Ouellet Heavy Quarks and Leptons 2016 May 23, 2016

CUOREEvent Cuts

31

... or how we try to get rid of any non-signal-like events 

• Basic Quality Cuts 
• Saturated pulses 
• Multiple triggers or 

pulses in a single window



Extreme Cold and the Slowest Process Ever Measured

Jonathan Ouellet Heavy Quarks and Leptons 2016 May 23, 2016

CUOREEvent Cuts

31

... or how we try to get rid of any non-signal-like events 

• Basic Quality Cuts 
• Saturated pulses 
• Multiple triggers or 

pulses in a single window

• Pile-up Cuts 
• 7.1 second dead window 

around each pulse



Extreme Cold and the Slowest Process Ever Measured

Jonathan Ouellet Heavy Quarks and Leptons 2016 May 23, 2016

CUOREEvent Cuts

31

... or how we try to get rid of any non-signal-like events 

• Basic Quality Cuts 
• Saturated pulses 
• Multiple triggers or 

pulses in a single window

• Pile-up Cuts 
• 7.1 second dead window 

around each pulse

• Pulse Shape Cuts 
• Remove “spike” events 
• Remove electronic noise
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CUOREEvent Cuts

31

... or how we try to get rid of any non-signal-like events 

• Basic Quality Cuts 
• Saturated pulses 
• Multiple triggers or 

pulses in a single window

• Pile-up Cuts 
• 7.1 second dead window 

around each pulse

• Pulse Shape Cuts 
• Remove “spike” events 
• Remove electronic noise
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CUOREAnti-Coincidence Cut

32

• We expect that ~88% of 0νββ events will be contained in 
a single crystal.  

• Anti-coincidence window of ±5 ms. 

• Removes: 
- α decays on the bolometer surface  
- Compton scattered γ-rays 
- Cascade decays 
- Muons
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CUOREEvent Selection Efficiencies

33

Measured directly on data}
Measured using MC

Cut Efficiency

Single Crystal Containment 88.4±0.09

Trigger & Energy Reconstruction 98.529±0.004

Pileup & Pulse shape 93.7±0.7

Accidental Coincidence 99.6±0.1

Total Signal Efficiency 81.3±0.6

With the cuts, we maintain a 
signal efficiency of 81%.
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CUOREBuilding the Detector Response

34

Primary 
Gaussian

Secondary 
Gaussian

X-ray 
Escapes

Compton 
Continuum

➡Each bolometer gets its own detector 
response shape for each dataset

CUORE-0
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CUORECUORE-0 Blinding

35

• Randomly move a fraction of events 
from the 2615 keV line to the ROI and 
vice versa 

• Fraction of events is random 

• Creates an unrealistically large peak at 
the 0νββ value
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CUORE
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Salted Peak

CUORE-0

60Co Sum Peak 130Te Q-Value
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CUORE
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CUOREFitting The ROI

37

‣ Simultaneously fit each bolometer and 
dataset using an UEML fit 

‣ Use the lineshape derived on the  calibration 
208Tl 

‣ Scale detector response down to 0νββ 
position 

• Position fixed relative to 208Tl position 

‣ Scale second line to 60Co position  

‣ Scale bias and resolutions from 208Tl value 

‣ Flat background

214Bi

208TlROICUORE-0
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CUOREFitting The ROI

37

60Co 0νββ
‣ Simultaneously fit each bolometer and 

dataset using an UEML fit 

‣ Use the lineshape derived on the  calibration 
208Tl 

‣ Scale detector response down to 0νββ 
position 

• Position fixed relative to 208Tl position 

‣ Scale second line to 60Co position  

‣ Scale bias and resolutions from 208Tl value 

‣ Flat background

214Bi

208TlROICUORE-0
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CUORECharacterizing the Detector Response

38

...

‣Project the 208Tl lineshape onto other lines in the 
physics and calibration spectra

CUORE-0

Want to know: 
‣ Bias vs Energy 
‣ Resolution vs Energy

CUORE-0 
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CUOREProjecting the Detector Response

39

‣Use expected bias to understand 
shift in expected 0νββ position 
‣Use RMS about fit as uncertainty 

in 0νββ position 
‣Bias at 0νββ: 0.05±0.05±0.09 keV

CUORE-0 
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CUOREProjecting the Detector Response

39

“Multi-photon” 
interactions60Co  

sum peak

208Tl single 
escape peak ‣Similar residual on 60Co seen in 

both Cuoricino and a dedicated 
60Co calibration run 
‣Real effect, but not presently 

understood

‣Use expected bias to understand 
shift in expected 0νββ position 
‣Use RMS about fit as uncertainty 

in 0νββ position 
‣Bias at 0νββ: 0.05±0.05±0.09 keV

CUORE-0 
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CUORESingle vs Multi Crystal 60Co Coincidences 

40

Single crystal 
coincidences

Two crystal 
coincidences
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CUOREScaling the Energy Resolution

41

‣Energy resolution scaling includes 
ratio of energy resolutions at Q to 
2615 and difference between 
calibration and physics run 
performance 

‣Scaling at ROI is given by 
ασ(Qββ)=1.05±0.05 

‣This corresponds to an energy 
resolution of ΔE(Qββ)=5.1±0.3 keV 
(FWHM)

CUORE-0 
Preliminary
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CUORECUORE-0 90% C.L.

42
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CUOREConsistency Of The Model

43
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‣ 90% of pseudo-experiments had a larger χ2 

‣ Probability of the largest peak (including the “look elsewhere” effect) is ~40% 

‣ Both KS and AD tests were consistent with the model



Extreme Cold and the Slowest Process Ever Measured

Jonathan Ouellet Heavy Quarks and Leptons 2016 May 23, 2016

CUORECUORE-0 Official Systematic Uncertainties

44

CUORE-0 Official
Additive (10-24 yr-1) Relative (%)

Lineshape 0.007 1.3
Energy Resolution 0.006 2.3
Background Shape 0.004 0.8

Efficiency - 0.7
Energy Scale 0.005 0.4

Fit Bias 0.006 0.15
Total 0.012 2.9

�2
syst(�) =

X

i

�2
add,i + �2

rel,i�
2

Combining Systematics:

Toy MC simulation with 
best fit decay rate vs 
simulated decay rate

1

�2

Tot

(�)
=

1

�2

Stat

(�)
+

1

�2

Syst

(�)

CUORE-0 
Preliminary
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CUORECUORE-0 γ-Background

45

Calibration 
spectrum 

normalized to 
208Tl line

CUORE-0 Physics 
Spectrum

CUORE-0 
Full Statistics
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CUORECUORE-0 γ-Background

45

Background dominated by 
Compton scattered γs

Calibration 
spectrum 

normalized to 
208Tl line

CUORE-0 Physics 
Spectrum

CUORE-0 
Full Statistics

Cuoricino
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CUOREAnti-Coincidence Rejection

46

Single photon 
absorbed in 
two crystals

Cascade Decays

Triggered Energy
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CUOREProbing the Inverted Hierarchy

47

Fully probe the ‘inverted hierarchy’ region

Requirements: 
‣ ~ 1 ton of instrumented isotope 
‣ Isotopic enrichment 
‣ Essentially zero background 
‣ 5-10 year run time
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CUOREA Future Bolometric Detector

48

The next generation detector will require: 
• Isotopic enrichment to increase the amount of 130Te 

• On going tests to grow high enrichment low background detectors 
• Particle Identification to reject background event by event

The detector itself is expected to be the largest source of backgrounds!

76 
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CUOREMultiple Channel Readout
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CUOREMultiple Channel Readout

49

β-Decay α-Decay

?
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CUORECUPID: CUORE Upgrade with Particle ID

50Vi ve k Si ngh,  UC Be r ke l e y 41

R&D efforts
Many Options Being Investigated:
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CUORECombining Light Measurements

51

number of detected photons (Poisson statistics). During the detec-
tor operation heater pulses are injected to the detector via the
TES heater. The resolution of a heater pulse in the light detector
and the TeO2 bolometer directly yield the rl and rTeO2 parameters
since heater pulses, in contrast to particle pulses, are not affected
by photon statistics. The values for the detector module of this work
are rl = 261 keV, rTeO2 = 9.8 keV and S1 = 360 keV.

The band description is shown in Fig. 6: the dotted contour lines
are central !1.28r boundary lines whereas the solid lines are
!3.1r boundary lines, thus 99.8% of all e/c- events are expected
to be within the two solid contour lines. The a-particle distribution
appears at a light yield of zero, well separated from the populated
e/c-band.

A projected view of the light yield in (eV/MeV) allows to visual-
ize the achieved discrimination of a-particles from e/c-events; in
Fig. 7 a histogram of all events observed in the energy interval from
2400 keV to 2800 keV is shown. Two Gaussian functions (all
parameters free) are used to fit the two distributions (red solid

line): a-particles appear at (0.80 ! 0.89) eV/MeV, whereas for the
distribution of e/c-events the mean value is found to be
(48.55 ! 0.36) eV/MeV.

The fit gives a resolution of r = (8.74 ! 0.27) eV/MeV for the e/
c-peak and r = (9.53 ! 0.75) eV/MeV for the a-peak. Since the a-
events do not produce light, the resolution is expected to be
slightly better in respect to the e/c-events because of the missing
Poisson statistics contribution. However, the rs of both dis-
tributions are compatible due to the dominant contribution of
the baseline noise and the lack of statistics (see Fig. 7).

Following [33], the discrimination power (DP) between two
symmetric distributions can be characterized by comparing the
difference between the mean values of the two distributions
weighted by the square root of the quadratic sum of their widths

DP ¼
lb=c # laffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

b=c þ r2
a

q ; ð3Þ

where lb=c and la are the mean values of the two distributions and
rb=c and ra are their corresponding widths. Inserting the values
obtained from the double-Gaussian fit displayed in Fig. 7 yields a
value of DP equal to 3.7. Thus, we achieve the highest suppression
up to date, in particular carried out on a massive TeO2 bolometer
(see Table 2).
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Fig. 5. Left figure: The result of a fit to an averaged pulse (solid line) created from direct hit events in the light detector and from Cherenkov events (dashed line), both at an
absolute energy of about 125 eV (this work) is shown. Right figure: The result of a fit to an averaged pulse from direct hit events in a SOS light detector at 5.9 keV (55Mn Ka-
line) is displayed. Since this light detector is paired with a CaWO4 crystal, the corresponding scintillation light event (same energy deposition in the light detector) from the
CaWO4 crystal is shown as a dashed line. As the scintillation process is slow in comparison to the production of the prompt Cherenkov light, the scintillation light event can be
discriminated by pulse shape from a direct hit event in the light detector. A discrimination of a Cherenkov light event from a direct hit event in the light detector (left plot) is
not feasible.
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Fig. 6. Background data of the TeO2 bolometer is shown in the light yield-energy
plane. Light yield in this context refers to the direct energy detected in the light
detector in eV per MeV of deposited energy in the TeO2 crystal. Two distributions
can be noted: a band due to e/c-interactions as well as the less populated band at
zero light yield due to a-particles from a degraded a-source. The bands which
indicate the region expected for e/c-events are shown in form of central probability
bands. The dotted lines are !1.28r contours whereas the solid lines are !3.1r
contours, thus 99.8% of all e/c-events are expected to be contained within the two
solid contour lines. The a-particle distribution appears at a light yield of zero,
separated from the populated e/c-band. The dashed vertical line indicates the Q-
value of 130Te of 2530 keV. On average the Cherenkov light at the 208Tl-line results
in about 129 eV of detected light.
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Fig. 7. A histogram of the light yield [eV/MeV] distribution is used to evaluate the
discrimination power of e/c-events from a-particles in the region of interest. The
distribution is fit with two Gaussians (all parameters free) and includes all events
observed in the energy interval from 2400 keV to 2800 keV. We find a separation in
this energy interval of 3.7 using Eq. (3).

34 K. Schäffner et al. / Astroparticle Physics 69 (2015) 30–36

K. Schaeffner et al, Astrop. Phys. 69, 30 (2015)

Cherenkov light from TeO2 with TES readout

08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro

Scintillating Bolometer R&D
45Zn82Se : Lucifer (first CUPID demonstrator) 

Low-­‐‑background Underground Cryogenics Installation For Elusive Rates 

Goal: to reach a decay of few 1025 y and demonstrator for a background free experiment 

Lucifer will be composed by an array of  32 enriched (95%)  Zn82Se crystals. Total 82Se nuclei will be   |4.3)1025 

The expected background in the ROI (2995 keV) is of the order of 1y2 10-3 c/keV/kg/y  

The energy resolution of the single detector is expected to be  a10÷20  keV FWHM 

JW Beeman et al.,  Advan. in High Energy Phys 2013,  237973 

ZnSe  crystals D discrimination 
The D-induced background is recognized through two independent measurements: 1) the decay time of the 
scintillating signal 2) the different scintillation yield between D and J/E particles  (the  “usual”  light  Vs  Heat  
scatter plot)     

E/J scintillation 

D-scintilaltion 

Direct ionization 

(1) Decay time of the scintillation light 

ZnSe crystals  shows  an  “inverse”  QF,  i.e.  D-particles scintillate more than E/J’s 

(2) Light Vs Heat scatter Plot 
“Ionization  coincidences”  between   
Ge light detector and ZnSe 

JW Beeman et al., JINST 8  (2013) P05021 

(C. Arnaboldi et al.,   Astrop. Phys. 34(2011) 

100Mo-Based compounds- LUMINEU 

LUMINEU is an ANR funded pilot experiment to demonstrate the feasibility of Zn100MoO4 
scintillating bolometers  using 1 kg of 100Mo. 
Crystals grown in NIIC(Russia) using  Low Thermal Gradient CZochralski  technique (LTGCz) 

Two ~340g Zn(nat)MoO4 tested underground 
Two ~60g Zn(100)MoO4  (99% enriched) tested above ground 

Luminescent Underground Molybdenum Investigation for NEUtrino mass and nature 

A. S. Barabash et al.,  Eur. Phys. J. C  74 (2014) 3133 

9 Mo purified by double sublimation & recrystallization  
     from solution (arXiv:1312.3515) 
9 Excellent  radiopurity, U, Th < 4PBq/kg 
9  Crystal growth yield 85 % 
9 Irrecoverable losses < 4 % 

J.W. Beeman et al., Phys Lett B 710 (2012) 

Mo-Based compounds- ZnMoO4 
Successful R&D pursued within  lucifer before choosing ZnSe. 

Energy resolution compatible with CUORE detectors 

D Discrimination without  
light detection @ 14 σ  

Smeared D source 

β/J 
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L. Cardani et al.,  J. of Phys. G:  41 (2104)   075204  

L. Gironi et al., JINST 5  (2013) P P11007 

JW Beeman et al., Eur. Phys. J. C 72  (2012) 1 

JW Beeman et al., Astrop. Phys., 35  813 

Extreme radiopure: 2 Q decay mode 
Measured  in a R&D Run 

The fast 2 Q decay mode implies to increase the time   
response  of detector in order to get rid of the random  
coincidences 

LUCIFER @ LNGS: Zn82Se

LUMINEU & LUCINEU: Zn100MoO4

&/"

Scintillation light from Zn82Se with NTD readout
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CUORER&D Effort at MIT
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Brand new dilution refrigerator 
NTD and TES readout 
Studying anti-reflective coatings for 
light absorbers 
Developing new scintillating crystals


