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The Lesson of CUORE

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 

2!"" 

0!"" 

TAUP Asilomar, Sept 11 2013 2 Ke Han (Berkeley Lab) for CUORE 
L. Cardani LTD-18 Milano, July 20192

• Proved the feasibility of a tonne-scale experiment 

• Excellent energy resolution (0.3%)

Talks: I. Nutini and V. Singh

Posters: A. Campani (319), G. Fantini (330),  I. Nutini (316), S. Copello (326), 
V. Dompè (310)

Vivek Singh, UC Berkeley LTD-18, Milan 2019!17
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Phys. Rev. Lett. 120, 132501 (2018)

Limits combining CUORE with CUORE-0 and 
Cuoricino:  

• Bayesian limit @ 90% c.i. (flat prior for "!!>0):  
T1/2 > 1.5 × 1025 yr 

• Profile likelihood (“frequentist”) limit @ 90% CL: 
T1/2 > 2.2 × 1025 yr

Currently taking data. 
Upcoming physics results at  

TAUP 2019. 

• Talk: The CUORE detector and results.  
Irene Nutini, 25th July 2019, 11:15 AM  

•Poster: Lowering the energy threshold for the 
CUORE experiment.  
Alice Campani, 23rd July 2019, 5:45 PM 

•Poster: Noise reduction techniques for the CUORE 
experiment.  
Guido Fantini, 23rd July 2019, 5:45 PM 

•Poster: The CUORE data acquisition system.  
Simone Copello, 25th July 2019, 5:45 PM 

•Poster: The CUORE bolometric detectors: pulse 
shape analysis of the thermal signals.  
Irene Nutini, 25th July 2019, 5:45 PM



From CUORE to CUPID

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 
L. Cardani 3

CUORE Upgrade with Particle IDentification  

• Same CUORE infrastructure at LNGS 

• Isotopic Enrichment (increase emitters without increasing volume) 

• Background suppression by x100 wrt CUORE 10-2 counts/keV/kg/yr  

• background of CUORE dominated by α particles —> particle ID

LTD-18 Milano, July 2019
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Particle ID in cryogenic calorimeters

L. Cardani 3 LTD-18 Milano, July 2019

Heat signal
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• Couple each calorimeter to a light detector 

• Different light yield enables particle identification 

• Reject the (dominant) α background 

• R&D of  many years to identify the best technology
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CUPID-0: absorber
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Cryogenic Calorimeter for 0νββ: 

• Good bolometric performance 

• Emission of  scintillation light at 10 mK 

• Grown from high Q-value emitter 

LTD-18 Milano, July 2019

130Te 76Ge 100Mo 116Cd 

Background � 
ambientale 

82Se 

CUPID-0: Zn82Se 

• Enrichment of  Se at 96.3% in 82Se 

• Non-standard crystal (R&D to purify powder, grow 
large size crystals) 

• Equipped with 3 x 2.8 x 1 mm3 NTD Ge thermistor

 428 Page 4 of 19 Eur. Phys. J. C   (2018) 78:428 

Table 1 Internal radioactive contamination for 2.5 kg of 96.3%
enriched 82Se metal beads and for 2.5 kg of natZn. Limits are com-
puted at 90% C.L.. The measurements were carried out on October
2014

Chain Nuclide 82Se activity natZn activity
[µBq/kg] [µBq/kg]

232Th 228Ra < 61 < 95
228Th < 110 < 36

238U 226Ra < 110 < 66
234Th < 6200 < 6200
234mPa < 3400 < 4700

235U 235U < 74 < 91
40K < 990 < 380
60Co < 65 < 36
56Co – 80 ± 20
65Zn – 5200 ± 600

m= 31 g m= 505 g m= 281 g

Fig. 3 Picture of a Zn82Se ingot as grown. The two edge of the boule
are removed, while the central part is processed for the realization of
the final crystal for the CUPID-0 detector

As described in [18], the synthesis of Zn82Se is made in
vapour phase by evaporating Zn and enriched 82Se in an Ar
atmosphere at 950 ◦C. The synthesised powder then, after a
two stage purification procedure, the first in Ar and the second
in H2 atmosphere, is charged inside a high density graphite
crucible. All these procedures are performed in Ar flushed
disposable glove-boxes, in such a way that the material is
never exposed to air so to reduced any possible recontami-
nation.

The 1 kg charge is sufficient for the production of a single
crystal of 500 g, the rest is all recoverable material which
is not included in the final crystal production given its poor
crystalline quality, see Fig. 3. The crystal is grown using
the Bridgman technique at 1500 ◦C at about 15 MPa of Ar
pressure, with a growing speed of about 1.5 mm/h.
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Fig. 4 Crystal masses. The 82Se content for each crystal is shown.
Crystal number 4 and 20 are crystal with natural Se isotopic abundance

The final crystal is then shaped and optically polished
with specific materials and procedures, for further details on
the crystal polishing and lapping see [18]. All these deli-
cate procedures were carried out inside a clean-room where
a Radon-abatement system was installed in order to reduce
any possible recontamination of the crystals after the pol-
ishing. The 222Rn concentration inside the clean room is
<20 mBq/m3 [17].

In Fig. 4, the masses of all CUPID-0 crystals and the frac-
tion of the 0νββ source are shown. They range from about
150 g to about 500 g, due to the difficult growth conditions.
From each ingot, the crystal cuts were performed so that the
crystal mass and its quality were maximized. The two crys-
tals with the lowest content of Se are the natural ones.

4.2 Ge light detectors

Operating reliable and robust LDs is of paramount impor-
tance, since the particle identification relies on the perfor-
mance of these devices.

The Ge substrate/absorber, purchased at UMICORE
Electro-Optic Material (Geel, Belgium), is a double side pol-
ished wafer of diameter 44.5 mm and an average thickness of
170µm, with an impurity concentration< 2×1010 atoms/cm3.

All the long-standing experience in the development of
cryogenic LDs [19] helped in defining the critical issues
for an efficient particle identification and rejection, above
all: energy resolution and signal amplitude. The former is
strongly dependent on the operating conditions of the ther-
mal sensor, as it is thoroughly discussed in [20]. The latter
mostly depends on the detector design and on the ability to
maximize the light detection efficiency. For this reason a ded-
icated procedure for the enhancement of the light collection
efficiency using an anti-reflective coating was developed at

123
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Fig. 25 Distribution of the ZnSe energy resolutions. The FHWM reso-
lution at 0 keV, which is defined as the detector baseline noise, in shown
in (a). While the distribution for the 2615 keV γ -line energy is shown
in (b)

rower scan in proximity of region of operation is carried out,
aiming at defining the best signal-to-noise ratio, see Fig. 24.

9 Detector performance

The overall detector performance is benchmarked by means
of a 232Th calibration source deployed next to the detector,
but outside of the cryostat. This is used to calibrate the energy
response of the detector at the RoI and of the baseline energy
resolution6. Unfortunately, we are only able to calibrate the
ZnSe crystals and not the LDs, due to their low mass. The
best method to calibrate such small devices would be to place
a permanent X-ray source on the detector, as it was already
done in [13]. In CUPID-0 we decided not to install any sort of
permanent source on the LDs for obvious reason related to the
ultra-low background conditions in which the measurement
is carried out.

In Fig. 25a, b we show the distribution of the detec-
tor FHWM resolutions for the ZnSe detectors at 0 keV
(FWHMbaseline) and at 2.6 MeV (FWHM2615), the high
energy and high intensity γ -line produced by the 232Th
source. The median value of the FWHMbaseline reveals to
us that the cryogenic system and the electronics are perform-
ing at the cutting edge, given that the baseline noise in first
approximation is independent of the absorber properties.

The average detector energy resolution is computed at
2.6 MeV, the most intense high energy gamma line next to
the region of interest. The exposure-weighted harmonic mean
FWHM energy resolution results to be 23.0 ± 0.6 keV. The
spread in the energy resolution is driven by the limited crys-
tal quality, in fact while an ideal bolometer is supposed to be
a crystal with a single-crystalline structure, our ZnSe cystals

6 The energy resolution at 0 keV is evaluated as the detector baseline
resolution and it is evaluated on acquired baseline where no pulses are
recorded.
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Fig. 26 Distribution of the ZnSe signal amplitudes for each crystal

have polycrystalline structures. This characteristic strongly
affects the thermalization of phonons inside the crystal, hence
the energy resolution. In fact, in this case the amplitude of
the thermal signals will depend on the point of interaction
inside the crystal, thus it will spoil the detector energy reso-
lution, expecially for multi-Compton events occuring in one
single crystal. We would like to underline the fact that there
are still effective methods for improving the energy resolu-
tions, and the most important one consists in taking advantage
of the heat-light correlation in ZnSe crystals. In our group,
while operating ZnSe bolometers, we were able to improve
the detector energy resolution by 25% [46] by means of the
heat-light de-correlation.

In Fig. 26, we show the distribution of the signal ampli-
tudes for the Zn82Se crystals. The median value of the dis-
tribution is 59.3 µV/MeV, which is a value comparable with
other large mass bolometers like natTeO2 [30].

This is the first time that a large number of bolometric LDs
is operated: 31 channels. Their performance had not yet been
investigated on such a large scale. Due to the lack of a calibra-
tion source for the LD, we investigate the LD performance by
means of the pulses generated by Si resistor coupled to the
absorber. In Fig. 27, the distribution of the signal-to-noise
ratio of the heater pulses recorded on each LD is shown.
The LD performance is extremely reproducible showing no
major outlier. This proves the control and robustness of this
technology for the scintillation light read-out.

Finally in Table 4, we show the overall operating and per-
formance parameters of all ZnSe crystals and LDs. The rise-
time and the decay time are also shown. These are computed
as the time interval between the 10 and 90% of the leading
edge of the pulse amplitude and as the 90 and 30% of the trail-
ing part of the pulse amplitude, respectively. Furthermore we
also report the noise amplitude evaluated at 5 Hz which is
within the signal bandwidth. This shows that the detector res-
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Light Detector: 

• ``Standard” LD: not satisfactory at 10 mK 

• Use a second calorimeter 

• Light emitted by ZnSe: tens-hundreds of  keV —> smaller capacitance

LTD-18 Milano, July 2019

CUPID-0: Ge wafer (produced by UMICORE) 

• 4.4 cm x 170 μm 

• Coated with SiO on a single face 

• Equipped with 2 x 2.8 x 0.5 mm3  NTD Ge thermistor 

• In previous test ~40 eV RMS, 1.8 ms rise-time, reproducible

 428 Page 6 of 19 Eur. Phys. J. C   (2018) 78:428 

Fig. 6 Light detector before its assembly. The side with the antireflec-
tive coating is visible. The coating results in a dark internal circle, while
2 mm on the edge are uncoated

Table 2 Bulk contaminations of the VIKUITI-3M light reflector. The
measurement was carried out at the LNGS by means of a mineralization
procedure and an ICPMS analysis. The overall mass of VIKUITI-3M
used in CUPID-0 is 17 g. The total activity is 0.8 ± 0.2 µBq and 2.9 ±
0.7 µBq for 232Th and 238U, respectively

Chain Nuclide VIKUITI-3M activity
[µBq/kg]

232Th 232Th 49 ± 12
238U 238U 170 ± 50

of the elemental Th and U were 12 ± 3 and 14 ± 4 ppt,
respectively, see Table 2.

4.4 Ge-NTD thermal sensor

The CUPID-0 thermal sensor production started in March
2012. Nine wafers of high-purity Ge, ⊘ = 65.5 mm and
thickness 3.25 mm, were irradiated at the MIT Nuclear Reac-
tor Laboratory, Boston (MA, USA), see Fig. 7. The exposure
to high neutron fluxes is needed in order to uniformly dope the
wafers. The required dopant concentration to enable the oper-
ation of the Ge as thermal sensor is at level of 1016 atom/cm3.
Such high and uniform doping level will take the semicon-
ductor close to the metal-to-insulator region. The electrical
conductivity of these heavily doped semiconductors has an
exponential dependence on the temperature, making these
sensors the most suitable technology for our purposes [14]:

ρ(T ) = ρ0 e(T0/T )0.5
, (2)

where T0 depends on the Ge-NTD doping level and ρ0 on the
doping level and on the sensor geometry. As a consequence,
a fluctuation of the doping level will strongly affect the sen-

Fig. 7 Six out of 9 Ge wafers, diameter of 65.5 and thickness 3.25 mm,
installed in an Al holder before neutron irradiation at the MIT Nuclear
Reactor Laboratory (MA, USA)

sitivity of the thermometer. The target values are T0 = 4.2 K
and ρ0 = 1.5 " for a sensor sensitivity of about 1 M"/µK.

An accurate and precise measurement of the flux and neu-
tron dose to which the Ge wafers are exposed is of paramount
importance for the success of the experiment. These values
will depend the detector response and resolution. The entire
neutron dose should not exceed 2% of the nominal value,
which is estimated to be at the level of 4×1018 n/cm3.

To achieve such high accuracy and precision nominal neu-
tron dose, we decided to irradiate: 3 wafers at ±7% of the
target dose, 2 wafers at ±3%, 1 wafer at +2% and 3 wafers at
the nominal value. This choice was driven by the fact that the
Nuclear Reactor facility could ensure dose within 5% of the
target value. While irradiating the Ge wafers some witness
samples were also exposed to the same neutron flux. These
were used for an accurate off-line evaluation of the total
exposure, by means of Neutron Activation Analysis [27]. At
last, a fine tuning of the neutron dose was carried out at the
LENA Nuclear Research Reactor Laboratory (Pavia, Italy).
The wafers that received a neutron dose closest, but lower,
than the nominal value underwent a neutron exposure at the
LENA reactor. The LENA most intense neutron flux is about
3 orders of magnitude lower than the MIT reactor flux, thus
allowing a more accurate neutron irradiation. A detailed map-
ping of the LENA reactor neutron fluxes was performed [26]
before irradiating the sensors. This allowed us to select the
irradiation channel more suitable for our purposes, thus with
a ratio thermal/fast neutron flux of about 20.

On the two large area of the Ge wafer a 4000 Å gold
layer is deposited, which serves as sensor Ohmic contacts,
see Fig. 8. After the deposition the wafer is diced in sensors
of the desired size. The final sensor dimensions for the ZnSe
and LDs are 3 × 2.8 × 1 mm3 and 2 × 2.8 × 0.5 mm3,
respectively, see Fig. 9, where 2.8 mm is the distance between
the two golden pads.

The sensors, before their coupling to the absorbers, are
equipped with gold wires. A dedicated ball-bonding machine

123

CUPID-0: light detector



The CUPID-0 Demonstrator

L. Cardani 6

First medium-scale demonstrator of  CUPID 

• 24 ZnSe crystals enriched (95%) in 82Se 

• 2 natural ZnSe crystals 

• 10.5 kg of  ZnSe (3.8x1025 nuclei) 

• Hosted in the same CUORE-0 cryogenic facility (LNGS, Italy)

LTD-18 Milano, July 2019



The CUPID-0 time-line
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Start  

cool-down

physics (PRL 2018)   

      3.44 kg x y

Commissioning  56Co calibration

2017

physics             

2.02 kg x y

2018

physics             

4.49 kg x y

This talk: full statistics acquired in ~1.5 years (phase-I): 9.95 kg x yr of  ZnSe 

At the end of  2018 detector warm-up and upgrade 

June 2019: start phase-II
physics

LTD-18 Milano, July 2019



Data Selection (1)
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Reject non-physics events 

(earthquakes, electronics noise…)
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Data Selection (2)
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Background in ROI (2800-3200 keV): 

1.3 x 10-2 counts/keV/kg/yr 

Particle ID provides x3 suppression
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Data Selection (3)
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Background in ROI (2800-3200 keV): 

3.5 x 10-3 counts/keV/kg/yr
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Lowest Background 
For cryogenic calorimeters

LTD-18 Milano, July 2019



0νββ decay of 82Se
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• Total exposure:  

• 5.29 (kg x yr) of  82Se 

• 3.88x1025 (emitters x yr) of  82Se 

• Final efficiency: (70 ± 1) % 

• Probability of  0νββ electrons containment (81.0 ± 0.2) % 

• Trigger and energy reconstruction 99.5 % 

• Selection on heat (shape + time veto) 88% 

• Electrons selection: 98% 

• Energy resolution in ROI: (20.05 ± 0.34) keV
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N.Casali et al 
PRL 123 032501 (2019) 
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Background Model
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Where does the residual (3.5x10-3 counts/keV/kg/yr) background come from?

+ higher multiplicity spectra to normalise cosmic rays
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• ~44% muons 

• ~33% contaminations ZnSe crystals 

• ~17% cryostat 

• ~6% reflecting foil and holders

LTD-18 Milano, July 2019

D. Chiesa et al 
Eur. Phys. J. C 79 583 (2019) 



What Next
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• ~44% muons 

• ~33% contaminations ZnSe crystals 

• ~17% cryostat 

• ~6% reflecting foil and holders

• Muon-veto surrounding the cryostat (lateral +top) 

• Removal of  reflecting foils (coincidences) 

• Addition of  internal copper shield

Upgrade (January-May 2019)

CUPID-0 is now back in data-taking for its II scientific run

LTD-18 Milano, July 2019
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• First scientific run (June 2017 — December 2018) concluded 

• Most stringent limit on 82Se 0νββ decay to fundamental and excited 
states of  82Kr 

• Lowest background for cryogenic calorimeters 3.5x10-3 counts/keV/kg/yr 

• Upgrade for second scientific run concluded

Reached the sensitivity to: 

• Study the 82Se 2νββ with unprecedented precision (HSD vs SSD) 

• Improve sensitivity on 0νββ decay of  64Zn and 70Zn (by x100) 

• Search for Lorentz violations in the 2νββ spectrum  

• ….

https://cupid-0.lngs.infn.it
LTD-18 Milano, July 2019
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Calibration of Energy Scale
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Periodical (~ 4 days every month) calibration 

 with 232Th sources

Cross-check with 56Co calibration  

(Q-value ~ 4.57 MeV, T1/2 ~ 77 days)

LTD-18 Milano, July 2019



Energy Resolution
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Removed light - heat correlation to improve resolution 

 (M.Beretta et al, arXiv:1901.10434)

2 Choice of the decorrelation method

In figure 1, the light/heat scatter plot for one of the light detectors and its corresponding ZnSe
calorimeter is reported. The events belonging to the 2615 keV � line clearly show the correlation
between the two variables. ZnSe Crystals are characterized by a positive correlation between
light and heat, while a negative correlation is usually present in other scintillating crystals [7].
No explanations exist for this e�ect, and such phenomenon contributes in worsening the energy
resolution of the heat channel. A decorrelation method would enhance this parameter, already
characterized by better signal to noise ratio with respect to the light signal.
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Figure 1. Light/Heat scatter plot. The 2615 keV line clearly shows the correlation between the two variables.
The resolution di�erence between heat and light channel can be appreciated. The heat axis was calibrated
using the most prominent gamma peaks of a 232Th source (including the 2615 keV line shown in the plot).
The light axis was re-scaled by assigning the nominal energy of the 2615 keV line to the corresponding
scintillation peak.

The correlation between two variables can be corrected both by calculating a new variable
combining light and heat information [9] or by finding a geometrical transformation minimizing
the resolution. Given the geometrical aspect of the correlation (see figure 1), the optimal trans-
formation to be applied is a counterclockwise rotation of the light/heat scatter plot. In the former
method the corrected variable is calculated using standard deviation and correlation of the light/heat
distribution, evaluated analytically [8]. In the latter method the optimal rotation angle is chosen
trying di�erent possible values with an iterative algorithm.
The two methods are mathematically equivalent. With the proper transformations, in fact, a rotation
in the light/heat plane can be expressed as a weighted sum of heat and light variables. As a conse-
quence, the minimization can be performed choosing the optimal weight analytically or the optimal
angle numerically. Nevertheless, the practical application of these two strategies has di�erent con-
straints, due to their di�erent hypothesis. The analytical method is less computationally expensive
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Final resolution at 82Se Q-value: 20.0 ± 0.3 keV FWHM
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0νββ decay of 82Se to excited states
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Studied first with Ge spectroscopy of  82Se powder 
[L. Pattavina et al. Eur.Phys.J. C75 (2015) no.12, 591] 

Analysis repeated with CUPID-0 
[L. Cardani et al. Eur.Phys.J. C78 (2018) no.11, 888] 

Energy [keV]
2050 2100 2150 2200 2250 2300 2350 2400

Ev
en

ts
 / 

( 3
.5

 k
eV

 )

0

0.5

1 A RooPlot of "energy_A"

Energy [keV]
1300 1350 1400 1450 1500 1550 1600 1650 1700

Ev
en

ts
 / 

( 4
 k

eV
 )

0

1

2

3

4

7

Energy [keV]
660 680 700 720 740 760 780 800 820 840

C
ou

nt
s 

/ 1
 k

eV

0

2

4

6

8

10

12

14  y×Se nuclei 82 24 10×Data from 3.64 

p.d.f. (Background + Signal)
c a d

Fig. 3 Energy spectrum of �� decay candidates in enriched
82Se (data points) and the best-fit model from the binned
extended maximum likelihood analysis (solid blue line). The
red arrows point at the three best fit Gaussian functions
for the three regions of interest: a) for 82Se !82 Kr0+

1
, c)

82Se !82 Kr2+
1
and d) for 82Se !82 Kr2+

2
.

tivity surpasses the one of other works reported in liter-
ature [39,40] by about one order of magnitude. Further-
more the limit set for the decay to 2+

1 state contradicts
the theoretical calculations reported in [2].

7 Conclusions

The goal of next-generation �� decay experiments is to
explore the inverted hierarchy region of neutrino mass.
In order to further enhance their sensitivity, future ex-
periments should strive for a highly e�cient background
reduction, possibly to a zero level, and large mass ��
sources, at the tonne-scale. These must exhibit low lev-
els of radioactive contaminations in order to suppress
the background in the region of interest. Furthermore, if
the bolometric technique is adopted, low concentrations
of chemical impurities in the source materials are also
needed, given the fact that the detector performances
depends on the quality of the materials used for the
detector manufacturing.

In this work we have investigated the purity of 96.3%
enriched 82Se metal for the production of scintillating
bolometers for the LUCIFER project, which amounts
to 15 kg. Out of the total, 2.5 kg were analyzed by
means of � spectroscopy and ICP-MS analyses for the
evaluation of the internal radioactive and chemical im-
purities.

The exceptional purity of the source, which shows
extremely low internal radioactive contamination, at
the level of tens of µBq/kg and high chemical purity
with an intrinsic overall contamination of few hundreds
of 10�6 g/g, allowed us to investigate also �� decay of

82Se. We established the most stringent limits on the
half-life of 82Se �� decay to the excited levels 0+

1 , 2+
1

and 2+
2 of 82Kr . Previous limits are improved by one

order of magnitude for all the investigated transitions.
The technique used in this work does not allow for a
distinction between the 2⌫ and the 0⌫ modes, therefore
our results are the overlap of the two processes.

Our results give the opportunity to improve the
accuracy of Nuclear Matrix Elements calculations, so
that experimental and theoretical evaluations may have
a direct comparison. Moreover, as discussed in [41],
fine tuning of parameters relevant for the quasiparti-
cle random-phase approximation (QRPA) model, such
as the particle-particle strength interaction, gpp can be
performed on intermediate states of �� decays.
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