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Calorimeters for 0nDBD

2

CUORE 

sets the standard for next generation experiments exploiting calorimeters:

• Hundreds of kg of source ➪ Proved 

• Good Energy Resolution ➪ ~0.1% for CUORE-like detectors

• Goal: background of o(100) events in the ROI —>T1/2(ββ)~1026 y

B.Fujikawa: “The CUORE experiment at LNGS”, 20th July
https://cuore.lngs.infn.it

Cryogenic Underground Observatory for Rare 
Events 
•  988 TeO2 crystals run as a bolometer array 

–  5x5x5 cm3 crystal, 750 g each 
–  19 Towers; 13 floors; 4 modules per floor 
–  741 kg total; 206 kg 130Te 
–  1027 130Te nuclei 

•  Excellent energy resolution of bolometers 
•  New pulse tube dilution refrigerator and 

cryostat  
•  Radio-pure material and clean assembly to 

achieve low background at ROI  

CUORE 
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TAUP Asilomar, Sept 11 2013 2 Ke Han (Berkeley Lab) for CUORE 

https://cuore.lngs.infn.it


CUPID
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CUPID: Cuore Upgrade with Particle IDentification

Goal: increase sensitivity on 0nDBD from 9x1025 y to >1027 y 

CUORE cryostat ➪ useful also for CUPID (ultimate limit in mass)

Calorimeters: energy resolution 0.1% ➪ ideal also for CUPID

But reduce background from o(100) events in the ROI ➪ ~0 in CUPID!

arXiv:1504.03612, arXiv:1504.03599

https://arxiv.org/pdf/1504.03612.pdf
https://arxiv.org/pdf/1504.03599.pdf
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CUPID: Cuore Upgrade with Particle IDentification

Goal: increase sensitivity on 0nDBD from 9x1025 y to >1027 y 

CUORE cryostat ➪ useful also for CUPID (ultimate limit in mass)

Calorimeters: energy resolution 0.1% ➪ ideal also for CUPID

But reduce background from o(100) events in the ROI ➪ ~0 in CUPID!

arXiv:1504.03612, arXiv:1504.03599
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Fig. 4: (color online) Background spectrum of CUORE-0
(red with shades) and Cuoricino (black) in the region dom-
inated by degraded α particles. The figure shows reduction
of the flat background caused by degraded α particles in the
energy region of [2.7 - 3.1] and [3.4− 3.9] MeV.

atic uncertainties arising from background shape are studied
by comparing a constant and a linear background models,
and are found to be less than 3%. The systematic contribu-
tion from the uncertainty in energy calibration is less than
1%.

The two major sources of background in the ROI are
degraded α particles from surface contamination on the de-
tector components and γ rays that originate from the cryo-
stat. Degraded α particles with a decay energy of 4 to
8 MeV may deposit part of their energy in the 0νDBD
ROI. These α events form a continuous energy spectrum
extending from their decay energy to well below 0νDBD
region. The α background rate in the ROI is estimated by
counting events in the “α flat continuum region”, which
is defined to be from 2.7 to 3.9 MeV (excluding the 190Pt
peak region from 3.1 to 3.4 MeV). This energy range is
above almost all naturally occurring γ rays, in particular
the 2615 keV γ rays from 208Tl decay. Figure 4 shows
the background energy spectrum of CUORE-0 (shaded red)
and Cuoricino (black). The measured rate for CUORE-0 is
0.019± 0.002 counts/(keV ·kg ·y), which improves on the
Cuoricino result (0.110± 0.001 counts/(keV ·kg ·y)) by a
factor of 6.

The γ-ray background in the ROI is predominantly
Compton-scattered 2615 keV γ rays originating from 208Tl
in the cryostat. Since CUORE-0 is hosted in the same cryo-
stat as was used for Cuoricino, the γ-ray background is ex-
pected to be similar. The γ-ray background is estimated as
the difference between overall background in the ROI and
the degraded α background in the continuum. The mea-
sured γ-ray backgrounds of CUORE-0 and Cuoricino are
indeed compatible [12], consistent with the hypothesis that
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Fig. 5: (color online) Sensitivity of CUORE-0
with the measured background rate in the ROI of
0.071 counts/(keV ·kg ·y) and energy resolution of
5.7 keV FWHM. The CUORE-0 sensitivity is expected to
surpass that of Cuoricino with one year of live time.

the background in the ROI is composed of γ rays from the
cryostat and degraded α particles.

4 Projected sensitivity of CUORE-0

Using the measured background rate and energy resolution
of the 2615 keV γ-ray peak, we obtain the CUORE-0 sensi-
titvity with the approach outlined in [33]. With the excellent
energy resolution, we construct a single-bin counting exper-
iment with a 5.7 keV bin centered at the 0νDBD Q-value.
The sensitivity is obtained by comparing the expected num-
ber of signal events with Poissonian fluctuations from the
expected background rate in this bin. Figure 5 shows the
90% C.L. sensitivity of CUORE-0. With one year of live
time, or 11 kg ·y isotope exposure, CUORE-0 is expected
to surpass the 130Te 0νDBD half-life sensitivity achieved by
Cuoricino, 2.8× 1024 y.

5 Summary and outlook

We present the energy resolution and background mea-
surements of CUORE-0 detector from from the 7.1 kg ·y
exposure accumulated up to September 2013. The mea-
sured 5.7 keV FWHM in the 0νDBD ROI repre-
sents a slight improvement over Cuoricino and vali-
dates the CUORE-0 wiring scheme and assembly pro-
cedure. The background rates have been measured to
be 0.071± 0.011 counts/(keV ·kg ·y) in the ROI and
0.019± 0.002 counts/(keV ·kg ·y) in the α continuum re-
gion. These results are a factor of 2 and 6 improvement
compared to Cuoricino, due to more rigorous copper surface

CUORE collaboration arXiv:1402.0922v2

Main background: alpha particles 
from detector materials

Exploit light output for particle ID 
(alpha rejection)

https://arxiv.org/pdf/1504.03612.pdf
https://arxiv.org/pdf/1504.03599.pdf
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Light  
Detector

TeO2

CUORE TeO2 : low light output (~100 eV at 0νββ from Cherenkov emission)

Using a “standard" LD with noise of 80 eV RMS does not permit particle ID

A LD with noise RMS < 20 eV would allow to reject the dominant background (α)
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N. Casali et. al, Eur.Phys.J. C 75 (2015) 1, 12  

Couple a light detector to TeO2 to measure the Cherenkov light emitted by e- (not by α’s)

Particle Identification in TeO2
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ZnSe
(82Se)

ZnMoO4
Li2MoO4
(100Mo)

CdWO4
(116Cd)

Particle Identification: alternative

Suggested talks (all the 20th):

- C. Nones: “Scintillating bolometers for the study of double beta decay”

- N. Casali: “CUPID-0 cryogenic calorimeters with particle ID for double beta decay”

- A. Giuliani: “A 100Mo pilot experiment with scintillating bolometers (CUPID activities)

Use compounds that, in contrast to TeO2, emit scintillation light at 10 mK
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Particle Identification in TeO2

Requirements for a light detector suitable for CUPID:

• Baseline resolution <20 eV RMS 

• Large active area (5x5 cm2) 

• High radio-purity 

• Ease in fabrication/operation (~1000 channels)

• Reproducible behavior in a rather wide 
temperature range (5-20 mK) 

• Low heat load for cryogenic system
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Particle Identification in TeO2

Requirements for a light detector suitable for CUPID:

• Baseline resolution <20 eV RMS 

• Large active area (5x5 cm2) 

• High radio-purity 

• Ease in fabrication/operation (~1000 channels)

• Reproducible behavior in a rather wide 
temperature range (5-20 mK) 

• Low heat load for cryogenic system

L.Pattavina et al., Journal of Low Temp Phys 1-6 (2015) 
M. Biassoni et al., Eur.Phys.J. C75 (2015) 10, 480   

K.Schaeffner et. al, Astropart.Phys. 69 (2015) 30-36 
M. Willers et al., JINST 10 P03003 (2015) 

L.Gironi et al. Phys. Rev. C 94, 054608 (2016) 
D.R. Artusa et al Phys Lett B 2017 (2017) 

…and many others

But none of the existing technologies 
fulfills all these requirements (yet)

We propose a new technology

https://link.springer.com/article/10.1007/s10909-015-1404-9
https://arxiv.org/abs/1603.08049
http://www.sciencedirect.com/science/article/pii/S0927650515000481?via=ihub
http://iopscience.iop.org/article/10.1088/1748-0221/10/03/P03003
https://arxiv.org/abs/1603.08049
http://www.sciencedirect.com/science/journal/03702693/767?sdc=1
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Kinetic Inductance Detectors
• Superconductors operated in AC

• Cooper Pairs acquire kinetic inductance L 

• It act as a resonator

• Photons break Cooper pairs —> change L —> change resonance

L

C

1.4 mm
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Day et al., Nature 425 (2003) 817.
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Requirements for a light detector suitable for CUPID:

• Baseline resolution <20 eV RMS 

• Large active area (5x5 cm2) 

• High radio-purity 

• Ease in fabrication/operation (~1000 channels)

• Reproducible behavior in a rather wide 
temperature range (5-20 mK) 

• Low heat load for cryogenic system

Kinetic Inductance Detectors

✅

✅

✅

✅
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E.S Battistelli et. al, Eur.Phys.J. C75 (2015) 8, 353

Phonon mediated approach

Goal of the CALDER project

1) Optimize detector geometry, read-out and analysis using Aluminum → 80 eV

2) Move to more sensitive superconductors (TiAl, TiN..) and increase surface → <20 eV

3) Large-scale test of our light detectors on TeO2 array at LNGS (Italy)

KID

phonons

https://link.springer.com/article/10.1140/epjc/s10052-015-3575-6


Phase1
Al KIDs on 2x2 cm2 Si substrate (goal: 5x5 cm2) 

First test (with 4 KIDs): 150 eV RMS  (goal: 80 eV) 

Appl.Phys.Lett. 107 (2015) 093508

Optimize the design of the resonator and our analysis tools to improve the RMS

13

https://arxiv.org/abs/1505.04666
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Frequency and width —> 2 informations

KIDs are characterized by dual-readout

Two energy estimators: phase/amplitude

Usually phase has better signal-to-noise 
ratio

We developed tools to combine them 
accounting for noise correlations 

Analysis Optimization
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Optimize the design of the resonator and our analysis tools to improve the RMS
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Reached noise 82 eV RMS 

Resolution constant up to 200 mK
Appl. Phys. Lett. 110, 033504 (2017)

Appl.Phys.Lett. 107 (2015) 093508

Al KIDs on 2x2 cm2 Si substrate (goal: 5x5 cm2) 

First test (with 4 KIDs): 150 eV RMS  (goal: 80 eV) 

phase RMS
amplitude RMS
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http://arxiv.org/abs/1606.04565
https://arxiv.org/abs/1505.04666


KID

phonons

E.S Battistelli et. al, Eur.Phys.J. C75 (2015) 8, 353

Phonon mediated approach

Goal of the CALDER project

1) Optimize detector geometry, read-out and analysis using Aluminum → 80 eV

2) Move to more sensitive superconductors (TiAl, TiN..) and increase surface → <20 eV

3) Large-scale test of our light detectors on TeO2 array at LNGS (Italy)
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https://link.springer.com/article/10.1140/epjc/s10052-015-3575-6


Phase2: surface
Al KIDs on 2x2 cm2 Si substrate (goal: 5x5 cm2) 

1st test with a KID on a 5x5 cm2 substrate (last week)

Preliminary
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Second 5x5 Al cool-dawn 
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First 5x5 Al cool-dawn 
Entries  1442
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Al does not allow to achieve the necessary sensitivity → other superconductors

Al Ti-Al
Al-Ti-Al Ti+TiN

Tc [K] 1.2 0.6 - 0.9 0.5 - 0.8

L [pH/square] 0.5 1 6

producer INF-CNR CSNSM- 
Néel, CNRS FBK

status completed this result in production

�E / TC

✏
p
QL

First tests on Ti-Al and Al-Ti-Al prototypes

Phase2: new materials
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Again a 2x2 cm2 Si substrate sampled by KIDs made of different materials 
Goal: from 80 eV to <20 eV
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PreliminaryPhase2: new materials
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Development of sensitive cryogenic LD is fundamental for CUPID

Phonon-mediated KIDs is a viable technology

CALDER Phase-I reached 80 eV with Aluminum KIDs, now in Phase-II (20 eV) with 
more sensitive superconductors

Preliminary tests already hit 30 eV

http://www.roma1.infn.it/exp/calder

Thank you  
for the attention
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Dark Matter Searches with KIDs LD
Most of cryogenic calorimeters suffer from the lack of active background rejection 

Solution: measure not only energy but also light 
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Good discrimination power >1 MeV, spoiled at low E because of LD resolution ~80 eV RMS 

Not a problem for 0νββ, but a better LD (RMS < 20eV) would provide particle ID also at low 
energy (below 30 keV) —> dark matter searches “for free”
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Sitting in the center of the resonance loop, we can monitor variations in I and Q         
(or, changing coordinates, in amplitude/phase) produced by interactions

23

phase
amplitude

Since phase is more sensitive, we use this estimator to reconstruct the pulse energy
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KIDs Read-Out



Test with LED [400 nm] + optical fiber, but also with 55Fe/57Co X-rays (calibration systematics)

We varied thickness (t) and active area (A),   
as we expect ε to scale as (tA) 
1. Single pixel t: 25 nm, A: 2.4 mm2  → ε ~  2% 

2. Single pixel t: 40 nm, A: 2.4 mm2  → ε ~  7% 

3. Single pixel t: 40 nm, A: 4.0 mm2  → ε ~11%

IaIb

Ib/Ia =81% 
# quadrati = 957 

Q= 4037 ??? 
A =3,78 �m2

Nuovo disegno

We tested different detector configurations: 
Al on a 2x2 cm2, 300 µm thick Si substrate:

24

More or less                      
material dependent

Geometry 

Efficiency

The efficiency is position dependent, but we can 
correct this effect exploiting pulses time 
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If we are dominated by the amplifier noise (ideal case), we expect the resolution to scale as:

More or less                      
material dependent Geometry 

In the 4-pixel configuration, we measured samples with noise from 150 eV to 90 eV.  
We changed V, α, Q and ε of the single KID. The resolution changed from 160 to 90 eV.
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Low frequency noise, probably 
ascribable to electronics, always 

present in our KIDs. 

It limits the energy resolution, that 
could better also with Al films. 

Now under investigation.

Target of phase-I (80 eV) within reach

Resolution


