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• The absorbed energy causes an increase in absorber temperature


• Use temperature change to measure energy absorbed Thermal  
couplingThermometer

Absorber

Thermal bath

• For dielectric crystal absorbers, heat capacity  ~ T3

• Typically operated at ~10mK

• Relative energy resolution of 0.2~0.3% FWHM routinely achieved 
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Macro Bolometer Technique

CUORE uses  
this technique



• If the absorber also scintillates measuring both the thermal and light signal enables particle 
discrimination
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Scintillating Macro Bolometer 

Scintillating bolometers

If the absorber is also an efficient scintillator the 
energy is converted into heat + light

Bolometer features: 

 high energy resolution O(1/1000) 

 wide choice of compound 130TeO2, Li2100MoO4, Zn82Se

 high detection efficiency (source = detector) 

 scalable to large masses 

 particle ID
A background-free experiment is possible: 
α-background: identification and rejection 

β/γ-background: ββ isotope with large Q-value

A bolometer is a highly sensitive calorimeter 
operated @ cryogenic temperature (~10 mK). 

Energy deposits are measured as temperature 
variations of the absorber.
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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.

A scintillating bolometer functions by operating a scintillating crystal as a281

cryogenic bolometer (as described above) and coupling it to a light detector, as282

shown in Fig. 3. As it is for other large mass bolometers, the device works only283

at extremely low temperatures (⇠10 mK).284

When a particle traverses the scintillating crystal and interacts with the285

lattice, a large fraction of the energy is transferred into the crystal as heat,286

raising the internal energy, thus inducing the already mentioned temperature287

rise. A small fraction of the deposited energy produces scintillation light that288

propagates as photons outside the crystal. These are then detected by a separate289

light detector facing the crystal. The light detectors used so far for scintillating290

bolometers are bolometers themselves and consist of germanium wafers, kept291

at the same temperature as the main bolometer. Scintillation photons deposit292

heat into the wafer and induce a temperature rise, which is then measured by293

a second thermistor.294

The signals registered by the two thermistors are conventionally named heat295

(the one generated in the main bolometer) and light (the one induced in the296

light detector). Although they have the same nature (temperature rises), they297

originate by di↵erent processes.298

An interesting feature of scintillating bolometers is that the ratio between the299

light and heat signals depends on the particle mass and charge. Indeed, while300

the thermal response of a bolometer has only a slight dependence on the particle301
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Bolometer

• Light detection at mK temperatures is achieved with secondary bolometer (such as Ge wafer) 

CUPID will use  
this technique



13 floors per tower

19 towers in total

Cryogenic Underground Observatory for Rare EventsCUORE
4 TeO2 crystals (5 cm x 5 cm x 5 cm) per floor

Cu frames

PTFE Spacers

Ge thermistor

Si heater

• Hosted at Gran Sasso Underground Lab


• Close-packed array of 988  natTeO2 bolometers 
(Total active mass: 742 kg)


• Operated at T~11 mK


• Primary physics goal: 0νββ decay of 130Te


‣ Isotopic abundance  34% => 206 kg 


‣ Q-value: 2527.5 keV


• CUORE design goals:


‣ Energy resolution: 5 keV FWHM near Qββ


‣ Background: 0.01 c/keV/kg/y near Qββ


‣ 0νββ sensitivity for 5 years of livetime:
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Relatively slow detectors 
 
pulse duration ~1 second

Sample Event Waveform

T 0⌫
1/2 = 9⇥ 1025yr
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milli-Kelvin facility for tonne-scale detectors
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• Powerful 3He-4He dilution refrigerator 
cooling power: 5 μW at 10 mK


• Precooled by 4 pulse tubes


• Cryogenic vessels and shielding:


• 13 tonnes < 4 K


•  5 tonnes < 50 mK 


• 1500 kg @ 10 mK ( detectors + materials)


• Experimental volume ~1 m3 a.k.a  
“Coldest cubic meter in the known universe” 


• Cooldown time ~ 1 month


• External Shielding:  


• 18 cm polyethylene + 2 cm borated material


• 30 cm lead 

Cryogenics 102, 9-21 (2019). arxiv:1904.05745

Cryogenics 93, 56-65 (2018). arxiv:1712.02753
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ing the commissioning phase and allowed for safe instal-
lation of the detectors.

A schematic of the CUORE cryostat is shown in Fig. 1.
The cryostat consists of six nested vessels, the innermost
of which contains the experimental volume. The di↵erent
stages step the temperature down from room tempera-
ture to ⇠ 10mK, and are identified by their approximate
temperatures: 300K, 40K, 4K, 800mK or Still, 50mK
or Heat EXchanger (HEX), and 10mK or Mixing Cham-
ber (MC).

The 300K and the 4K vessels are vacuum-tight and
define two vacuum volumes called the Outer Vacuum
Chamber (OVC) and the Inner Vacuum Chamber (IVC),
respectively. Two lead shields, inside the IVC, shield the
detectors from external radioactivity. The Inner Lead
Shield (ILS) stands between the 4K and the Still stages
and provides lateral shielding as well as shielding from
below. The Top Lead is positioned below the MC plate
and provides shielding from above. The CUORE detec-
tor is attached to the Tower Support Plate (TSP) placed
right below the Top Lead.

Cooling is provided through three di↵erent systems.
The Fast Cooling System (FCS) provides cooling from
room temperature during the initial phase of a cooldown.
A set of five Pulse Tube (PT) refrigerators cool the 40K
and 4K plates. The lower stages, along with the detector,
are further cooled by a custom-built 3He/4He Dilution
Unit (DU).

The cryostat also embeds the Detector Calibra-
tion System (DCS), which allows deploying radioactive
sources for calibrating the detectors (see Ref. [5] for de-
tails).

In the following sections, we overview the CUORE
cryogenic infrastructure. In Sec. II, we discuss the me-
chanical design of the CUORE cryogenic system, the
cryostat and detector support structures, the vibration
isolation, and the materials selection. In Sec. III, we
describe the cryogenic vacuum systems. In Sec. IV, we
detail the cooling subsystems and the cooldown process.
In Sec. V, we discuss the commissioning of the CUORE
cryostat and in Sec. VI we describe the cooldown of the
CUORE detector.

II. CRYOSTAT DESIGN

The design of the CUORE cryostat represented a sig-
nificant challenge in the field of the refrigeration tech-
nology, coping with a challenging broad range of require-
ments:

• the experimental volume had to be su�ciently spa-
cious to host the detector and part of the shielding
(⇠ 1m3);

• the detector base temperature had to allow the op-
eration of the bolometers in optimal conditions.
From the past experience, the working temperature
was ⇠ 10mK [6, 7];

40K

4K

Still

Heat
EXchan.

Mixing
Chamber Top

Lead

Tower
Support
Plate

300K

Internal
Lead
Shield

CUORE
detector

Outer
Vacuum
Chamber

Dilution
Unit

Pulse
Tube

Inner
Vacuum
Chamber

1m

FIG. 1. Rendering of the CUORE cryostat. The di↵erent
thermal stages, vacuum chambers, cooling elements and lead
shields are indicated.

• the system had to be instrumented with ⇠2600
twisted pair NbTi wires for the detector readout
and heater control [8, 9];

• the background coming from the natural ra-
dioactivity of the cryogenic materials had
to be compatible with the CUORE sensitiv-
ity goal, which demands a total background
rate 6 0.01 counts keV�1 kg�1 yr�1 around
2.5MeV [10];

• the system should be able to perform reliably over
a several year run time with a very high duty cycle
to maximize the live-time of the experiment;

• since LNGS is located in a seismically active area,
the design had to take into account fail-safe mech-
anisms to limit damage in case of earthquakes.

The cryostat design began with a conservative ther-
mal budget, supported by numerical modeling, subject
to the available refrigeration technologies in 2007-2008,
but required several iterations to make sure that enough
cooling power was available for any unaccounted for ther-
mal loads. One crucial early decision was the use of a

~800mK

~50mK

~10mK
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FIG. 17. CUORE cooldown. (Top) Temperatures of the 40K
and 4K stages as a function of time since the turn on of
the FCS. The stages reach temperatures of 33.6K and 4.0K
after ⇠ 22 d. The sudden changes in cooling rates of both
stages seen around day 4 is due to the starting of the PTs.
The FCS was turned o↵ on day 10. (Bottom) IVC stage
temperatures as a function of time since the start of the DU
circulation. The base temperature achieved on the MC with
the full experiment apparatus is 8mK, with 0.89K and 55mK
on the Still and HEX stages, respectively. The initial Still
temperature drop and rise within the first day is due to the
switch from 4He to 3He circulation. By day 3, the gas has
fully condensed and the dilution cooling takes over. This is
visible as the small spike in the MC temperature.

To mitigate this, we designed and installed a “mechanical
fuse” system, which prevents the growth of small oscilla-
tions, but will break away in the case of a strong accel-
eration (such as an earthquake). This consists of a series
of thin steel plates inserted between the concrete sup-
port structure and the foundation. This system allows
us to reduce mechanical vibrations, while still satisfying
the seismic safety of the structure.

After these changes, we could finally proceed towards
the installation of the CUORE detector.

VI. CUORE COOLDOWN

After the installation of the CUORE detector, the clos-
ing of the cryostat was made significantly more compli-
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FIG. 18. Base temperature stability over a thirty day pe-
riod while the cryostat was “undisturbed” during the initial
phase of the CUORE data taking. The MC temperature is
(15.06 ± 0.10)mK. The dashed line indicates the average
value. The gap on day 6 is due to hardware operation the
cryogenic system.

cated. The mounting of the towers to the TSP took place
inside a dedicated cleanroom environment, which was
flushed with Rn-free air [39]. This cleanroom was kept
in place while closing the inner cryostat vessels up to the
4K shield. Once the 4K vessel was closed, the IVC could
be pumped and the detector could be protected from con-
tact with Rn by the vacuum. Once closed, both the 4K
and 40K vessels and plates had to be covered with new
layers of superinsulation. The old superinsulation that
had been in use for the cryostat commissioning, and was
now dirtier after years of exposure to air and continuous
handling, had been removed to allow the cleaning of the
vessels.
The progression of the CUORE cooldown is shown in

Fig. 17. As usually, this began with the FCS, while the
PTs were turned on after a few days. The FCS was
then turned o↵ and disconnected once the thermal stages
reached ⇠150K. As expected, the cooldown took ⇠ 20
days before turning on the DU unit. We paused the
cooldown for about one month to perform some debug-
ging of the detector electronics and to address a leak that
had formed in the dilution circuit (outside the cryostat).
Once the DU was turned on, it took less than 4 days
to reach the base temperature of 8mK on the MC, with
0.89K and 55mK on the Still and HEX stages respec-
tively.
An initial scan of the detector behavior at various tem-

peratures identified 15mK as a suitable operating tem-
perature. Fig. 18 shows the stability of the system for
over one month of operation. The CUORE cooldown
and the beginning of the detector operation successfully
concluded the commissioning of the CUORE cryostat.
The analysis of the first collected physics data provided

a measurement of the background in the 0⌫�� decay
decay region [2]. The observed value, (0.014 ±
0.002) counts keV�1 kg�1yr�1, was in line with the ex-
pectations derived from the background model [10]. The
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temperatures as a function of time since the start of the DU
circulation. The base temperature achieved on the MC with
the full experiment apparatus is 8mK, with 0.89K and 55mK
on the Still and HEX stages, respectively. The initial Still
temperature drop and rise within the first day is due to the
switch from 4He to 3He circulation. By day 3, the gas has
fully condensed and the dilution cooling takes over. This is
visible as the small spike in the MC temperature.

To mitigate this, we designed and installed a “mechanical
fuse” system, which prevents the growth of small oscilla-
tions, but will break away in the case of a strong accel-
eration (such as an earthquake). This consists of a series
of thin steel plates inserted between the concrete sup-
port structure and the foundation. This system allows
us to reduce mechanical vibrations, while still satisfying
the seismic safety of the structure.

After these changes, we could finally proceed towards
the installation of the CUORE detector.

VI. CUORE COOLDOWN

After the installation of the CUORE detector, the clos-
ing of the cryostat was made significantly more compli-
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cated. The mounting of the towers to the TSP took place
inside a dedicated cleanroom environment, which was
flushed with Rn-free air [39]. This cleanroom was kept
in place while closing the inner cryostat vessels up to the
4K shield. Once the 4K vessel was closed, the IVC could
be pumped and the detector could be protected from con-
tact with Rn by the vacuum. Once closed, both the 4K
and 40K vessels and plates had to be covered with new
layers of superinsulation. The old superinsulation that
had been in use for the cryostat commissioning, and was
now dirtier after years of exposure to air and continuous
handling, had been removed to allow the cleaning of the
vessels.
The progression of the CUORE cooldown is shown in

Fig. 17. As usually, this began with the FCS, while the
PTs were turned on after a few days. The FCS was
then turned o↵ and disconnected once the thermal stages
reached ⇠150K. As expected, the cooldown took ⇠ 20
days before turning on the DU unit. We paused the
cooldown for about one month to perform some debug-
ging of the detector electronics and to address a leak that
had formed in the dilution circuit (outside the cryostat).
Once the DU was turned on, it took less than 4 days
to reach the base temperature of 8mK on the MC, with
0.89K and 55mK on the Still and HEX stages respec-
tively.
An initial scan of the detector behavior at various tem-

peratures identified 15mK as a suitable operating tem-
perature. Fig. 18 shows the stability of the system for
over one month of operation. The CUORE cooldown
and the beginning of the detector operation successfully
concluded the commissioning of the CUORE cryostat.
The analysis of the first collected physics data provided

a measurement of the background in the 0⌫�� decay
decay region [2]. The observed value, (0.014 ±
0.002) counts keV�1 kg�1yr�1, was in line with the ex-
pectations derived from the background model [10]. The
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Exposure Accumulation - May 2020

Phys. Rev. Lett. 124, 122501

• Data taking started in Spring 2017 

• After initial data taking phase, significant effort devoted to 
understanding the system and optimizing data taking conditions 

• Since March 2019 data taking is continuing smoothly with > 90% uptime 

• CUORE “data set”: ~1 month of background data taking with a few days 
of calibration at the start and end 

70.1 %

14.5 %

6.2 %

5.5 %
2.0 %1.7 %

CUORE Run Time Breakdown

Background Calibration
Down Time NPulses
Setup Test

CUORE Run Time Breakdown

(70.1%) (14.5%)
(1.7%)

(5.5%)
(6.2%)

(2.0%)

CUORE Exposure Accumulation

Stable conditions allowed continued 
data taking with minimal onsite 
activity during recent lockdowns 

Background (70.1%)

Calibration (14.5%)

Setup  (2.0%)

NPulses (1.7%)

Test (5.5%)

Down Time (6.2%)

CUORE Run Composition 
since Spring 2019

Phys. Rev. Lett. 124, 122501 (2020)
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and flat background components, and divided into 7
datasets with the same exposure and BI of the ac-
tual datasets as obtained from fitting the data with the
background-only model. We fit each pseudo-experiment
with the standard signal-plus-background model and ob-
tain a median 90% CI exclusion sensitivity of 1.7 ·1025 yr.
The probability of obtaining a stronger limit than 3.2 ·

1025 yr is 3%.
We consider the following systematic e↵ects. The dom-

inant one is the systematic error on the PSA e�ciency.
Subdominant e↵ects are induced by the uncertainties on
the energy scale, energy resolution, analysis and contain-
ment e�ciencies, the value of Q�� , and the 130Te natural
isotopic abundance. We implement all systematics as ad-
ditional nuisance parameters in the fit, which can be acti-
vated independently, with the priors reported in Tab. II.
We evaluate the bias induced by each nuisance parame-
ter by looking at the e↵ect on �0⌫ at the posterior global
mode, �̂0⌫ ; for this, we artificially release the �0⌫� 0 con-
straint, allowing �0⌫ to be negative. The best fit with the

artificially extended range is �̂0⌫=(�3.5+2.2
�1.1)·10

�26 yr�1,
with a ⇠ 1.6� background under-fluctuation compatible
with the p-value quoted above. The inclusion of the ad-
ditional nuisance parameters a↵ects the global mode on
�0⌫ by  0.04% (see also Tab. II), and yields a 0.4%
weaker limit.
Assuming 0⌫�� decay is mediated by light neutrino ex-

change, and using the phase space factor from Ref. [56],
the result above corresponds to a set of upper limits
on the e↵ective Majorana mass ranging between 75 and
350meV, where the spread reflects the di↵erent nuclear
matrix element calculations available in literature [57–
67]. The results reported in this paper represent the
most stringent limit on 0⌫�� decay in 130Te, and our
limit on m�� is competitive with the leading ones in the
field [15–19].

TABLE II. Systematics a↵ecting the 0⌫�� decay analysis. To-
tal analysis e�ciency I corresponds to the product of all e�-
ciency terms reported in Tab I, while total analysis e�ciency
II corresponds to the additional systematic on the PSA ef-
ficiency. We report the systematic on the �0⌫ global mode
obtained leaving �0⌫ free to assume negative (nonphysical)
values.

Fit parameter systematics

Systematic Prior E↵ect on �̂0⌫

Total analysis e�ciency I Gaussian 0.01%
Total analysis e�ciency II Uniform 0.04%

Containment e�ciency Gaussian 0.01%
Energy and resolution scaling Multivariate 0.02%

Q�� Gaussian 0.02%
Isotopic fraction Gaussian 0.02%

After a period of detector maintenance and opti-
mization, CUORE is stably collecting data at a rate
of 50 kg·yr/month. The experiment is a proof of the
power and scalability of the bolometric technique to the
ton scale. Recent developments in scintillating crystals
demonstrate the technology for a future zero-background
search [19, 53, 54, 68, 69]. These advances will be ex-
ploited in the next generation bolometric experiment,
CUPID [69], which will reuse the CUORE cryostat and
infrastructure.
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FIG. 4. ROI spectrum with the best-fit curve (solid red) and
the best fit-curve with the 0⌫�� decay component fixed to
the 90% CI limit (dashed blue).
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FIG. 5. Posterior on �0⌫ with all systematics included for the
fit on the physical range (�0⌫> 0) and on the full range. The
90% CI is shown in blue.

and flat background components, and divided into 7
datasets with the same exposure and BI of the ac-
tual datasets as obtained from fitting the data with the
background-only model. We fit each pseudo-experiment
with the standard signal-plus-background model and ob-
tain a median 90% CI exclusion sensitivity of 1.7 ·1025 yr.
The probability of obtaining a stronger limit than 3.2 ·

1025 yr is 3%.
We consider the following systematic e↵ects. The dom-

inant one is the systematic error on the PSA e�ciency.
Subdominant e↵ects are induced by the uncertainties on
the energy scale, energy resolution, analysis and contain-
ment e�ciencies, the value of Q�� , and the 130Te natural
isotopic abundance. We implement all systematics as ad-
ditional nuisance parameters in the fit, which can be acti-
vated independently, with the priors reported in Tab. II.
We evaluate the bias induced by each nuisance parame-
ter by looking at the e↵ect on �0⌫ at the posterior global
mode, �̂0⌫ ; for this, we artificially release the �0⌫� 0 con-
straint, allowing �0⌫ to be negative. The best fit with the

artificially extended range is �̂0⌫=(�3.5+2.2
�1.1)·10

�26 yr�1,
with a ⇠ 1.6� background under-fluctuation compatible
with the p-value quoted above. The inclusion of the ad-
ditional nuisance parameters a↵ects the global mode on
�0⌫ by  0.04% (see also Tab. II), and yields a 0.4%
weaker limit.
Assuming 0⌫�� decay is mediated by light neutrino ex-

change, and using the phase space factor from Ref. [56],
the result above corresponds to a set of upper limits
on the e↵ective Majorana mass ranging between 75 and
350meV, where the spread reflects the di↵erent nuclear
matrix element calculations available in literature [57–
67]. The results reported in this paper represent the
most stringent limit on 0⌫�� decay in 130Te, and our
limit on m�� is competitive with the leading ones in the
field [15–19].

TABLE II. Systematics a↵ecting the 0⌫�� decay analysis. To-
tal analysis e�ciency I corresponds to the product of all e�-
ciency terms reported in Tab I, while total analysis e�ciency
II corresponds to the additional systematic on the PSA ef-
ficiency. We report the systematic on the �0⌫ global mode
obtained leaving �0⌫ free to assume negative (nonphysical)
values.

Fit parameter systematics

Systematic Prior E↵ect on �̂0⌫

Total analysis e�ciency I Gaussian 0.01%
Total analysis e�ciency II Uniform 0.04%

Containment e�ciency Gaussian 0.01%
Energy and resolution scaling Multivariate 0.02%

Q�� Gaussian 0.02%
Isotopic fraction Gaussian 0.02%

After a period of detector maintenance and opti-
mization, CUORE is stably collecting data at a rate
of 50 kg·yr/month. The experiment is a proof of the
power and scalability of the bolometric technique to the
ton scale. Recent developments in scintillating crystals
demonstrate the technology for a future zero-background
search [19, 53, 54, 68, 69]. These advances will be ex-
ploited in the next generation bolometric experiment,
CUPID [69], which will reuse the CUORE cryostat and
infrastructure.
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• No evidence for 0νββ decay

• Interpretation in context of light 
Majorana neutrino exchange

T 0⌫
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<latexit sha1_base64="wPpqzbigCNx2BObqdhAN0gYfYKw="></latexit><latexit sha1_base64="wPpqzbigCNx2BObqdhAN0gYfYKw="></latexit><latexit sha1_base64="wPpqzbigCNx2BObqdhAN0gYfYKw="></latexit><latexit sha1_base64="wPpqzbigCNx2BObqdhAN0gYfYKw="></latexit>

Background Index
(1.38± 0.07)⇥ 10�2cnts/(keV · kg · yr)

<latexit sha1_base64="Zd8mF0s695jmiGsiAaOYqzDo8JE="></latexit><latexit sha1_base64="Zd8mF0s695jmiGsiAaOYqzDo8JE="></latexit><latexit sha1_base64="Zd8mF0s695jmiGsiAaOYqzDo8JE="></latexit><latexit sha1_base64="Zd8mF0s695jmiGsiAaOYqzDo8JE="></latexit>

Characteristic FWHM ∆E at Qββ
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FIG. 4. ROI spectrum with the best-fit curve (solid red) and
the best fit-curve with the 0⌫�� decay component fixed to
the 90% CI limit (dashed blue).
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FIG. 5. Posterior on �0⌫ with all systematics included for the
fit on the physical range (�0⌫> 0) and on the full range. The
90% CI is shown in blue.

and flat background components, and divided into 7
datasets with the same exposure and BI of the ac-
tual datasets as obtained from fitting the data with the
background-only model. We fit each pseudo-experiment
with the standard signal-plus-background model and ob-
tain a median 90% CI exclusion sensitivity of 1.7 ·1025 yr.
The probability of obtaining a stronger limit than 3.2 ·

1025 yr is 3%.
We consider the following systematic e↵ects. The dom-

inant one is the systematic error on the PSA e�ciency.
Subdominant e↵ects are induced by the uncertainties on
the energy scale, energy resolution, analysis and contain-
ment e�ciencies, the value of Q�� , and the 130Te natural
isotopic abundance. We implement all systematics as ad-
ditional nuisance parameters in the fit, which can be acti-
vated independently, with the priors reported in Tab. II.
We evaluate the bias induced by each nuisance parame-
ter by looking at the e↵ect on �0⌫ at the posterior global
mode, �̂0⌫ ; for this, we artificially release the �0⌫� 0 con-
straint, allowing �0⌫ to be negative. The best fit with the

artificially extended range is �̂0⌫=(�3.5+2.2
�1.1)·10

�26 yr�1,
with a ⇠ 1.6� background under-fluctuation compatible
with the p-value quoted above. The inclusion of the ad-
ditional nuisance parameters a↵ects the global mode on
�0⌫ by  0.04% (see also Tab. II), and yields a 0.4%
weaker limit.
Assuming 0⌫�� decay is mediated by light neutrino ex-

change, and using the phase space factor from Ref. [56],
the result above corresponds to a set of upper limits
on the e↵ective Majorana mass ranging between 75 and
350meV, where the spread reflects the di↵erent nuclear
matrix element calculations available in literature [57–
67]. The results reported in this paper represent the
most stringent limit on 0⌫�� decay in 130Te, and our
limit on m�� is competitive with the leading ones in the
field [15–19].

TABLE II. Systematics a↵ecting the 0⌫�� decay analysis. To-
tal analysis e�ciency I corresponds to the product of all e�-
ciency terms reported in Tab I, while total analysis e�ciency
II corresponds to the additional systematic on the PSA ef-
ficiency. We report the systematic on the �0⌫ global mode
obtained leaving �0⌫ free to assume negative (nonphysical)
values.

Fit parameter systematics

Systematic Prior E↵ect on �̂0⌫

Total analysis e�ciency I Gaussian 0.01%
Total analysis e�ciency II Uniform 0.04%

Containment e�ciency Gaussian 0.01%
Energy and resolution scaling Multivariate 0.02%

Q�� Gaussian 0.02%
Isotopic fraction Gaussian 0.02%

After a period of detector maintenance and opti-
mization, CUORE is stably collecting data at a rate
of 50 kg·yr/month. The experiment is a proof of the
power and scalability of the bolometric technique to the
ton scale. Recent developments in scintillating crystals
demonstrate the technology for a future zero-background
search [19, 53, 54, 68, 69]. These advances will be ex-
ploited in the next generation bolometric experiment,
CUPID [69], which will reuse the CUORE cryostat and
infrastructure.
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• Total exposure TeO2: 


• Bayesian Analysis (BAT)


• Likelihood model: flat continuum (BI),  posited 
peak for 0νββ (rate), peak for 60Co (rate + position)


• Unbinned fit on physical range (rates non-negative),  
uniform prior on 𝝘0v


• Systematics: repeat fits with nuisance parameters, allow 
negative rates (<0.4% impact on limit)
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FIG. 4. ROI spectrum with the best-fit curve (solid red) and
the best fit-curve with the 0⌫�� decay component fixed to
the 90% CI limit (dashed blue).
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FIG. 5. Posterior on �0⌫ with all systematics included for the
fit on the physical range (�0⌫> 0) and on the full range. The
90% CI is shown in blue.

and flat background components, and divided into 7
datasets with the same exposure and BI of the ac-
tual datasets as obtained from fitting the data with the
background-only model. We fit each pseudo-experiment
with the standard signal-plus-background model and ob-
tain a median 90% CI exclusion sensitivity of 1.7 ·1025 yr.
The probability of obtaining a stronger limit than 3.2 ·

1025 yr is 3%.
We consider the following systematic e↵ects. The dom-

inant one is the systematic error on the PSA e�ciency.
Subdominant e↵ects are induced by the uncertainties on
the energy scale, energy resolution, analysis and contain-
ment e�ciencies, the value of Q�� , and the 130Te natural
isotopic abundance. We implement all systematics as ad-
ditional nuisance parameters in the fit, which can be acti-
vated independently, with the priors reported in Tab. II.
We evaluate the bias induced by each nuisance parame-
ter by looking at the e↵ect on �0⌫ at the posterior global
mode, �̂0⌫ ; for this, we artificially release the �0⌫� 0 con-
straint, allowing �0⌫ to be negative. The best fit with the

artificially extended range is �̂0⌫=(�3.5+2.2
�1.1)·10

�26 yr�1,
with a ⇠ 1.6� background under-fluctuation compatible
with the p-value quoted above. The inclusion of the ad-
ditional nuisance parameters a↵ects the global mode on
�0⌫ by  0.04% (see also Tab. II), and yields a 0.4%
weaker limit.
Assuming 0⌫�� decay is mediated by light neutrino ex-

change, and using the phase space factor from Ref. [56],
the result above corresponds to a set of upper limits
on the e↵ective Majorana mass ranging between 75 and
350meV, where the spread reflects the di↵erent nuclear
matrix element calculations available in literature [57–
67]. The results reported in this paper represent the
most stringent limit on 0⌫�� decay in 130Te, and our
limit on m�� is competitive with the leading ones in the
field [15–19].

TABLE II. Systematics a↵ecting the 0⌫�� decay analysis. To-
tal analysis e�ciency I corresponds to the product of all e�-
ciency terms reported in Tab I, while total analysis e�ciency
II corresponds to the additional systematic on the PSA ef-
ficiency. We report the systematic on the �0⌫ global mode
obtained leaving �0⌫ free to assume negative (nonphysical)
values.

Fit parameter systematics

Systematic Prior E↵ect on �̂0⌫

Total analysis e�ciency I Gaussian 0.01%
Total analysis e�ciency II Uniform 0.04%

Containment e�ciency Gaussian 0.01%
Energy and resolution scaling Multivariate 0.02%

Q�� Gaussian 0.02%
Isotopic fraction Gaussian 0.02%

After a period of detector maintenance and opti-
mization, CUORE is stably collecting data at a rate
of 50 kg·yr/month. The experiment is a proof of the
power and scalability of the bolometric technique to the
ton scale. Recent developments in scintillating crystals
demonstrate the technology for a future zero-background
search [19, 53, 54, 68, 69]. These advances will be ex-
ploited in the next generation bolometric experiment,
CUPID [69], which will reuse the CUORE cryostat and
infrastructure.
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• No evidence for 0νββ decay

• Interpretation in context of light 
Majorana neutrino exchange
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Data taking continues smoothly —  next unblinding 
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Stay tuned ! 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.122501


58 5.1 Monte Carlo simulations

FIG. 5.1: Model of the CUORE detector array, internal shielding and part of the surrounding
support and cryogenic infrastructure as implemented in the Monte Carlo simulation software [52]

umes in discrete steps, and energy releases in the active detector components are stored. An
optimization between accuracy and required computing time is required and was performed
tuning differently the range of production cuts in different materials. Some eletromagnetic
processes (e.g. in Bremsstrahlung or �-ray production) involve infrared divergences. Pro-
duction cuts limit the generation of particles below threshold (i.e. particles that have
a range below a user-defined and material dependent range cut), treating the remaining
divergent part as a continuous effect.

The particle generation and propagation in the CUORE setup is performed by the
qshields software. Possible simulated background sources differ by the generated particle
types, rates, and their geometry. Particles that can be simulated are

• single particles, either monochromatic or with a given energy spectrum (e.g. de-
excitation gammas);

• singular nuclear decays;

• decay chains, possibly accounting for breaks of secular equilibrium;

• double beta decays, where different calculations in literature [53] [54] [55] [56] are im-
plemented to generate the shape of the sum energy spectrum of the emitted electrons
in the 2⌫�� decay mode.

Other than different sources of radiation and their expected energy spectrum, their geo-
metrical distribution can be set. Contaminations in the detector materials can be either
uniformly distributed in any of the available volumes (bulk contaminations) or distributed
with an exponentially decaying density profile on the surface of materials. This is the case
of surface contaminations of ↵ emitters both in the TeO2 crystals and in the inner copper
shields of the cryostat. Building reliable Monte Carlo simulations crucially depends on the
physics list (included processes) and on the production cuts in each material. Further dis-

CUORE: 2νββ decay measurement 
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60 5.2 Background model

FIG. 5.2: Side (left) and top (right) view of the CUORE detector array. In green (cyan) is
highlighted the inner (outer) layer.

5.2 Background model

The most common background sources for low-counting underground experiments are
long lived radioactive contaminants of the detector and surrounding materials, radioac-
tive isotopes coming from cosmogenic activation of materials, environmental radiation and
cosmic muons. With the exception of the radiation entering the experimental setup from
outside the external shielding, all the other components are modeled specifying the fol-
lowing parameters: contaminated physical volume, contaminant, geometrical distribution
(bulk or surface). Bulk contaminations are distributed uniformely within the physical vol-
ume, surface contaminations have an exponentially decaying density profile with depth of
0.1 µm, 1 µm or 10 µm. This is mostly important for contaminations of ↵ emitters, due to
their short range. For this reason all contaminations located outside the 10 mK vessel are
simulated as bulk only. 40K, 238U and 232Th are present in all volumes, 60Co is present
both in TeO2 and Cu materials due to cosmogenic activation. Concerning cosmic muons
and environmental � and neutron fluxes they are modeled according to known experimental
distributions [58] [59].

Once the background sources are identified, the problem of building a background model
can be expressed as the one of finding the activity of each included source able to describe
the observed counts in the CUORE detector. This task is performed taking advantage from
the granularity of the detector to disentagle and constrain different contaminations. Two
layers are defined, namely inner (L0) and outer layer (L1), as depicted in Fig. 5.2. A si-
multaneous fit on single-site (Multiplicity = 1, M1) and double-site (Multiplicity = 2,
M2) events is performed in order to extract the activity of each contamination. More
specifically, the following binned spectra are produced

• M1L0, energy of the single site events in the inner layer;

• M1L1, energy of the single site events in the outer layer;

• M2, energy of the double site events in any layer (both coincident channels included);
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FIG. 5.2: Side (left) and top (right) view of the CUORE detector array. In green (cyan) is
highlighted the inner (outer) layer.

5.2 Background model

The most common background sources for low-counting underground experiments are
long lived radioactive contaminants of the detector and surrounding materials, radioac-
tive isotopes coming from cosmogenic activation of materials, environmental radiation and
cosmic muons. With the exception of the radiation entering the experimental setup from
outside the external shielding, all the other components are modeled specifying the fol-
lowing parameters: contaminated physical volume, contaminant, geometrical distribution
(bulk or surface). Bulk contaminations are distributed uniformely within the physical vol-
ume, surface contaminations have an exponentially decaying density profile with depth of
0.1 µm, 1 µm or 10 µm. This is mostly important for contaminations of ↵ emitters, due to
their short range. For this reason all contaminations located outside the 10 mK vessel are
simulated as bulk only. 40K, 238U and 232Th are present in all volumes, 60Co is present
both in TeO2 and Cu materials due to cosmogenic activation. Concerning cosmic muons
and environmental � and neutron fluxes they are modeled according to known experimental
distributions [58] [59].

Once the background sources are identified, the problem of building a background model
can be expressed as the one of finding the activity of each included source able to describe
the observed counts in the CUORE detector. This task is performed taking advantage from
the granularity of the detector to disentagle and constrain different contaminations. Two
layers are defined, namely inner (L0) and outer layer (L1), as depicted in Fig. 5.2. A si-
multaneous fit on single-site (Multiplicity = 1, M1) and double-site (Multiplicity = 2,
M2) events is performed in order to extract the activity of each contamination. More
specifically, the following binned spectra are produced

• M1L0, energy of the single site events in the inner layer;

• M1L1, energy of the single site events in the outer layer;

• M2, energy of the double site events in any layer (both coincident channels included);

* Phys. Rev. C. 85, 034316 (2012) 
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Fig. 1 Decay scheme of 130Te showing the energy levels and
the branching ratios for the � rays [10].

of 130Xe, and the �+EC decay of 120Te [18]. In this work
we focus on a search for double-beta decay of 130Te to
the first 0+ excited state of 130Xe (��0+) with CUORE-
0. As shown in Figure 1 this decay emits two elec-
trons, which share a maximum energy of 734 keV, fol-
lowed by a gamma cascade to the ground state of 130Xe.
The most probable de-excitation pattern, which has a
branching ratio of 86.0%, involves the emission of two
gamma rays with energies of 1257.4 keV and 536.1 keV.
Two more patterns are also possible, namely the emis-
sion of three gamma rays with energies of 536.1 keV,
586.0 keV and 671.3 keV (branching ratio of 12.2%)
and the emission of two gamma rays with energies of
671.3 keV and 1122.2 keV (branching ratio of 1.8%).
These gamma lines result in multi-detector coincidence
signatures which we exploit in our analysis to achieve
very powerful background rejection. As is the case for
the decay to the ground state, the summed energy spec-
trum of the emitted electrons is distinctly di↵erent in
the 2⌫��0+ vs. the 0⌫��0+ case. The former is a con-
tinuous spectrum (0� 734 keV), whereas the latter is a
monochromatic peak centered at 734 keV.

Prior to the current work, the most stringent constraints
on these decays came from the CUORICINO [19] ex-
periment, a predecessor to CUORE-0, which reported
the following limits on the decay half-lives [20]:

⌧0⌫0+ > 9.4 · 1023 yr ,
⌧2⌫0+ > 1.3 · 1023 yr

2 Experiment

The CUORE-0 tower, just like all the CUORE towers,
contains 52 natTeO2 crystals (i.e., 130Te is present at
its natural abundance of 34.2% [21]). The crystals are

arranged in a copper frame into 13 floors, with each
floor containing four crystals [14]. The mass of each
crystal is 750 g, for a total detector mass of TeO2 of
39 kg or 10.8 kg of 130Te.
The crystals are operated as thermal detectors at a
working temperature of ⇠10mK to minimize the heat
capacity. In CUORE-0, this temperature is obtained
using the same dilution refrigerator infrastructure as
CUORICINO [22]. The detector thermal link to the
fridge is provided by the polytetrafluoroethylene sup-
ports which hold each crystal in the copper frames and
by the golden wires used to carry the electrical signal.
The temperature of each crystal is continuously sensed
by a neutron transmutation doped (NTD) thermistor [23]
glued to the crystal surface. The thermistor converts
the thermal signal to a voltage output which is dig-
itized at an acquisition rate of 125 samples/s. Signal
pulses corresponding to thermal events are identified
through a software trigger, and a 5 s long window —
1 s before and 4 s after the trigger — is selected for
further analysis. The initial second (pre-trigger) is used
to establish the baseline temperature of the crystal just
prior to the event. The pulse amplitude is used to de-
termine the deposited energy. In order to monitor and
correct for changes in detector gain due to tempera-
ture drifts, a silicon resistor (heater) [24] is coupled to
each crystal and is used to generate reference thermal
signals every 300 s [25,26]. A time-coincidence analysis
can be performed to search for events that involve mul-
tiple crystals simultaneously. To account for the time
response of the detector we use a coincidence window of
±5 ms. As the measured event rate is approximately 1
mHz/crystal, the probability of accidental (i.e., causally
unrelated) coincidences is extremely small (' 10�5).
In order to reduce background due to environmental ra-
dioactivity, the tower and cryogenic infrastructure are
surrounded by several layers of shielding, including an
internal low-background Roman lead layer and an ex-
ternal anti-radon box. The details of the CUORE-0 de-
tector design, operation and performance are described
in [14,16]. The dilution refrigerator, shielding, and other
cryostat components are those from the CUORICINO
experiment [22,27].

3 Analysis

In this work we exploit the multi-detector coincidence
patterns expected to accompany ��0+ decays to maxi-
mize our sensitivity. The emitted electrons and gamma
rays can interact in multiple crystals, producing a vari-
ety of experimental scenarios or signatures depending
on the number of detectors involved in the process. We

3

Fig. 1 Decay scheme of 130Te showing the energy levels and
the branching ratios for the � rays [10].
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0. As shown in Figure 1 this decay emits two elec-
trons, which share a maximum energy of 734 keV, fol-
lowed by a gamma cascade to the ground state of 130Xe.
The most probable de-excitation pattern, which has a
branching ratio of 86.0%, involves the emission of two
gamma rays with energies of 1257.4 keV and 536.1 keV.
Two more patterns are also possible, namely the emis-
sion of three gamma rays with energies of 536.1 keV,
586.0 keV and 671.3 keV (branching ratio of 12.2%)
and the emission of two gamma rays with energies of
671.3 keV and 1122.2 keV (branching ratio of 1.8%).
These gamma lines result in multi-detector coincidence
signatures which we exploit in our analysis to achieve
very powerful background rejection. As is the case for
the decay to the ground state, the summed energy spec-
trum of the emitted electrons is distinctly di↵erent in
the 2⌫��0+ vs. the 0⌫��0+ case. The former is a con-
tinuous spectrum (0� 734 keV), whereas the latter is a
monochromatic peak centered at 734 keV.
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on these decays came from the CUORICINO [19] ex-
periment, a predecessor to CUORE-0, which reported
the following limits on the decay half-lives [20]:

⌧0⌫0+ > 9.4 · 1023 yr ,
⌧2⌫0+ > 1.3 · 1023 yr

2 Experiment

The CUORE-0 tower, just like all the CUORE towers,
contains 52 natTeO2 crystals (i.e., 130Te is present at
its natural abundance of 34.2% [21]). The crystals are

arranged in a copper frame into 13 floors, with each
floor containing four crystals [14]. The mass of each
crystal is 750 g, for a total detector mass of TeO2 of
39 kg or 10.8 kg of 130Te.
The crystals are operated as thermal detectors at a
working temperature of ⇠10mK to minimize the heat
capacity. In CUORE-0, this temperature is obtained
using the same dilution refrigerator infrastructure as
CUORICINO [22]. The detector thermal link to the
fridge is provided by the polytetrafluoroethylene sup-
ports which hold each crystal in the copper frames and
by the golden wires used to carry the electrical signal.
The temperature of each crystal is continuously sensed
by a neutron transmutation doped (NTD) thermistor [23]
glued to the crystal surface. The thermistor converts
the thermal signal to a voltage output which is dig-
itized at an acquisition rate of 125 samples/s. Signal
pulses corresponding to thermal events are identified
through a software trigger, and a 5 s long window —
1 s before and 4 s after the trigger — is selected for
further analysis. The initial second (pre-trigger) is used
to establish the baseline temperature of the crystal just
prior to the event. The pulse amplitude is used to de-
termine the deposited energy. In order to monitor and
correct for changes in detector gain due to tempera-
ture drifts, a silicon resistor (heater) [24] is coupled to
each crystal and is used to generate reference thermal
signals every 300 s [25,26]. A time-coincidence analysis
can be performed to search for events that involve mul-
tiple crystals simultaneously. To account for the time
response of the detector we use a coincidence window of
±5 ms. As the measured event rate is approximately 1
mHz/crystal, the probability of accidental (i.e., causally
unrelated) coincidences is extremely small (' 10�5).
In order to reduce background due to environmental ra-
dioactivity, the tower and cryogenic infrastructure are
surrounded by several layers of shielding, including an
internal low-background Roman lead layer and an ex-
ternal anti-radon box. The details of the CUORE-0 de-
tector design, operation and performance are described
in [14,16]. The dilution refrigerator, shielding, and other
cryostat components are those from the CUORICINO
experiment [22,27].

3 Analysis

In this work we exploit the multi-detector coincidence
patterns expected to accompany ��0+ decays to maxi-
mize our sensitivity. The emitted electrons and gamma
rays can interact in multiple crystals, producing a vari-
ety of experimental scenarios or signatures depending
on the number of detectors involved in the process. We

• 130Te may also ββ decay to excited states of 
130Xe (this decay has never been observed)

• Cascade of de-excitation γs in coincidence 
with βs produces multi-site signatures

T 2⌫
1/2 > 1.1⇥ 1024 yr (90%C.I.)
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Fig. 3. Decay scheme of 130Te to the 
excited states of  130Xe

Double beta decay of  has never been observed on excited states (ES). The 
motivations to search for double beta decay to ES are twofold. A decay rate 
measurement in the Standard Model  channel would validate the theoretical 
calculations of Nuclear Matrix Elements (NME) [3]. A discovery in the  channel 
would prove that neutrinos have a non-vanishing Majorana mass component and 
provide insight on the neutrino mass scale and hierarchy. The decay to ES has a 
smaller phase space with respect to the one on the ground state (GS), hence it is 
strongly suppressed. NME instead are of the same order of magnitude [3][4]. 
Nonetheless, it is followed by a set of de-excitation  rays. Three  patterns are 
possible, with different branching fractions, and allow to effectively reject background. 
 To select candidate decays we require, for each emitted particle, full 
containment of the energy release in a single crystal.

130Te

2νββ
0νββ

γ γ

ββ energy release γ energy release γ path

Neglecting single-site events, 22 combinations of fully contained final state particles can be defined. Merging combinations that share the same expected energy release, 15 
independent signatures are found. They are ranked according to their analytical approximate contribution to the total discovery sensitivity. Just the signatures that contribute more 
than 3% to the total sensitivity are included.

Signature Sensitivity 0ν Sensitivity 2ν Crystal 1 [keV] Crystal 2 [keV] Crystal 3 [keV]

2A0-2B1 38.5% 39.8% 536 + ββ 1257 -

2A2-2B3 24.7% 21.6% 1257 + ββ 536 -

3A0 20.3% 25.5% 1257 ββ 536

The CUORE data taking is divided in ~ 1 month long datasets. Triggered pulses that 
pass base (pile-up rejection) and PSA (pulse-shape rejection of non-physical events) 
are used to build coincidence multiplets of energy releases within the  time 
resolution of the detector. The number of coincident triggers is called Multiplicity 
(M). Experimental signatures are defined by M, originating de-excitation pattern, 
combination of final state particles in the M selected crystals. Energy releases within 
multiplets are sorted in descending order of reconstructed energy, then candidates for 
each multiplicity are selected.

± 5 ms

Event selection

Table. 2. 0νββ (top) and 2νββ (bottom) energy selections for each signature. The 
projected component is highlighted with a * superscript.

Efficiency

 / ndf =  70.2 / 742χ
Prob   0.6036

BkgFlat   1.24±  9.85 

BkgSlope  0.04465±0.01061 − 
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Sigma     0.015± 2.137 
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Fig. 4. Example of containment efficiency evaluation from MC simulations

ϵs = [∑
p

BRp ⋅
[N(sel)

MC ](s)
p

[N(to t)
MC ]p

]ϵM
cu t ϵacc

The other included contributions come from channel-based data quality, pile-up 
rejection and pulse-shape cuts used to reject non-physical events εcut and the probability 
of accidental coincidences εacc. For each signature s the efficiency reads

where BRp is the de-excitation channel’s branching ratio, NMC the number of MC events.

The dominant efficiency contribution comes from the full containment 
requirement, quantifies the probability that a GS-ES decay reconstructs within each 
considered experimental signature. It is evaluated via Monte Carlo (MC) simulations.

Process Containment Cut Accidentals Total

0νββ 10.0%
88.7% 98.7%

8.7%

2νββ 6.8% 5.9%
Table 3. Summary of efficiency contributions. Containment efficiencies are summed 
over signatures, the others (dataset-dependent) are exposure-weighted averages

CUORE and the  
bolometric technique

C U O R E i s a t o n - s c a l e 
underground bolometer array of 
988 TeO2 cubic crystals 
operated at the INFN Gran Sasso 
National Laboratories (LNGS) 
with the main aim of searching 
for the neutrino-less double 
beta decay (DBD) of 130Te and 
other rare processes [1]. The 
crystals are arranged in 19 
towers placed in a custom built 
dilution refrigerator able to cool 
down and keep the detector at 
the stable temperature of ∼ 10 
mK.  
 The energy released by 
particle interactions in the crystal 
causes a temperature rise. 
Neutron Transmutation Doped 
Ge thermistors transform the 
temperature pulses induced by 
particles into voltage pulses. 
They are biased with a constant 
current and their voltage is low-
pass filtered, amplified and 
continuously digitized at a 
sampling frequency fs = 1 kHz. 

ΔT = ΔE
C(T ) ∼ 100 μK

MeV @10mK C ∝ T3

Fig. 2.The CUORE cryostat

Fig. 1. Scheme of a bolometric detector

A blinded fit (the data are superimposed to a randomly generated signal contribution) 
allows the extraction of an estimate of the background parameters before the 
result is extracted from unblinded data. The candidate events are selected and projected 
on one energy axis according to Tab. 2, then fit with a phenomenological channel-
dataset dependent model for the detector response. The background is modeled either 
as flat or 1st order polynomial.

Exclusion sensitivity

Results
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The analyzed data set corresponds to a natTeO2 exposure of 372.5 kg yr as in [5]. No 
evidence for either decay mode was observed and a marginalized Bayesian upper limit at 
90% C.I. was set for each rate parameter. The Bayesian fi t was performed both with a 
minimal model and extended ones in order to decouple the effect of each nuisance 
parameter. The minimal model (MM) includes, with uniform priors: 
• positive signal rate, shared among the selected experimental signatures 
• background parameters, coefficients of the polynomial background, one per signature 
All other inputs are constants, such as the resolution functions and efficiencies. 
The combined full model (FM) includes, at once: 
• all the parameters of the minimal model 
• detector response dependence on energy together with the bias of the reconstructed 

energy scale (6 parameters / dataset, multivariate prior) 
• containment efficiency uncertainty (1 parameter / signature, gaussian prior) 
• cut efficiency uncertainty (1 parameter / dataset, gaussian prior) 
• accidental coincidences efficiency uncertainty (1 parameter / dataset, gaussian prior) 
• 130Te isotopic abundance uncertainty (1 parameter, gaussian prior) 
A +18% (+17%) more stringent limit is obtained for 2ν (0ν) due to the improved detector 
response model.
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Figure 6. 
A Bayesian upper limit at 90% C.I. on the 2νββ (top) and 0νββ (bottom) half life is reported. 
Energy spectra with best fit model (blue solid), 90% lower limit on T1/2 (red solid) and signal 
component (blue dashed) are shown.

Figure 5. 
The distribution of the expected 90 % C.I. Bayesian lower limits on the T1/2 parameter for 
the S+B model of 0νββ (top) and 2νββ  (bottom) is shown. The entries are extracted from 
fits to 104 toy Monte Carlo experiments produced in the background only hypothesis. The 
median expected limit setting sensitivity (black dashed line) is shown together with the fit 
result to unblinded data (red solid line). The unblinded fit results lie within the 95% smallest 
interval of the distribution of limits./nfs/cuore1/scratch/gfantini/ROI-excited-files/toy/bkg-only/5ms1200mm/2nbb/fit_linearBkg/MyModel_ds3519_ds3522_ds3552_ds3555_ds3561_ds3564_ds3567_linearBkg
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Experimental signature
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Fig. 3. Decay scheme of 130Te to the 
excited states of  130Xe

Double beta decay of  has never been observed on excited states (ES). The 
motivations to search for double beta decay to ES are twofold. A decay rate 
measurement in the Standard Model  channel would validate the theoretical 
calculations of Nuclear Matrix Elements (NME) [3]. A discovery in the  channel 
would prove that neutrinos have a non-vanishing Majorana mass component and 
provide insight on the neutrino mass scale and hierarchy. The decay to ES has a 
smaller phase space with respect to the one on the ground state (GS), hence it is 
strongly suppressed. NME instead are of the same order of magnitude [3][4]. 
Nonetheless, it is followed by a set of de-excitation  rays. Three  patterns are 
possible, with different branching fractions, and allow to effectively reject background. 
 To select candidate decays we require, for each emitted particle, full 
containment of the energy release in a single crystal.

130Te

2νββ
0νββ

γ γ

ββ energy release γ energy release γ path

Neglecting single-site events, 22 combinations of fully contained final state particles can be defined. Merging combinations that share the same expected energy release, 15 
independent signatures are found. They are ranked according to their analytical approximate contribution to the total discovery sensitivity. Just the signatures that contribute more 
than 3% to the total sensitivity are included.

Signature Sensitivity 0ν Sensitivity 2ν Crystal 1 [keV] Crystal 2 [keV] Crystal 3 [keV]

2A0-2B1 38.5% 39.8% 536 + ββ 1257 -

2A2-2B3 24.7% 21.6% 1257 + ββ 536 -

3A0 20.3% 25.5% 1257 ββ 536

The CUORE data taking is divided in ~ 1 month long datasets. Triggered pulses that 
pass base (pile-up rejection) and PSA (pulse-shape rejection of non-physical events) 
are used to build coincidence multiplets of energy releases within the  time 
resolution of the detector. The number of coincident triggers is called Multiplicity 
(M). Experimental signatures are defined by M, originating de-excitation pattern, 
combination of final state particles in the M selected crystals. Energy releases within 
multiplets are sorted in descending order of reconstructed energy, then candidates for 
each multiplicity are selected.

± 5 ms

Event selection

Table. 2. 0νββ (top) and 2νββ (bottom) energy selections for each signature. The 
projected component is highlighted with a * superscript.
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Fig. 4. Example of containment efficiency evaluation from MC simulations

ϵs = [∑
p

BRp ⋅
[N(sel)

MC ](s)
p

[N(to t)
MC ]p

]ϵM
cu t ϵacc

The other included contributions come from channel-based data quality, pile-up 
rejection and pulse-shape cuts used to reject non-physical events εcut and the probability 
of accidental coincidences εacc. For each signature s the efficiency reads

where BRp is the de-excitation channel’s branching ratio, NMC the number of MC events.

The dominant efficiency contribution comes from the full containment 
requirement, quantifies the probability that a GS-ES decay reconstructs within each 
considered experimental signature. It is evaluated via Monte Carlo (MC) simulations.

Process Containment Cut Accidentals Total

0νββ 10.0%
88.7% 98.7%

8.7%

2νββ 6.8% 5.9%
Table 3. Summary of efficiency contributions. Containment efficiencies are summed 
over signatures, the others (dataset-dependent) are exposure-weighted averages

CUORE and the  
bolometric technique

C U O R E i s a t o n - s c a l e 
underground bolometer array of 
988 TeO2 cubic crystals 
operated at the INFN Gran Sasso 
National Laboratories (LNGS) 
with the main aim of searching 
for the neutrino-less double 
beta decay (DBD) of 130Te and 
other rare processes [1]. The 
crystals are arranged in 19 
towers placed in a custom built 
dilution refrigerator able to cool 
down and keep the detector at 
the stable temperature of ∼ 10 
mK.  
 The energy released by 
particle interactions in the crystal 
causes a temperature rise. 
Neutron Transmutation Doped 
Ge thermistors transform the 
temperature pulses induced by 
particles into voltage pulses. 
They are biased with a constant 
current and their voltage is low-
pass filtered, amplified and 
continuously digitized at a 
sampling frequency fs = 1 kHz. 

ΔT = ΔE
C(T ) ∼ 100 μK

MeV @10mK C ∝ T3

Fig. 2.The CUORE cryostat

Fig. 1. Scheme of a bolometric detector

A blinded fit (the data are superimposed to a randomly generated signal contribution) 
allows the extraction of an estimate of the background parameters before the 
result is extracted from unblinded data. The candidate events are selected and projected 
on one energy axis according to Tab. 2, then fit with a phenomenological channel-
dataset dependent model for the detector response. The background is modeled either 
as flat or 1st order polynomial.

Exclusion sensitivity

Results

/nfs/cuore1/scratch/gfantini/ROI-excited-files/toy/bkg-only/5ms1200mm/0nbb/fit_flatBkg/MyModel_ds3519_ds3522_ds3552_ds3555_ds3561_ds3564_ds3567
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The analyzed data set corresponds to a natTeO2 exposure of 372.5 kg yr as in [5]. No 
evidence for either decay mode was observed and a marginalized Bayesian upper limit at 
90% C.I. was set for each rate parameter. The Bayesian fi t was performed both with a 
minimal model and extended ones in order to decouple the effect of each nuisance 
parameter. The minimal model (MM) includes, with uniform priors: 
• positive signal rate, shared among the selected experimental signatures 
• background parameters, coefficients of the polynomial background, one per signature 
All other inputs are constants, such as the resolution functions and efficiencies. 
The combined full model (FM) includes, at once: 
• all the parameters of the minimal model 
• detector response dependence on energy together with the bias of the reconstructed 

energy scale (6 parameters / dataset, multivariate prior) 
• containment efficiency uncertainty (1 parameter / signature, gaussian prior) 
• cut efficiency uncertainty (1 parameter / dataset, gaussian prior) 
• accidental coincidences efficiency uncertainty (1 parameter / dataset, gaussian prior) 
• 130Te isotopic abundance uncertainty (1 parameter, gaussian prior) 
A +18% (+17%) more stringent limit is obtained for 2ν (0ν) due to the improved detector 
response model.

/nfs/cuore1/scratch/gfantini/ROI-excited-files/data/unblinded_5ms1200mm/0nbb/fit_flatBkg_highStat/MyModel_ds3519_ds3522_ds3552_ds3555_ds3561_ds3564_ds3567.root
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T0ν
1/2 > 5.4 ⋅ 1024 yr (90 % C . I.) T2ν

1/2 > 1.1 ⋅ 1024 yr (90 % C . I.)

Figure 6. 
A Bayesian upper limit at 90% C.I. on the 2νββ (top) and 0νββ (bottom) half life is reported. 
Energy spectra with best fit model (blue solid), 90% lower limit on T1/2 (red solid) and signal 
component (blue dashed) are shown.

Figure 5. 
The distribution of the expected 90 % C.I. Bayesian lower limits on the T1/2 parameter for 
the S+B model of 0νββ (top) and 2νββ  (bottom) is shown. The entries are extracted from 
fits to 104 toy Monte Carlo experiments produced in the background only hypothesis. The 
median expected limit setting sensitivity (black dashed line) is shown together with the fit 
result to unblinded data (red solid line). The unblinded fit results lie within the 95% smallest 
interval of the distribution of limits./nfs/cuore1/scratch/gfantini/ROI-excited-files/toy/bkg-only/5ms1200mm/2nbb/fit_linearBkg/MyModel_ds3519_ds3522_ds3552_ds3555_ds3561_ds3564_ds3567_linearBkg
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CUPID: CUORE Upgrade with Particle ID
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• Array of 1500 Li2100MoO4  scintillating bolometers 

• Enriched to >95% in 100Mo (250kg of 100Mo)

• 100Mo Q-value: 3034 keV  β/γ background 
significantly reduced 

• Exploit Particle ID using scintillation bolometer 
technique

‣ Technique robustly demonstrated  
by CUPID-0 and CUPID-Mo

• Reuse CUORE cryogenic infrastructure at LNGS   

• Add external muon veto

Figure44:GeometryoftheCUPIDdetectorarray
withcylindricalcrystalsimplementedintheCUORE
Geant4simulationsoftware.

Figure45:Breakdownofthe
CUPID�/�countingrate
predictedbytheBMinthe
100MoROI.Here,thebase-
lineconfigurationisconsid-
ered.Asdiscussedinthe
text,thesubstitutionofthe
reflectivefoilwithareflective
coatingonLi2MoO4crys-
talswoulddramaticallyre-
duceboththeUandThcon-
tributionsofcrystals(here
dominatedbysurfacecon-
taminants)andthatofthe
reflectoritself.

58

8 Phased Deployment

Bolometric experiments with a large number of individual crystals and towers are well suited for phased
deployment, starting data taking with a fraction of the total isotopic mass. We foresee an option of
deploying the first few towers assembled for CUPID early, while the rest of the crystals are being procured
and the detectors assembled. Such phase “CUPID-I” could be deployed in a separate cryostat at LNGS,
or in the CUORE cryostat if it is available. Similar to CUORE-0, which was developed as part of the
CUORE project R&D and was invaluable in vetting the CUORE assembly procedures and the background
model, CUPID-I phase would be an important step in the project execution plan. At the same time,
a detector with mass of 50-70 kg and nearly zero background, deployed in the early 2020s, would be a
leading NLDBD experiment in its own right.

The main phase of CUPID is a detector deployed in the CUORE cryostat. Its size is determined
by the volume of the existing 10 mK vessel and is not limited by the available cooling power. The
baseline CUPID design parameters are listed in Table 1. We assume a conservative background goal
of 10�4counts/(keV·kg·yr); as discussed in Section 7, this goal is readily achievable with the existing
technology.

At the same time, it is instructive to consider the ultimate sensitivity of a bolometric detector not
limited by the current technology and infrastructure. We consider two additional scenarios for the
purposes of computing the ultimate sensitivity of the CUPID program. One is the detector deployed
in the CUORE cryostat, but operating in the nearly zero-background mode, which corresponds to the
background index of 2 ⇥ 10�5counts/(keV·kg·yr). This is an optimistic “reach” goal for CUPID. As
Section 7 demonstrates, reaching this background goal is possible with additional R&D: eliminating the
reflective foil backgrounds, reducing the bulk and surface backgrounds from the crystals (e.g. by additional
purification of Li2MoO4 crystals and elimination of surface backgrounds by pulse shape discrimination),
and reducing the 2⌫�� pileup background to below 10�5counts/(keV·kg·yr) level through the use of
higher-bandwidth sensors.

Finally, we consider a strawman ultimate bolometric detector “CUPID-1T”, consisting of 1.8 tons of
Li2MoO4, or 1000 kg of 100Mo. Such detector could be accommodated in a new cryostat approximately 4
times larger than CUORE, within the capabilities of the CUORE cryogenic systems. For optimal sensitiv-
ity, we assume that the backgrounds could be further reduced to the level of 5⇥ 10�6counts/(keV·kg·yr).
Such background levels are within the realm of possibility for the transition energy of 3034 keV, especially
considering advances in material screening and radiopurity, and advanced high-speed, high-resolution sen-
sors being developed within CUPID (Section 5.4.2). Such a detector would be the ultimate Phase III
of the CUPID program, a bolometric detector with the sensitivity in the Normal Hierarchy of neutrino
masses. In case of a discovery, such a detector could also explore other isotopes, e.g. 130Te.

We summarize the parameters of the possible CUPID detector phases in Table 10. The sensitivity to
various models of NLDBD are discussed in Section 9.

Table 10: Parameters of the CUPID detector in the baseline scenario, in the optimistic background
scenario, and for a large bolometric detector with 1 metric ton of 100Mo isotope.

Parameter CUPID Baseline CUPID-reach CUPID-1T

Crystal Li2100MoO4 Li2100MoO4 Li2100MoO4

Detector mass (kg) 472 472 1871
100Mo mass (kg) 253 253 1000
Energy resolution FWHM (keV) 5 5 5
Background index (counts/(keV·kg·yr)) 10�4 2 ⇥ 10�5 5 ⇥ 10�6

Containment e�ciency 79% 79% 79%
Selection e�ciency 90% 90% 90%
Livetime (years) 10 10 10
Half-life exclusion sensitivity (90% C.L.) 1.5 ⇥ 1027 y 2.3 ⇥ 1027 y 9.2 ⇥ 1027 y
Half-life discovery sensitivity (3�) 1.1 ⇥ 1027 y 2 ⇥ 1027 y 8 ⇥ 1027 y
m�� exclusion sensitivity (90% C.L.) 10–17 meV 8.2–14 meV 4.1–6.8 MeV
m�� discovery sensitivity (3�) 12–20 meV 8.8–15 meV 4.4–7.3 meV
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https://arxiv.org/abs/1907.09376
CUPID preCDR

3 Overview of the experiment

3.1 CUPID detector concept

In CUPID, the main bolometer crystals will be grown from Li2100MoO4. The Mo component will be
enriched to � 95% in 100Mo. At this stage of the conceptual design, we envision the use of cylindrical
crystals with 50 mm diameter and 50 mm height, corresponding to a mass of ⇠ 308 g. We selected
such a mass so that pile-up of 100Mo ordinary 2⌫�� decay events in a single crystal will contribute to
background in the ROI at a level compatible with the CUPID target BI of 10�4 counts/(keV·kg·yr) (see
Section 7.1.2).

As in CUORE, a NTD Ge thermistor will be glued to the crystal on a flat surface, in order to provide
the thermal signal. In the baseline design, the curved surface of each crystal are surrounded by a light-
reflecting foil to maximize light collection, and the flat surfaces of the crystals are exposed to bolometric
light detectors fabricated from Ge wafers with 5 cm diameter. The Ge wafers are also instrumented
with an NTD as a thermal detector. The structure of a single CUPID scintillating bolometer is shown
in Fig. 5. The crystals and the light-detector wafers are supported by PTFE elements connecting them
to round copper frames. These frames are stacked by means of copper columns, forming a detector
tower conceptually similar to those of CUPID-0 and CUPID-Mo. Light detectors are placed between
successive crystals, thus each light detector will serve two crystals at the same time. With this design, we
anticipate 1534 crystals in the full array, corresponding to about 253 kg of 100Mo. Fig. 44 of Section 7.4
shows the CUPID array hosted inside the CUORE cryostat. The basic unit geometry is a cylindrical
main bolometer with reflective foil and Ge light detector disc. This has been used with great success in
CUPID-0 [30] (see Fig. 5, right panel) and CUPID-Mo [17]. The array will be operated at 10-20 mK.

Figure 5: Left: schematic
view of the CUPID single
module according to the
baseline design. Right:
photo of a CUPID-0
scintillating bolometer,
prefiguring the CUPID
single-module structure.
The reflective foil sur-
rounding the crystal is
visible.

In the rest of this section, we describe the results achieved in CUPID-Mo and its preparation mea-
surements. CUPID-Mo is placed in the context of the LUMINEU project [17, 27, 39], which shows the
maturity reached by the proposed technology and the high standard of the Li2MoO4 detectors in terms
of energy resolution, ↵/� rejection capabilities, internal radiopurity, and overall reproducibility of the
results. The single module of CUPID-Mo consists of a crystal of Li2100MoO4 enriched at more than
⇠ 96% in 100Mo. The crystals are cylinders with 44 mm diameter and 45 mm height coupled to NTD Ge
thermistors. At least one of the flat surfaces of each crystal is exposed to a light detector, consisting of
an NTD-instrumented Ge wafer with a diameter of 44 mm and coated with a 70-nm-thick SiO layer on
both sides to maximize light absorption. In the tests preceding CUPID-Mo, we operated modules with
and without reflecting foils, achieving a satisfactory ↵/� separation in both cases. In CUPID-Mo, we
opted for a conservative approach and used the reflective foil in all the 20 modules installed. The results
achieved in the tests preceding CUPID-Mo and confirmed by CUPID-Mo itself are summarized below:

– We routinely obtained energy resolutions of ⇠ 5 keV FWHM at 2615 keV.

– The heat-light readout yields an ↵ rejection at the level of 99.9% with nearly full acceptance of the
� and � events.

– The strict crystal production protocol guarantees internal contamination . 5 µBq/kg for both
232Th and 238U, and . 5 mBq/kg for 40K.

– The heat channel features rise-times (from 10% to 90% of the signal maximum) of ⇠ 15–30 ms and
decay-times (from 90% to 30% of the signal maximum) of ⇠ 100–500 ms, depending on the detector
and on the operation temperature.
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CUPID baseline goals are within the 
reach of existing detector technology 
and infrastructure  
No further R&D is needed



From CUORE to CUPID 

CUORE background model

Characterize β/γ background from 
cryogenic system and detector 
holders in the 3034 keV ROI

Model is fit to CUORE data

+

CUPID-0 background model

Alpha-rejection capable array

Confirms the β/γ background from 
detector holders in the 3034 keV ROI 

Model is fit to CUPID-0 data

+

CUPID-Mo  Li2MoO4 performance 

Array of large of highly enriched 
Li2 100MoO4 


Data confirms: 

• α tagging performance

• Radiopurity of crystals

• Energy resolution

!14

58 5.1 Monte Carlo simulations

FIG. 5.1: Model of the CUORE detector array, internal shielding and part of the surrounding
support and cryogenic infrastructure as implemented in the Monte Carlo simulation software [52]

umes in discrete steps, and energy releases in the active detector components are stored. An
optimization between accuracy and required computing time is required and was performed
tuning differently the range of production cuts in different materials. Some eletromagnetic
processes (e.g. in Bremsstrahlung or �-ray production) involve infrared divergences. Pro-
duction cuts limit the generation of particles below threshold (i.e. particles that have
a range below a user-defined and material dependent range cut), treating the remaining
divergent part as a continuous effect.

The particle generation and propagation in the CUORE setup is performed by the
qshields software. Possible simulated background sources differ by the generated particle
types, rates, and their geometry. Particles that can be simulated are

• single particles, either monochromatic or with a given energy spectrum (e.g. de-
excitation gammas);

• singular nuclear decays;

• decay chains, possibly accounting for breaks of secular equilibrium;

• double beta decays, where different calculations in literature [53] [54] [55] [56] are im-
plemented to generate the shape of the sum energy spectrum of the emitted electrons
in the 2⌫�� decay mode.

Other than different sources of radiation and their expected energy spectrum, their geo-
metrical distribution can be set. Contaminations in the detector materials can be either
uniformly distributed in any of the available volumes (bulk contaminations) or distributed
with an exponentially decaying density profile on the surface of materials. This is the case
of surface contaminations of ↵ emitters both in the TeO2 crystals and in the inner copper
shields of the cryostat. Building reliable Monte Carlo simulations crucially depends on the
physics list (included processes) and on the production cuts in each material. Further dis-

• Data driven background model shows existing technology and infrastructure compatible 
with CUPID baseline goals —> no further R&D is needed
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•  β/γ  background in TeO2   in the 100Mo region of interest ( 3034 keV)

< 1⇥ 10�4 cnts

(keV · kg · yr)
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⇠ 2⇥ 10�4 cnts

(keV · kg · yr)
<latexit sha1_base64="qubCKCXiQEOqdPORYrUcakGpNXw="></latexit><latexit sha1_base64="qubCKCXiQEOqdPORYrUcakGpNXw="></latexit><latexit sha1_base64="qubCKCXiQEOqdPORYrUcakGpNXw="></latexit><latexit sha1_base64="qubCKCXiQEOqdPORYrUcakGpNXw="></latexit>

• γ interaction probability in Li2MoO4 is ~3x smaller than in TeO2 in this ROI

Background from Cryostat Background from holders

From CUORE to CUPID: CUORE 

• Muon veto will be added for CUPID

TeO2

Muons

Holders

Crystals

Cryostat

Total 

CUORE β/γ  Background  Summary

in 3034 keV ROI 

β/γ  component β/γ  component
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Complete alpha rejection for Energy > 2 MeV

Eur. Phys. J. C 78, 734 (2018).  

CUPID-0
CUPID-0 is the first array of scintillating bolometers 

for the investigation of 82Se 0νββ

This design has the main goal of
Minimize mass of passive materials

Cu ~22% - PTFE/Vik. ~0.1% - ZnSe+Ge ~78%

CUPID-0 Coll., Eur. Phys. J. C (2018) 78:428.

•  82Se Q-value 2998 keV 

•  95% enriched Zn82Se bolometers 

•  26 bolometers (24 enr + 2 nat) arranged in 5 towers 
•  10.5 kg of ZnSe 
•  5.17 kg of 82Se -> Nββ = 3.8x1025 ββ nuclei 

•  LD: Ge wafer operated as bolometer 

•  Simplest modular detector ➜ scale up 
•  Copper structure (ElectroToughPitch) 
•  PTFE holders  
•  Light Reflector (VIKUITI 3M)
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• 26 ZnSe scintillating bolometers (24 95% 
enriched in 82Se + 2 natural)


• Ge wafers cryogenic light detectors 


• 82Se 0νββ decay Q-Value: 2998 keV


• Hosted in the same CUORE-0 dilution 
refrigerator (Hall A)

See I. Colantoni 
Poster #111 Session 3
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Se82 ββν2
ZnSe Crystals
Detector Material
Cryostat & Shields
Muons

CUPID-0 Background Model 

Source ROI Background Index

ROI = 2.8 - 3.2 MeV [10
�4

counts/(keV·kg·y)]

2nbb 82
Se 6.0±0.3

ZnSe Crystals 11.7±0.6 +1.6
�0.8

Detector Material 2.1±0.3 +2.2
�1.0

Cryostat & Shields 5.9±1.3 +7.2
�2.9

Muons 15.3±1.3±2.5
Total 41±2

+9

�4

1

• Li2MoO4  radiopurity  is 10x  
better than ZnSe


• CUPID detector holder will adopt  
reduced mass design


• CUORE/CUPID cryostat is 
cleaner than CUPID-0 cryostat


• Muon tagging with external veto


From CUORE to CUPID: CUPID-0

Eur. Phys. J. C 79, 583 (2019)

�16

https://link.springer.com/article/10.1140/epjc/s10052-018-6202-5
https://link.springer.com/article/10.1140/epjc/s10052-019-7078-8
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• Array of 20 Li2100MoO4 detectors ~210 g each


• Enriched to 97% in 100Mo (2.26 kg 100Mo)


• Hosted in Modane underground lab 4800 m.w.e. 
overburden in  EDELWEISS cryogenic system  
(20 mK)


• Ge wafer light detectors  
 
 
 
 
 

• Physics data taking March 2019 - June 2020


• All Li2100MoO4 bolometers and 19 light detectors 
operational


• Energy resolution @ Qββ (3034 keV): ~8 keV FWHM 
(operating temp = 20 mK)


• Good uniformity and stable performance 
(suitable for larger arrays in CUPID)

44 Page 12 of 15 Eur. Phys. J. C (2020) 80 :44
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Fig. 15 Light yield versus heat signal scatter-plot using 11 days of
physics data from LMO 1. The presented detector has the highest 210Po
contamination to illustrate best the distributions of α and γ events and
the scintillation light quenching for α events

for downward going light. The obtained results are consis-
tent with previous observations [28,29]. The summed light
collected from two adjacent LDs is the closest estimate we
have for ideal light collection. It is as high as 1.44 keV/MeV
with a median value of 1.35 keV/MeV. The uncertainty for
individual RLY estimates has been quantified from the spread
in RLY estimates of three distinct 60Co plus 208Tl datasets.
We observed a ∼ 4% spread around the mean (RMS), with
a maximum deviation of 16% for a single detector.

For this analysis, we opt to use the LD in the same detec-
tor module just below the crystal by default. In cases where
the lower LD is unavailable or performs significantly worse
(LMO 1, 3, 6 and 7) we switched to associating the upper
LD to this crystal (see also Tables 2 and 3).

Taking into account the measured RLY (Table 3) and the
LD performance (Table 2), all detectors achieve better than
99.9% discrimination of α events (see Sect. 3.6) with a typ-
ical example of the discrimination power given in Fig. 15.
The preliminary γ /β selection by RLY (blue) defined before
eliminates a significant population of α events with ∼20%
of the RLY of γ /β events and a few remaining events at
higher light yield than expected (red). This particular crystal
is characterized by the highest contamination level of 210Po
with ∼ 0.5 mBq/kg and hence best exemplifies the alpha
discrimination power achieved for a scintillating bolometer
with typical performance values of 0.67 keV/MeV RLY and
0.18 keV FWHMNoise of a coupled LD. We observe that the
210Po α events misreconstructed at ∼7% higher energy at
5.8 MeV instead of 5.4 MeV. This shift is much larger than
nonlinearities in the γ region would suggest, but we note that
a similar difference in the detector response for α particles
has been observed previously with lithium molybdate based
detectors [28,29]. Events at higher light yield than γ /β events
can be observed due to noise spikes and misreconstructed

amplitude estimates in the LD, as well as due to close β

contaminations with a coincident γ depositing energy in the
Li2100MoO4 crystal.

We estimate a scintillation light quenching of α-particles
with respect to γ /β particles of (19.7 ± 1.0)% across the
detectors (see Table 3). These results are also within expec-
tations for this scintillation material [18,28,29].

3.6 Extrapolated α discrimination of Li2100MoO4
scintillating bolometers

We systematically evaluate the α discrimination level fol-
lowing Refs. [28,29,52] and report the discrimination of α

versus γ /β events in terms of the discrimination power (DP)
at the Q-value for 0νββ in 100Mo

DP = µγ − µα√
σ 2

γ + σ 2
α

. (1)

The parameters in the definition of the DP are the mean
RLYs µα , µγ for α and γ /β events respectively, and resolu-
tions σα , σγ . We obtain detector based valuesµα = QFα ·µγ

from the measured µγ and approximate the very uniform
light quenching of α events with QFα = 0.2 (see Table 3).
The expected LD resolutions σα and σγ at the endpoint of the
100Mo decay are extrapolated by adding the baseline resolu-
tion and a statistical photon noise component with an average
photon energy of 2.07 eV [52] in quadrature. The result-
ing median discrimination power is 15.0, with the worst-
performing detector having a discrimination power of 6.3.
Hence all detectors are expected to achieve better than 99.9%
α rejection with more than 99.9% γ /β acceptance.

We note that this model calculation does not take into
account additional sources of uncertainty such as variation
associated with the position of the incident particle interac-
tion and subsequent light propagation. However, the validity
of the model is supported by the excellent agreement between
the predicted and achieved discrimination in neutron calibra-
tion data in previous measurements [29]. The computed dis-
crimination level exceeds the requirements for CUPID, and
we plan to study adverse effects due to non-Gaussian tails
with larger statistics in the future. If multiple alpha peaks
emerge in individual detectors we will also be able to study
the α energy scale and the energy dependence of the α dis-
crimination from data. It should be noted that we are only
using a single of the two LDs, typically the one at the bot-
tom of each detector module (see Sect. 3.4). An optimized
selection of the better performing LD, or a combined light
estimate using both LDs will further improve the quoted dis-
crimination. In addition it is expected that information from
the combination of the LDs could potentially be relevant to
break degenerecies if non-gaussian tails related to contami-
nation at the NTDs or the LDs were encountered.

123
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Bi-Po events

Energy (keV)

210Po: 100μBq/kg  
 
238U/232Th: (0.3 - 1)μBq/kg

Excellent Radiopurity

• Light yield for β/γ events is 5x 
greater than for  α particles

• > 99.9% α separation  

• > 99.9 %  β/γ acceptance 

Alpha Rejection

See D. Poda  
Poster #404 Session 4   

Meets the requirement 
for CUPID

Meets the requirement 
for CUPID

From CUORE to CUPID: CUPID-Mo 
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CUPID-Mo, Neutrino 2020
2.17 kg x yr, Preliminary

T 0⌫
1/2 > 1.4⇥ 1024 yr (90% c.i)
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(stat. + syst.)

• New world-leading limit on 0𝝂ββ decay of 100Mo 

m�� < 310� 540 meV
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•  High precision measurement of 2𝝂ββ decay of 100Mo using CUPID-Mo technology 

CUPID-Mo Preliminary 

See V. Singh 
Poster #525 Session 2   

See B. Schmidt  
Poster #419 Session 3

• Background index is very low despite conditions not optimized for 0𝝂ββ

See P. Loaiza
Poster #418 Session 2  

• CUPID-Mo has a vibrant physics program

T2⌫
1/2 = [7.12+0.18

�0.14(stat.)± 0.10(syst.)]⇥ 1018yr
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arXiv: 1912.07272

CUPID-Mo Preliminary 
BI : (4± 2)⇥ 10�3cnts/keV · kg · yr

<latexit sha1_base64="7hTnUYO0QtWPghl/8Htbo34lbq4="></latexit><latexit sha1_base64="7hTnUYO0QtWPghl/8Htbo34lbq4="></latexit><latexit sha1_base64="7hTnUYO0QtWPghl/8Htbo34lbq4="></latexit><latexit sha1_base64="7hTnUYO0QtWPghl/8Htbo34lbq4="></latexit>

See also 
T. Dixon 
Poster #382 Session 4   
B. Welliver 
Poster #448 Session 4  
M. Zarysky 
Poster #374 Session 4   



Summary
• The era of tonne-scale cryogenic bolometers has started 

• The CUORE physics program is ongoing and will continue in 
parallel with preparations for CUPID

• CUPID baseline sensitivity:  

• CUPID can achieve this with existing detector technology  and 
infrastructure 

CUPID-0 and CUPID-Mo robustly demonstrate the alpha rejection 
technique 
Residual β/γ background in 100Mo ROI meets the requirements 
Radio-purity and bolometric performance of large, highly enriched 
Li2100MoO4 crystals demonstrated in CUPID-Mo

• The future is bright for next-generation cryogenic bolometers
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T 0⌫
1/2 : 1027yr
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m�� : 10� 20 meV
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• Base Cuts:  basic data cleaning, remove noisy periods, 
reconstruction etc

• Anti-coincidence Cut

• Pulse shape analysis (PSA)

4

sample. The latter method profits from higher statistics
for most � lines, but it requires background substrac-
tion and only allows for an e�ciency determination at a
handful of energies. We choose the PSA e�ciency as the
average of the e�ciencies obtained from these two sam-
ples (92.6±0.1%) and treat the di↵erence between them
as a systematic e↵ect, adding a scaling parameter com-
mon to all datasets in the final fit (±0.7%). Given the
limited statistics of the physics data, the anticoincidence
and PSA e�ciencies can only be extracted for an entire
dataset, and have larger uncertainties than the e�cien-
cies obtained from heater data. The exposure-weighted
average e�ciencies are reported in Tab. I.
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FIG. 3. The CUORE spectrum after applying the base cuts
to remove heater events and periods a↵ected by baseline or
noise instabilities (gray), after the anticoincidence cut (red),
and after the PSA cut (blue).

We extract the detector response function in the
ROI for each calorimeter in each dataset by fitting the
2615 keV 208Tl line in the calibration spectrum [51, 52].
To evaluate possible systematic shifts in the energy scale
and the energy dependence of the detector energy res-
olution, we use the detector response function obtained
from the 208Tl calibration peak, with the addition of a
linear function to model the background, to fit the 5–
7 most prominent � lines of the physics spectrum. We
keep as free parameters the peak position, the peak am-
plitude, and the ratio of the energy resolution in physics
and calibration data. We extract the energy calibration
bias – defined as the di↵erence between the reconstructed
peak position and its nominal value – and energy res-
olution, parameterize them quadratically as a function
of energy, and interpolate them to Q�� . The exposure-
weighted harmonic average of the energy resolution at
Q�� in the physics data is 7.0±0.4 keV, while the energy
bias is  0.7 keV. A summary of relevant quantities for
the 0⌫�� decay analysis is given in Tab. I.

The CUORE physics spectrum (Fig. 4) around Q��

features a flat distribution with ⇠ 90% of the events
coming from degraded ↵ particles, as obtained by ex-

TABLE I. Relevant quantities and e↵ective parameters of the
analysis. The FWHM of calibration data is the exposure
weighted harmonic average over all calorimeters and datasets,
which is projected to Q�� in the physics data. The contain-
ment e�ciency is from MC simulations, while all other e�-
ciencies correspond to the exposure weighted means.

Number of datasets 7
Number of valid calorimeters (min–max) 900–954

TeO2 exposure 372.5 kg·yr
FWHM at 2615 keV in calibration data 7.73(3) keV

FWHM at Q�� in physics data 7.0(4) keV
Reconstruction e�ciency 95.802(3)%
Anticoincidence e�ciency 98.7(1)%

PSA e�ciency 92.6(1)%
Total analysis e�ciency 87.5(2)%
Containment e�ciency 88.35(9)% [49]

trapolating from the flat ↵ background in the energy
region above the 2615 keV 208Tl line, and ⇠ 10% from
2615 keV � events undergoing multiple Compton scatter-
ing [53, 54]. The closest expected peak to Q�� is the 60Co
sum peak at 2505.7 keV. We find an additional structure
with a significance of &2� at ⇠2480 keV, visible only in
the single-crystal spectrum. Its energy corresponds to a
60Co sum peak, with an escaping Te xray, but its ampli-
tude is much larger than expected from MC simulations,
and it is not visible in 60Co calibration spectra. We con-
sidered various possible contamination, but none justifies
the presence of a peak at ⇠2480 keV with the observed
rate. Thus, more data are needed to assess the signifi-
cance of this feature. As a consequence, we restrict the
fit range to [2490,2575] keV region, and fit the data with
a flat background plus peaks described by the detector
response function for the 60Co sum line and the potential
0⌫�� decay signal.
We perform an unbinned Bayesian fit combined over all

datasets using the BAT software package [55]. The model
parameters are the 0⌫�� decay rate (�0⌫), a dataset de-
pendent background index (BI) in counts/(keV·kg·yr),
the 60Co sum peak amplitude (R60Co) in counts/(kg·yr),
and its position µ60Co, which is a free parameter as in the
previous analysis [44]. The BIs are dataset dependent,
while all other parameters are common to all datasets,
including the 60Co rate, which is scaled by a dataset de-
pendent factor to account for its decay. We use flat priors
for all of the parameters, and restrict the range of the BIs
and all peak rates to the physical range, i.e. non-negative
values.
We find no evidence for 0⌫�� decay, obtaining the �0⌫

posterior distribution reported in Fig. 5, and a limit of
T 0⌫
1/2 > 3.2 · 1025 yr at 90% credibility interval (CI), cor-

responding to the blue dashed curve in Fig. 4. Repeating
the fit without the 0⌫�� decay contribution, we obtain
an average BI of (1.38± 0.07) · 10�2 counts/(keV·kg·yr).

To compute the exclusion sensitivity, we generate 104

sets of pseudo-experiments populated with only the 60Co

60Co 40K

208Tl

190Pt
210Po

multi-site 
background

single site signal 

Reconstruction Efficiency (95.802 ± 0.003) %
Anti-coincidence (98.7 ± 0.1) %
Pulse shape analysis (92.6 ± 0.1) %

All w/o containment (87.5 ± 0.2) %

0vββ containment (88.35 ± 0.09) %

Total (77.3 ± 0.2) %

Selection Efficiencies
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• Effective energy resolution at Qββ:  
7.0 +/- 0.3 keV    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• Energy scale bias: <0.7 keV

• Detector response function determined 
for 2615 keV line in calibration data 

• Fit to prominent lines in the background data to 
determine energy bias and resolution vs. energy

40K bkg 

Energy [keV]
500 1000 1500 2000 2500

R
e
s
i
d
u
a
l
 
[
k
e
V
]

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2
 fits (ds3519)σResidual vs. energy, 2-

 / ndf 2χ  5.098 / 3

Prob   0.1647

p0        0.4122±0.2482 − 

p1        0.0005228± 0.0001245 

p2       07− 1.619e±09 −1.574e− 

p3            0±     0 

 / ndf 2χ  5.098 / 3

Prob   0.1647

p0        0.4122±0.2482 − 

p1        0.0005228± 0.0001245 

p2       07− 1.619e±09 −1.574e− 

p3            0±     0 

 fits (ds3519)σResidual vs. energy, 2-


