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Double-Beta Decay Signature

dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008
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• Diverse techniques employed by the community, 
CUORE/CUPID/AMoRE use cryogenic calorimeters
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Cryogenic Calorimeters
• 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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Scintillating Cryogenic Calorimeters
• If the absorber also scintillates measuring both the thermal and light signal can allow 

particle discrimination

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.

 7
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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

10

Bolometer

• Light detection at mK temperatures is achieved with secondary calorimeter (such as low-
mass Ge wafer) 
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Adapted from Rev Sci Instrum 89, 121502 (2018)

27

TABLE IV. Sensitivity and mass of the isotope of a future experiment able to discriminate between NH and IH. The target
is to probe m�� = 10meV, assuming small uncertainties on the NMEs, and three possible values for gA (see the text for
details). The calculations are performed assuming experiments with 100% detection e�ciency, no fiducial volume cuts and zero
background with the required (B ·�) product to fulfill this condition.

Isotope G0⌫ M0⌫ S 0⌫
1/2, 0bkg [1028 yr] M [t] (B ·�)0bkg [t�1 yr�1]

[f yr�1] gA,nucl gA,quark gA,phen gA,nucl gA,quark gA,phen gA,nucl gA,quark gA,phen

76Ge 2.36 4.48 2.1 5.5 48 0.8 2.0 17.5 0.3 0.1 0.01
100Mo 15.9 4.51 0.3 0.8 8.6 0.1 0.4 4.1 1.3 0.5 0.05
130Te 14.2 3.56 0.6 1.5 18 0.3 0.9 11.6 0.6 0.2 0.02
136Xe 14.6 2.58 1.0 2.7 36 0.7 1.8 23.2 0.3 0.1 0.009

5 have to be considered for 76Ge and 100Mo [153]. Al-
though in a rather qualitative way, this information plays
for 130Te.

Anyway, it is important to stress again that, indepen-
dent from any comparison, each experiment will be asked
to prove its ability to achieve the corresponding half-life
time sensitivity with zero background. Therefore, the
amount of material and the background level required
to 130Te in the most optimistic scenario (gA = gA,nucl)
will be likely fulfilled by CUPID (see Sec. IVB3), while
in the case of gA = gA,quark a larger e↵ort would be
needed. Still, this could be seen as an open challenge.
The third and most pessimistic scenario appears unac-
cessible to all experiments, but a larger understanding of
nuclear physics on the theoretical side is needed in order
to extract more quantitative information.

The present discussion provides rather generic indica-
tions and makes assumptions whose validity in some cases
has yet to be proven. Also, the estimate of the costs
only takes into account the isotope procurement and not
those of the whole experimental infrastructures and of
the feasibility of constructing and running such exper-
iments. Anyway, despite their simplicity, these consid-
erations address the main issues concerning a discussion
on the future searches for 0⌫�� and provide some useful
evaluation elements.

VI. SUMMARY

Neutrinoless double beta decay is a key tool to address
some of the major outstanding issues in neutrino physics,
such as the lepton number conservation and the Majo-
rana nature of the neutrino.

Thermal detectors based on TeO
2
fulfill the require-

ments for a competitive experiment searching for this rare
process. In their almost thirty-year-old history at LNGS,

the present discussion, it is acceptable to approximate the en-
richment to a “complete” process, fully separating the isotope of
interest.

these devices have achieved very important results, set-
ting more and more stringent constraints on the decay
0⌫�� half-life of 130Te (Fig. 31). The improvements on
the performance cover all aspects, from the energy reso-
lution to the background reduction and today the present
limit by CUORE, 1.5 · 1025 yr at 90%C. L., is among the
most competitive ones in the field.
Looking towards a next generation bolometric exper-

iment searching for 0⌫��, there is still room for a sig-
nificant enhancement in the sensitivity. The numerous
R&D projects are showing promising results towards a
complete particle identification, thus leading to a strong
suppression of the background. The construction of a
zero background experiment seems within the reach. It
is fair to imagine that such a detector will reach sensitiv-
ities of the order of (1027 � 1028) yr.
Within the worldwide contest of the search for 0⌫��,

130Te represents one of the most favorable candidates and
it is likely that bolometric detectors will continue to play
a crucial role in this challenge.
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Cryogenic Calorimeters

• Cryogenic calorimeters have a long 
history in double beta decay  

• Pioneered by Fiorini and collaborators 
since the 1980s, (E. Fiorini and T.O. Niinikoski, 
Nucl. Instrum. Meth. A 224, 83 (1984)) 

• CUORE demonstrates that large, tonne-
scale arrays can be operated stably at 
~10 mK for long exposures 

– Array, the complete experiment. It consists of 57 towers arranged symmetrically
inside the CUORE cryostat Inner Vacuum Chamber (IVC). In total, the array deploys
1596 LMO scintillating crystals and 1710 LDs.

The full array consists of a total crystal mass of 450 kg of LMO, corresponding to a total
active mass of 240 kg of 100Mo. The global arrangement and its modular sub-units are
illustrated in Figure 8 and Figure 9.

The details of the single detector unit will be presented in Section 5.1.1, and their com-
bined assembly in Section 5.1.2.

Figure 8: CAD drawings for the CUPID detector. Left: the single CUPID floor, comprising two
detector units, each including an an LMO absorber and a NTLLD, sitting on Polytetrafluoroethylene
(PTFE) spacers hosted onto a copper frame. Middle: the tower built by 14 identical floors and
completed by an additional LD on top. Right: the entire array of 57 towers, shown attached to
the Tower Support Plate (TSP).

5.1.1 The Single Detector Unit

Each detector follows the dual-readout scintillating cryogenic calorimeter paradigm, illus-
trated in Fig. 5. The detector design includes four main active components:

– LMO crystals, which serve as the primary cryogenic calorimeters. These dielectric
scintillators embed the 100Mo source and are grown as (4.5 → 4.5 → 4.5) cm3 crystals

18

CUPID: 1027 yr
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CUORE:Cryogenic Underground Observatory for Rare Events
CUORE

13 floors per tower

19 towers in total

4 TeO2 crystals (5 cm x 5 cm x 5 cm) per floor

Cu frames

PTFE Spacers

Ge thermistor
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Relatively slow detectors 
 
pulse duration ~1 second

Sample Event Waveform

•Hosted at Gran Sasso Underground Lab 

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

•Operated at T~15 mK 

•Primary physics goal: 0νββ decay of 130Te 

‣Isotopic abundance  34% => 206 kg  

‣Q-value: 2527.5 keV 

•Cooled in a custom-built dilution refrigerator 
cryostat 

•CUPID keeps the concept: close-packed array, 
copper frames, PTFE spacers, NTD thermistors, Si 
heaters. 
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The CUORE Cryogenic facility 
2

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];
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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

• A milli-Kelvin facility for tonne-scale detectors 

• Precooled by 4 cryomech PT415 pulse tubes (+1 spare) 

• Custom-built  3He-4He dilution refrigerator 

• cooling power: ~5 μW at 10 mK (“unloaded”) 

• ~3 μW at 10 mK ( with cryogenic lead shielding) 

• Cryogenic vessels and internal shielding: 

•12.7 tonnes < 4 K 

• 4.5 tonnes < 50 mK  

•1500 kg @ ~10 mK ( detectors + materials) 

• Largest cold mass operated continuously for nearly a decade 

• CUPID will reuse this facility, radiogenic backgrounds well 
characterized with CUORE data

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

Cryogenics 93, 56-65 (2018). arxiv:1712.02753

CUORE
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The CUORE Cryogenic facility 
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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];
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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

• Cooldown time ~ 1 month 

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

Cryogenics 93, 56-65 (2018). arxiv:1712.02753

CUORE
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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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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

Cooldown 4K —> 10mK
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Cryogenic facility: Shielding
CUORE

• Internal cryogenic lead  

➡ ~30 cm thick top lead  (modern) 

➡ ~6 cm thick ancient Roman lead (lateral 
and bottom)
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• External radiation shielding 

➡ 18-cm-thick polyethylene (lateral and 
bottom) 

➡ 2-cm-thick borated panels (lateral and 
bottom) 

➡ 25-cm-thick lead shield (lateral and 
bottom)  

➡ Shield can be lowered for cryostat access

Cryogenic facility: External Shielding
CUORE

Y-beam
Vibration isolation

Cryostat

H3BO3 panels
Lead

Polyethylene

Borated polyethylene

Main support plate

Concrete beams

Sand-filled columns

Concrete walls

Screw jacks

Movable platform

Seismic isolation

1	March	2021 CUPID	Director’s	Review				Lindley	Winslow

Overview

7

And installed in WBS 1.04. The installation of the muon 
veto is nominally performed at the end of the project. 

CUORE/CUPID Hut

Muon Veto Surrounding External Shielding

Photo of External Shielding



T. O’Donnell, UGRP 2026 12

• Vibration mitigation: 

➡ Detectors suspended from Y-beam mounted on Minus-K 
vibration isolation platforms on main support plate 

➡ Flexible bellows feedthrough and flexible thermalizers 
reduce mechanical coupling 

LS DS

thermalizers

bellows

Kevlar 
ropes

steel bars

copper bars

link to
Y-beam + 
Minus K

300K

40K
4K
Still

HEX
MC

TSP

Top Lead

CUORE
Cryogenic facility: Vibration Mitigation 

3

External
shield

Screwjacks

Cryostat

Minus K

Y-beamMain
Support
Platform

Hoist

Concrete
wall

Rubber
damper

Sand-filled
column

Steel rope

Concrete beam
1m

FIG. 2. Rendering of the cryostat support structure. The ex-
ternal lead shield sits on a movable platform and can be raised
into place during the detector operation by four screwjacks.
When the external lead is lowered, a false floor can close the
cryostat and detector into a cleanroom environment.

“dry” system with multiple PTs, instead of a conven-
tional “wet” system which uses a liquid helium bath.
This increases the uptime fraction by eliminating the
need for He refills, but introduces vibrational challenges.
We also chose to use a powerful custom-built 3He/4He
dilution refrigerator instead of an o↵-the-shelf dilution
unit.

A. Mechanical support

The cryostat support structure (Fig. 2) has the dou-
ble function of being a mechanical support for the cryo-
stat while isolating the cryostat from the rest of the host
building and surrounding environment. Further, it must
satisfy the earthquake safety requirements for the region.
As a result, its design is based on a deep seismic analysis,
that has been performed to study the structural response

of the system to seismic events [11].
The lower structure forms the basement and consists of

two 60 cm thick walls 4.5m tall by 4.5m wide connected
at the corners by three concrete beams.1 Each wall rests
on two rubber dampers with high damping coe�cients,
which e↵ectively decouple the structure from the ground.
On top of the walls, four tubular 4.25m tall sand-filled
steel columns are installed at the corners. The Main
Support Platform (MSP) sits on top of these columns
and consists of a 4.7m⇥ 4.1m grid of steel I-beams.
The 300K plate is suspended from the MSP and sits

at the level of the cleanroom ceiling. This plate sepa-
rates the cleanroom environment, below, from the non-
cleanroom environment, above. The area above the
300K plate and MSP holds both the plumbing to operate
the cryostat as well as the detector front-end electronics
inside a Faraday Room [12].
The MSP supports the full weight of the cryostat

by means of three stainless steel ropes. Each rope is
loaded with ⇠ 6 t and has been dimensioned to safely
withstand the strongest expected earthquake with peak-
ground-acceleration (PGA) = 0.26 g (the probability of
occurrence is once in 475 years). All the cryostat compo-
nents, though not the detector, are directly or indirectly
held by the 300K plate. Each cryostat plate is held by
three vertical bars, that ensure a precise vertical align-
ment (Table I and Fig. 3). We performed dedicated mea-
surements to characterize the conductivity of the bars at
low temperature and verified that heat leakage through
the supports were within the thermal budget [13].
The 300K plate holds the 40K, 4K and Still plates.

The support bars have been designed to be loaded each
with about 0.33, 0.66 and 3.2 t respectively. These can
resist without damage only more frequent and weaker
earthquakes, namely those with PGA ⇠ 0.08 g (the prob-
ability of occurrence is once in 35 years). The 40 K, 4 K
and Still plates are suspended from the OVC top plate by
means of three independent sets of 316LN stainless steel
bars. The bar support are constituted by tilting CuBe
gimbals designed to prevent damage to the loaded rods in
case of a shield displacement caused by a seismic event.2.
In particular, on the 4K plate, the vacuum tight access
of the Still bars entering the IVC is achieved by metallic
bellows welded on the bars themselves. The HEX plate
is held by the Still plate and supports the MC plate in
turn. The support rods are attached to the plates using
articulated joints and gimbals to allow relative movement
between the individual stages. This prevents structural
damage during seismic events.

1
A forth concrete beam was excluded because it would have pre-

vented movement of the external shielding. A still brace (not

shown in the figure) was installed at the end of the cryostat com-

missioning (see Sec. V) to comply with the safety regulations.
2
At the end of the cryostat commissioning phase, the bottom

gimbals of the Still support bars have been replaced by brass

cylinders in order to reduce the transmission of vibrations, which

would have spoiled the detector performance (Sec. VF)
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• Vibration mitigation Pulse Tubes (PTs) 

➡ PT rotary valves removed from the PT 
heads and hung on bungee cords;  

➡ Polyurethane ring at the 300 K plate 
interface; flexible copper braids to the 40 K 
and 4 K plates 

➡ PT Phases:  rotary valves driven by 
specially selected low-noise microstepping 
motors, relative phases of the pulse tubes 
tuned to minimize detector noise 

➡ Compressors: ~15 m away, on elastomer 
mounts; He flex lines pass through a 1.5 
tonne quartz-sand box

CUORE
Cryogenic facility: Vibration Mitigation 

dilution unit

remote motor

PT cold heads

3

FIG. 2. Rendering of a CUORE PT.

can be switched o↵. We keep PT(4) and PT(2) active for
this analysis.

A. Vibration noise

The e↵ect of mechanical vibration on the CUORE de-
tectors is two-fold: electrical and thermal. The coupling
of vibrations to the signal wires, which run from the de-
tectors to the room temperature connectors, causes noise
due to parasitic capacitance (⇠500 pF/m) combined with
the high impedance of the detector thermal sensors (or-
der 200M⌦). Despite a di↵erential read-out scheme [12],
these cause an electrical microphonic noise pickup which
can diminish the S/N of the detectors.

Mechanical vibration transmitted by the PT head to
the 300K flange and from the two cold stages of the PT
to the 40K and 4K flanges, can propagate to the coldest
parts of the system generating an excess heat load. The
most a↵ected parts are the DU stage with the lowest
cooling power, i.e. the Mixing Chamber, and the weakly
thermally coupled TeO2 crystals.

B. Vibration control

Vibrations induced on the coldest stages of cryogen-
free cryostats are certainly a well known problem to those
operating dry dilution refrigerators. In order to mitigate
the vibrations induced by the PT cryocoolers, several
passive solutions have been proposed to date [13]. In
CUORE, a series of passive “standard” counter measures
are enacted to minimize the vibrational noise due to cou-
pling from the PTs into the detector system.

PTs generate mechanical vibrations mainly in 3 ways.
The first source of vibration is the only moving part of
these devices: the rotary valve. The valve is moved by a
DC stepper motor to which is mechanically coupled. The
motor in turn is driven at the selected rotation speed by
a microstepping driver embedded in the CP1010 Cry-
omech compressor. The gas pulsation generated by the
motor and valve rotation is the source of vibration at 1.4
Hz and related harmonics. Several studies have shown

FIG. 3. Picture of the thermal link between the cold PT head
and the CUORE plates at the two temperature stages of 40K
and 4K.

how decoupling the PT heads and rotary valves from the
dilution refrigerators are essential for reducing noise vi-
brations [14]. Such a solution has been adopted for each
CUORE PT, whose rotary valve is separated from its
head by means of a flexible Stainless steel line (1/2” ID,
2ft long) (see Fig. 2). In the following, they will be re-
ferred to as “motor-head flexlines”. A combination of
custom made rigid lines and commercial flexlines con-
nects the compressor to its respective motor-head. In
the following, they will be referred to as “compressor flex-
lines”. They provide the standard high-pressure side and
low-pressure side of the helium that reaches the motor-
heads, and their path carefully avoids any contact with
the cryostat. The gas high/low pressure compressor lines,
the rotary valves, and the bu↵er volumes are suspended
from the room ceiling by means of elastic bands to further
absorb the vibrations. For the same reason, a swan-neck
geometry is adopted for the motor-head flexlines.

The other vibration sources are related to the He pres-
sure waves. These cause 1) periodic stress forces between
the rotary valve and the PT head, and 2) periodic elastic
deformations of the two coupled thin walled tubes of the
two cooling stages. The resulting e↵ects of this pressure
wave are a periodic force applied to the mounting point
at room temperature and a dynamic displacement of the
cold stages. For example Cryomech has measured the
2nd stage maximum displacement to be around 10 µm
and 20 µm in the horizontal plane and in the vertical

3

PT head (300 K)

PUR ring

1st stage (40 K)

2nd stage (4 K)

Flexible Cu-bride thermalizations

Motor-head flexline

Electric insulator

Buffer volumes

Motor-head with rotary valve

High/low 
pressure inlet

FIG. 2. Rendering of a CUORE PT.

can be switched o↵. We keep PT(4) and PT(2) active for
this analysis.

A. Vibration noise

The e↵ect of mechanical vibration on the CUORE de-
tectors is two-fold: electrical and thermal. The coupling
of vibrations to the signal wires, which run from the de-
tectors to the room temperature connectors, causes noise
due to parasitic capacitance (⇠500 pF/m) combined with
the high impedance of the detector thermal sensors (or-
der 200M⌦). Despite a di↵erential read-out scheme [12],
these cause an electrical microphonic noise pickup which
can diminish the S/N of the detectors.

Mechanical vibration transmitted by the PT head to
the 300K flange and from the two cold stages of the PT
to the 40K and 4K flanges, can propagate to the coldest
parts of the system generating an excess heat load. The
most a↵ected parts are the DU stage with the lowest
cooling power, i.e. the Mixing Chamber, and the weakly
thermally coupled TeO2 crystals.

B. Vibration control

Vibrations induced on the coldest stages of cryogen-
free cryostats are certainly a well known problem to those
operating dry dilution refrigerators. In order to mitigate
the vibrations induced by the PT cryocoolers, several
passive solutions have been proposed to date [13]. In
CUORE, a series of passive “standard” counter measures
are enacted to minimize the vibrational noise due to cou-
pling from the PTs into the detector system.

PTs generate mechanical vibrations mainly in 3 ways.
The first source of vibration is the only moving part of
these devices: the rotary valve. The valve is moved by a
DC stepper motor to which is mechanically coupled. The
motor in turn is driven at the selected rotation speed by
a microstepping driver embedded in the CP1010 Cry-
omech compressor. The gas pulsation generated by the
motor and valve rotation is the source of vibration at 1.4
Hz and related harmonics. Several studies have shown

FIG. 3. Picture of the thermal link between the cold PT head
and the CUORE plates at the two temperature stages of 40K
and 4K.

how decoupling the PT heads and rotary valves from the
dilution refrigerators are essential for reducing noise vi-
brations [14]. Such a solution has been adopted for each
CUORE PT, whose rotary valve is separated from its
head by means of a flexible Stainless steel line (1/2” ID,
2ft long) (see Fig. 2). In the following, they will be re-
ferred to as “motor-head flexlines”. A combination of
custom made rigid lines and commercial flexlines con-
nects the compressor to its respective motor-head. In
the following, they will be referred to as “compressor flex-
lines”. They provide the standard high-pressure side and
low-pressure side of the helium that reaches the motor-
heads, and their path carefully avoids any contact with
the cryostat. The gas high/low pressure compressor lines,
the rotary valves, and the bu↵er volumes are suspended
from the room ceiling by means of elastic bands to further
absorb the vibrations. For the same reason, a swan-neck
geometry is adopted for the motor-head flexlines.

The other vibration sources are related to the He pres-
sure waves. These cause 1) periodic stress forces between
the rotary valve and the PT head, and 2) periodic elastic
deformations of the two coupled thin walled tubes of the
two cooling stages. The resulting e↵ects of this pressure
wave are a periodic force applied to the mounting point
at room temperature and a dynamic displacement of the
cold stages. For example Cryomech has measured the
2nd stage maximum displacement to be around 10 µm
and 20 µm in the horizontal plane and in the vertical

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

Cryogenics 93, 56-65 (2018). arxiv:1712.02753
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CUORE: Active Vibration Mitigation
CUORE

significantly reducing the vibrational noise26.However, its efficacy had yet to
be demonstrated on the entire CUORE detector array and over longer time
scales.

Here we show the effect of the denoising algorithm on the full CUORE
detector array over a reference two-month period, during which the
vibrational noise in the immediate surroundings of the experimental
infrastructure was measured by one seismometer, two accelerometers, and
two microphones. We selected this period because the seismometer was
installed at a later time with respect to the other auxiliary devices. The
seismometer has the highest sensitivity to the sub-Hz vibrational noise
correlated with the sea activity, given its sensitivity band (~0.1–50Hz) and
sensitivity (≃400 V/(m/s)). The accelerometers are characterized by the
same frequency band (~0.1–50Hz), but a lower sensitivity (≃1 V/(m/s2)),
while the microphones feature a sensitivity band roughly equivalent to the
range of human hearing (~20Hz–20 kHz).

We perform two parallel analyses to evaluate the performance of the
denoising technique. In the first analysis, the data are processed directly in
their raw form, without implementing the denoising algorithm. In the
second analysis, the denoising algorithm is applied as the initial step in the
data processing pipeline.

Figure 6 shows the average noise power spectrum (ANPS) averaged
over all detectors before and after the denoising is applied. The algorithm
reduces the total noise power by 74%,with the vastmajority of the reduction
occurring at harmonics of 1.4 Hz, where the PT noise dominates. For
instance, the 1.4 Hz noise peak is reduced by more than 12 decibels. The
noise power in the frequency interval [0.1, 1] Hz is reduced by 56%. The
highest relativenoise reduction in this region occurs at the 0.6Hz and0.9Hz
peaks, which are correlated with the sea wave activity20.

CUORE applies an optimum filter (OF) technique10,25 to reconstruct
the amplitude of the thermal signals; this approach is effective in filtering
away time-independent noise components. In contrast, the denoising
algorithm suppresses both time-independent and transient noise by pre-
dicting the detector response to mechanical vibrations using the auxiliary
device signals. We quantify the impact of the denoising technique on the
detector resolution by evaluating the expected baseline amplitude resolution
after applying the OF:

σA ¼ T
Xn"1

i¼1

js½ f i$j
2

N½ f i$

" #"1=2

ð2Þ

whereσA is the expected amplitude resolution (std. dev.) of thedetector after
applying the OF, s[f] is the average pulse (i.e., the signal template) with
amplitude 1,N[f] is theANPS, andT is the duration of the average pulse and
thenoisewindow.The sum is performedover alln frequencybins except the
DC component. Note that the amplitude resolution is proportional to the
baseline energy resolution of the given detector, but the constant of pro-
portionality is detector-dependent.

Figure 7 shows the distribution of expected amplitude resolutions for
each detector in CUORE before and after applying the denoising. The
denoising technique improves the baseline resolution in 94%of the analyzed
detectors for amean improvement of 11.9%, respectively. Since the baseline
resolution is directly proportional to the detector’s energy threshold, the
denoising technique lowers the threshold of 94% of channels as well. The
benefits of such improvements include the possibility of reducing the
background at Qββ, thanks to the improvement in tagging time-coincident
events, and of increasing the sensitivity to physics processeswith low-energy
signatures.

Discussion
We have demonstrated that the CUORE experiment is sensitive to the sub-
Hz microseismic vibrations induced by the everlasting activity of the
Mediterranean Sea. We assess and quantify the impact of microseismic
noise on crucial parameters for low-temperature calorimeters operated at
the mK scale, namely their energy resolutions and thresholds. The seasonal
variation of theMediterranean Sea activity reflects a seasonalmodulation of
the CUORE energy resolution, which affects the experimental sensitivity to
0νββ decay. Such a correlation between subtle environmental phenomena
andCUOREperformance represents proof of the cutting-edgeperformance
achievable with low-temperature calorimeters.

The assessment of the interplay betweenmicroseismicphenomenaand
low-temperature calorimeters highlights the need for improvements in
noise reduction algorithms. In this regard, we demonstrated the benefits of a

Fig. 6 | Impact of the denoising algorithm on the
whole CUORE detector. Average noise power
spectrum (ANPS) averaged over all CUORE detec-
tors before (blue) and after (orange) applying the
denoising algorithm.The denoising reduces the total
noise power, primarily mitigating harmonics of
1.4 Hz associated with PT noise and sub-Hz peaks
correlated with sea wave activity.
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Commun. Phys. 9, 121 (2026); 

• Noise sources:  
➡ pulse tubes (dominant, in the 0–20 Hz 

signal band),  
➡ human activity  
➡ seismic noise, earthquakes, sea swell 

• Mitigation: 
➡ Active control: PT phase tuning 
➡ Monitoring: seismometers, 

accelerometers and microphones in the 
CUORE hut 

➡ Software denoising with these sensors
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CUORE Status
CUORE

Monica Sisti − Neutrino 2026

CUORE data accumulation
~10 years of CUORE data taking (2017-2026)

7

CUORE

‣ CUORE completed its main physics program on June 9, 2026 
‣ Nearly a decade of stable cryogenic operation with > 99% active detectors 
‣ A benchmark for future large-scale cryogenic experiments 
‣ Total accumulated data: 3.37 tonne-year of TeO2 (before analysis cuts)
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CUORE data accumulation
~10 years of CUORE data taking (2017-2026)
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CUORE

‣ CUORE completed its main physics program on June 9, 2026 
‣ Nearly a decade of stable cryogenic operation with > 99% active detectors 
‣ A benchmark for future large-scale cryogenic experiments 
‣ Total accumulated data: 3.37 tonne-year of TeO2 (before analysis cuts)
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• A decade of data taking: 2017- 2026  

• 983/988 detectors operational (~99.5%) 

• Main physics data-taking concluded in June 2026 
with  3.37 tonne-year of TeO2 (before analysis cuts) 

• Technical runs ongoing (low gain runs, temperature 
scan etc) 

• Analysis of full exposure ongoing 

Nature 604 53-58 (2022)

• Cryogenic temperature stable to <0.2% level
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Current 130Te  decay results0νββ
CUORE

•Total exposure: 2039.0 kg-yr TeO2  / 567.0 kg-yr 130Te 

•Bayesian Analysis 

•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 Γ0ν

ROI Background Index

Characteristic FWHM resolution at Qββ

Detector Performance Parameters

•No evidence for 0νββ decay

•Interpretation in context of light 
Majorana neutrino exchange

(1.42+0.03
−0.02) × 10−2 ccky

(7.310 ± 0.024) keV

T0ν
1/2 > 3.5 × 1025 yr ( 90 % C . I.)

mββ < 70 − 250 meV
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Figure 3: Calorimeter energy resolution. Left: The distribution of the FWHM energy resolution

of the CUORE active calorimeters at the 208Tl 2615 keV peak in calibration data for each dataset.

The function drawn along the violin distribution represents the frequency of the FWHM energy

resolution over the CUORE detector array. The colors indicate the base temperature at the time of

measurement: 11 mK in green and 15 mK in purple. Right: One-dimensional projections of the

resolutions corresponding to each temperature.
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CUORE Background model
CUORE

Phys. Rev. D 110, 052003 (2024)
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FIG. 1. (Left) Rendering of the CUORE cryostat and detector as implemented in the Monte Carlo simulation; the actual length
scale is reported as a reference. On the left, the di!erent thermal stages are reported; on the right, the volumes are presented
as grouped in the Monte Carlo, together with the material they are made of. The TeO2 crystals are depicted in white, the
NOSV copper components in red, the OFE copper in orange, the TL in blue, the ILS in gray and the 300K stainless steel in
light gray. (Right) Detailed view of a CUORE tower, where all the di!erent components are showed in di!erent colors: TeO2

crystals in white, NOSV-copper frames in red, PTFE supports in yellow, NOSV-copper wire trays in green and NOSV-copper
wire pads in blue.

of close NOSV-copper tower components and dedi-
cated study could not distinguish their background
contribution; therefore PTFE contaminants have
been neglected.

3. Inner shields: thermal radiation shields between
the MC and the ILS, namely the HEX and Still
vessels and respective top plates. They are made
from oxygen-free electrolytic (OFE) C10100 cop-
per.

4. ILS: shield made of ancient Roman lead which is
depleted of 210Pb [24].

5. Outer shields: thermal radiation shields outside the
ILS, namely the 4 K, 40 K, and 300 K stage vessels
and their respective top plates made of OFE cop-
per. This source volume also includes the stainless-
steel cap of the 300 K vessel and superinsulation
installed in the cryostat as their contributions to
the background are completely degenerate.

6. TL: shield made of specially selected low-
radioactivity lead.

7. ELS: shield made of commercial low-radioactivity
lead but di!erent from that of TL.

QShields can generate and propagate photons, elec-
trons, positrons, ω particles, nuclear recoils, neutrons and
muons. All primary particles and their resulting secon-
daries are propagated down to keV energies. Nuclear
transitions are based on a customized implementation of
the G4RadioactiveDecay database, which keeps track of
the time correlations in the radioactive chains. Bulk con-
tamination is simulated assuming the radio-nuclides uni-
formly distributed inside the volumes. The only excep-
tion to this is our treatment of 40K contamination in one
of the towers of the Crystals volume, which is further de-
scribed in App. A. Surface contamination is assumed uni-
form over the surfaces and the corresponding radioactiv-
ity concentrations follow exponentially-decreasing depth
(d) profiles exp(→ε d), where ε is the characteristic
depth. To better model the shape of structures we ob-
serve in the data associated with ω decays, we consider
depths spanning from the nm to the tens-of-µm scale.

The identification of the contaminants to be simulated
is the combined result of an extensive campaign of radio-
assay measurements on di!erent materials. Furthermore,
the expectations from the modeling of the CUORE-0
background [25], and the search for distinctive features in
the CUORE experimental data contributed to this iden-
tification.

• Reconstruct CUORE continuum background  

• GEANT4 simulation with high-fidelity detector geometry  

• 62 sources considered 

• Post processing to account for detector response (energy 
response, timing, pileup etc) to produce expected detector 
spectra  

• Exploit coincidences & detector self-shielding to constrain 
location and particle type of sources  

• Bayesian fit to single-site, multi-site, summed multi-site 
spectra 

Bulk , single comptonβ/α
Surface  , 
multi-compton 

β/α

single site
multi site
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of close NOSV-copper tower components and dedi-
cated study could not distinguish their background
contribution; therefore PTFE contaminants have
been neglected.

3. Inner shields: thermal radiation shields between
the MC and the ILS, namely the HEX and Still
vessels and respective top plates. They are made
from oxygen-free electrolytic (OFE) C10100 cop-
per.

4. ILS: shield made of ancient Roman lead which is
depleted of 210Pb [24].

5. Outer shields: thermal radiation shields outside the
ILS, namely the 4 K, 40 K, and 300 K stage vessels
and their respective top plates made of OFE cop-
per. This source volume also includes the stainless-
steel cap of the 300 K vessel and superinsulation
installed in the cryostat as their contributions to
the background are completely degenerate.

6. TL: shield made of specially selected low-
radioactivity lead.

7. ELS: shield made of commercial low-radioactivity
lead but di!erent from that of TL.

QShields can generate and propagate photons, elec-
trons, positrons, ω particles, nuclear recoils, neutrons and
muons. All primary particles and their resulting secon-
daries are propagated down to keV energies. Nuclear
transitions are based on a customized implementation of
the G4RadioactiveDecay database, which keeps track of
the time correlations in the radioactive chains. Bulk con-
tamination is simulated assuming the radio-nuclides uni-
formly distributed inside the volumes. The only excep-
tion to this is our treatment of 40K contamination in one
of the towers of the Crystals volume, which is further de-
scribed in App. A. Surface contamination is assumed uni-
form over the surfaces and the corresponding radioactiv-
ity concentrations follow exponentially-decreasing depth
(d) profiles exp(→ε d), where ε is the characteristic
depth. To better model the shape of structures we ob-
serve in the data associated with ω decays, we consider
depths spanning from the nm to the tens-of-µm scale.

The identification of the contaminants to be simulated
is the combined result of an extensive campaign of radio-
assay measurements on di!erent materials. Furthermore,
the expectations from the modeling of the CUORE-0
background [25], and the search for distinctive features in
the CUORE experimental data contributed to this iden-
tification.

“Shields”: cryogenic thermal 
radiation  shields + ionizing 
radiation shields

“Close parts”:Cu frames, 
PTFE spacers, wire trays 
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CUORE Background model
CUORE

Phys. Rev. D 110, 052003 (2024)

• Allows sources/locations of 
background to be characterized, 
particularly those coming from 
cryogenic infrastructure vs crystals and 
holders
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FIG. 4. Decomposition of the CUORE data by source location. The Shields group includes the volumes ELS, Outer shields,
TL, ILS and Inner shields.

210Po, that is 138.4 days. The component not in equilib-
rium with 210Pb completely decayed within the first two
datasets.

Another interesting result from the background model
is the set of components contributing to background in
the region of interest for the 0ωεε search near Qωω =
2526.97(23) keV [34]. It has to be noted that the cuts
adopted for the CUORE background model di!er from
those of the 0ωεε studies. In this work, we set a less strin-
gent pulse-shape cut and a di!erent coincidence window.
These data-selections have been specifically optimized for
this analysis, which covers the whole energy range of the
detector and it is not limited to a narrow Region Of In-
terest (ROI) around the Qωω . In order to extract the
ROI background index (BI), we apply to the MC simu-
lations of the background sources the same pulse-ts and
the same coincidence window used for the 0ωεε analysis.
The result is shown in Fig. 6 and has been derived by
evaluating the integral of all the background components
in the ROI, repeating this procedure for all the fits uti-
lized for the systematic studies. The light blue and blue
bars refer to the 16% and 84% quantiles of the resulting
distributions, respectively. Their red counterparts quote
the background induced by only considering ϑ and ε par-
ticles.

The total BI= 1.48+0.12
→0.10 → 10→2 counts keV→1 kg→1

yr→1, where the value and the uncertainty come from
the average BI and the [0.16%, 0.84%] quantiles of the
full set of fits used to study the systematic uncertainties,
respectively.

In particular, we find that approximately 75% of the
BI is attributable to ϖ events, mainly coming from the
Close parts, where we define an ϖ event to be one where

at least 90% of the event energy came from an ϖ de-
cay. This is consistent with the BI obtained with the
0ωεε fit applied on the same set of data [17], that is
1.49 ± 0.04 → 10→2 counts keV→1 kg→1 yr→1. Upon com-
paring these results with the CUORE background pro-
jections [12] we observe no noteworthy di!erence except
for Close parts, which shows a ↑ 15% higher contribution
to the BI because of the aforementioned possible recon-
tamination. While the bulk contamination is in line with
the projections, surface contamination is higher than ex-
pected. Indeed, bulk activities can be easily measured
with high precision; however, the reliability of surface
contamination estimates is hindered by challenging mea-
surements and potential risk of recontamination during
the storage and commissioning phases.

VI. SUMMARY

We presented the background model of the CUORE
data based on an exposure of 1038.4 kg yr. The data
reconstruction is achieved by means of a multiparamet-
ric Bayesian fit of 39 spectra encompassing M1 and M2
events across a broad energy range (0.2, 6.8) MeV. Our
model describes the observed data well and comparing
the results with the CUORE background projections [12]
we observe that all components match the expectations
except for some surface contamination of the Crystals and
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FIG. 5. Activity of 125Sb in the Crystals volume extracted
from the individual-dataset fits (black dots). The blue lines
(solid and dashed) depict the mode and the statistical uncer-
tainty of the activity from the best fit, where all the dataset
are grouped together. The red line is the projected time-
dependent activity, computed by assuming the best fit to be
the integral average along time of a decaying activity with
the tabulated half-life of 2.76 yr. The green band shows the
systematic uncertainty coming from the comparison between
each individual-dataset fit and the time-dependent activity
obtained by the reference fit.

FIG. 6. BI components obtained from the full set of fits used
to extract the systematic uncertainty. The light (dark) blue
band represent the 16% (84%) quantile of the BI distribution
obtained. The red bands indicate the corresponding fraction
due to ω and ε events.

Close parts volumes. These findings reveal the reliabil-
ity of the materials screening techniques and emphasize
the importance of reliable surface contamination assay
and monitoring to mitigate the risk of surface contami-
nation. By subdividing the data in geometric and time
slices, we can localize background components to analyze
and model their spatial distribution across the detector,
and we can study the time evolution of specific contam-
ination. This robust reconstruction of the data over a

broad energy range is the basis of forthcoming physics
analyses which rely on the continuum spectrum observed
in CUORE, for example investigation of the 2ωεε spec-
trum of 130Te to explore nuclear e!ects on the spectral
shape [30, 32, 35, 36].

The information extracted from this background model
guides the design and optimization of the CUPID ex-
periment [5], which will exploit the CUORE cryogenic
infrastructure to host an array of 100Mo-enriched scin-
tillating bolometers to search for 0ωεε decay fully ex-
ploring the inverted hierarchy of neutrino masses. The
scintillating bolometer technique enables event-by-event
vetoing of ϑ-induced events. Therefore, knowledge of the
particle origin and locations of background derived from
the CUORE background model is crucial to establish the
background budget and sensitivity of CUPID.

ACKNOWLEDGMENTS

The CUORE Collaboration thanks the directors and
sta! of the Laboratori Nazionali del Gran Sasso and
the technical sta! of our laboratories. This work
was supported by the Istituto Nazionale di Fisica
Nucleare (INFN); the National Science Foundation
under Grant Nos. NSF-PHY-0605119, NSF-PHY-
0500337, NSF-PHY-0855314, NSF-PHY-0902171, NSF-
PHY-0969852, NSF-PHY-1307204, NSF-PHY-1314881,
NSF-PHY-1401832, and NSF-PHY-1913374; Yale Uni-
versity, Johns Hopkins University, and University of
Pittsburgh. This material is also based upon work sup-
ported by the US Department of Energy (DOE) O”ce of
Science under Contract Nos. DE-AC02-05CH11231 and
DE-AC52-07NA27344; by the DOE O”ce of Science, Of-
fice of Nuclear Physics under Contract Nos. DE-FG02-
08ER41551, DE-FG03-00ER41138, DE- SC0012654, DE-
SC0020423, DE-SC0019316. This research used re-
sources of the National Energy Research Scientific Com-
puting Center (NERSC). This work makes use of both
the DIANA data analysis and APOLLO data acquisi-
tion software packages, which were developed by the
CUORICINO, CUORE, LUCIFER, and CUPID-0 Col-
laborations. The authors acknowledge Advanced Re-
search Computing at Virginia Tech for providing compu-
tational resources and technical support that have con-
tributed to the results reported within this paper.

• Background from “Close parts” (copper tower frames, 
PTFE holders etc) is dominated by degraded alphas 

https://www.science.org/doi/10.1126/science.adp6474
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Current 130Te  decay results2νββ
CUORE

Monica Sisti − Neutrino 2026

CUORE 130Te 𝟢𝜈𝛽𝛽 results
Standard Model allowed decay

11

CUORE

• A robust background model was developed 
using 1038.4 kg-year of TeO2 exposure, 
validating the design background projections 

• This model enabled the most precise 
measurement of the 130Te 2𝜈𝛽𝛽 half-life:  

• The 2𝜈𝛽𝛽 decay spectral shape was also 
studied, con×rming the preference for the 
Single State Dominance (SSD) model.

PRL.135(2025) PRD.110(2024)

Phys. Rev. Lett. 135, 082501 (2025)• An outcome of the background model is a 
measurement of the 130Te  decay half-
life and investigation of spectral shape

2νββ

T2ν
1/2 = (9.32+0.05

−0.04 stat +0.07
−0.07 syst) × 1020yr

• Most precise measurement of the 130Te  decay 
half-life  

• Data prefer the single state dominance (SSD) 
spectral shape 

• Results from 1038kg-yr TeO2 exposure ( 1 tonne-yr 
data set)

2νββ
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CUPID: CUORE Upgrade with Particle ID

• TeO2 array will be replaced with 
scintillating Li2100MoO4 array equipped 
cryogenic light detectors  

• CUPID will reuse the CUORE cryogenic 
infrastructure 

• Backgrounds from this infrastructure are 
characterized 

•Qββ = 2527 keV < 2615 
keV peak 

•Measure only heat 
•No particle ID

•Qββ= 3034 keV: Most β/γ backgrounds 
reduced 

•Measure both heat + light 
•Particle ID to actively discriminate 𝛂 
particles

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.

 7



T. O’Donnell, UGRP 2026 21

CUPID: CUORE Upgrade with Particle ID
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Figure 6: CUORE background reconstruction broken down by interacting particle type, based on
the CUORE BM from [11]. The gray vertical bands mark the 130Te ROI (CUORE) and the 100Mo
ROI (CUPID). The plot illustrates the natural ω/ε background suppression gained by switching to
100Mo, alongside the extensive improvements achievable via active ϑ particle rejection and cosmic
muon vetoing.

cross-isotope NME uncertainties. Supported by ongoing advances in quantum sensing, this
scalable framework positions CUPID not only as an experiment for the present, but also as
a foundational technology for the future of neutrino physics.

15

• Higher Q value (3034 keV) reduces  background in CUPID ROI (10x w.r.t CUORE ROI) 

•  >99.9 % efficiency of  tagging with > 90%  acceptance  

• Add muon tagger, increase neutron shield thickness by 10cm and coverage to ~  

• Optimize design, production, assembly, to minimize background from close parts and active 
detector elements 

β/γ
α β/γ

4π

From CUORE background model
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– Array, the complete experiment. It consists of 57 towers arranged symmetrically
inside the CUORE cryostat Inner Vacuum Chamber (IVC). In total, the array deploys
1596 LMO scintillating crystals and 1710 LDs.

The full array consists of a total crystal mass of 450 kg of LMO, corresponding to a total
active mass of 240 kg of 100Mo. The global arrangement and its modular sub-units are
illustrated in Figure 8 and Figure 9.

The details of the single detector unit will be presented in Section 5.1.1, and their com-
bined assembly in Section 5.1.2.

Figure 8: CAD drawings for the CUPID detector. Left: the single CUPID floor, comprising two
detector units, each including an an LMO absorber and a NTLLD, sitting on Polytetrafluoroethylene
(PTFE) spacers hosted onto a copper frame. Middle: the tower built by 14 identical floors and
completed by an additional LD on top. Right: the entire array of 57 towers, shown attached to
the Tower Support Plate (TSP).

5.1.1 The Single Detector Unit

Each detector follows the dual-readout scintillating cryogenic calorimeter paradigm, illus-
trated in Fig. 5. The detector design includes four main active components:

– LMO crystals, which serve as the primary cryogenic calorimeters. These dielectric
scintillators embed the 100Mo source and are grown as (4.5 → 4.5 → 4.5) cm3 crystals
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CUPID Baseline Design

• Array of 1596 Li2100MoO4  (LMO) scintillating crystals 
➡ Single crystal dimensions: 45x45x45 mm3 , mass: 280g 
➡ Enriched to 95% in 100Mo  (from 9.7% natural)  
➡ 450kg of LMO —> 240 kg of 100 Mo 

• Light readout with Ge wafer secondary calorimeter 
➡ Upper and lower light detectors for each LMO  

(1710 in total) 
➡ Signal amplification with Neganov-Trofimov-Luke (NTL) effect 

• Open design to allow for coincidence tagging  

• Based on experience with CUORE, and demonstrators CUPID-0 
(82Se) PRL 129, 111801 (2022)  and CUPID-Mo(100Mo) EPJC 82, 1033 
(2022)

2 LMO +2 LD per floor

14 floors per tower + top LDs
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CUPID Staged Deployment 

• Plan for a staged deployment in CUORE cryostat 

• CUPID Stage 1: 1/3 of full scale, 80 kg 100Mo 

• CUPID (full detector): 240 kg 100Mo

57 towers
CUPID Stage 1
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PID Demonstration in Scintillating Bolometers 

• Test array with CUPID-like geometry, natural 
LMO crystals operated at LNGS


• Tested with smeared alpha source to 
produce high-statistics degraded alpha 
events 


• > 99.9% alpha rejection 

Eur. Phys. J. C 82, 810 (2022)
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Fig. 4 FWHM of the most intense γ peaks as a function of the energy
in the sum spectrum of the 8 LMO crystals. We find that the function

which best describes the data is FWHM =
√
p2

0 + p2
1 × E , here shown

with a blue line. The green dotted line represents the 100Mo Q-value

We find a resolution of (5.6± 0.3) keV FWHM at the 2615
keV 208Tl γ -peak. To extrapolate the energy resolution at the
Qββ of 100Mo (3034 keV), we performed different tests to
evaluate the best function to describe the energy dependence
of the energy resolution. We find that a square root function

with a linear dependence on energy, namely
√
p2

0 + p2
1 × E ,

is the best fit to the data (Fig. 4). We also included in the fit
the baseline resolution estimated on noise events from the
overall spectrum, to better constrain the p0 parameter. The
extrapolated FWHM at the Qββ of 100Mo is (5.9 ± 0.2) keV,
which corresponds to a percentage resolution of 0.19%. The
improved signal-to-noise ratio, due to an extensive charac-
terization of the noise sources of this facility, allowed us to
improve the energy resolution compared to the previous tests
[58], approaching the final CUPID goal of 5 keV FWHM.

5 Light collection results

One of the main purposes of the run was the evaluation of the
light collection of quasi-square light detectors and a compar-
ison of the results obtained with different spacing between
LDs and crystals. To estimate the total light collection, we
added the corresponding light amplitude of top and bottom
LDs and divided by the energy estimated from the heat chan-
nel. The total light yield (LY) is then calculated as the mean
of the resulting distribution.

We report the total LY as a function of energy for two
crystals representative of the two configurations (baseline
and gravity-assisted) in Fig. 5. The results obtained with the
other crystals of the respective configuration are very similar,
with differences smaller than 20%.

Fig. 5 Light Yield as a function of the energy deposited in the LMO
crystal. Red: baseline configuration; blue: gravity-assisted configura-
tion. Green vertical line: Q-value of 100Mo

In both configurations we can clearly identify the β/γ

events, which populate the plot up to the 208Tl γ -line at
2615 keV, and the α events, which present a quenched light
yield and extend up to higher energies. In particular, we
identify a cluster of events due to an internal crystal con-
tamination in 210Po(210Pb) [47], which produces a peak
with nominal energy ∼ 5.4 MeV. Since the detector was
energy-calibrated using gamma’s, the α peak is observed at
slightly higher electron-equivalent energy (+ 7%, in agree-
ment with previous studies with lithium molybdate bolome-
ters [42,48,49,56,81]). The α events at lower energies are
produced by a 234U/238U source placed in the inner face of
the copper shield surrounding the detector and covered with
a thin Mylar foil to smear the energy of α particles, to study
the light collection in the ROI for the 0νββ search. The LY
distribution shows a spread at very low energies due to the
superposition of the noise with the light pulses. For this rea-
son, to avoid the impact of noise on the LY estimation, we
selected scintillation events with energy deposit in the crystal
above 1.2 MeV.

The average total LYβ/γ is found to be (0.62±0.04) keV/MeV
and (0.70 ± 0.05) keV/MeV in the “baseline” configuration
and in the “gravity-assisted” configuration, respectively.

In particular, for the “baseline” configuration, the LYs of a
single LD resulted to be on average (0.28 ± 0.02) keV/MeV
for the LD spaced 4 mm and (0.33 ± 0.03) keV/MeV for the
LD spaced 0.5 mm. In the “gravity-assisted” configuration
we found the LY of a single LD to be (0.36± 0.03) keV/MeV
for both the LDs. More details on the LYs of a single LD are
reported in Table 1.

The total LY for α particles resulted to be (0.08 ±
0.03) keV/MeV for the “baseline” configuration and (0.11
± 0.03) keV/MeV for the “gravity-assisted” one.

We repeated the same study on the prototype in which the
LMO crystals were surrounded by reflecting foils, obtaining

123
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Fig. 2 Photo of the array during the decommissioning. Here are shown
2 baseline modules of CUPID, which form the first floors of the 2 mini-
towers. In one of the 2 modules an LMO crystal is missing and a quasi-
square LD is visible on the bottom

frame, to allow the bonding of Neutron Transmutation Doped
germanium (NTD-Ge [63]) thermistors and the heaters (P-
doped Si [64]). The former are meant for the read-out of both
the LMO crystals and LDs, and produce a typical voltage
signal of 10–100 µV per 1 MeV of deposited energy. The
latter are used to periodically inject thermal pulses at a fixed
energy for the thermal gain correction [61].

A CUPID tower will consist of 14 modules stacked on top
of each others simply by gravity. This structure shows sev-
eral advantages: it minimizes the amount of inert material,
relaxes the constraints on mechanical tolerances, simplifies
the production of copper elements and their cleaning, and
also the assembly is simplified as well. On the other hand,
such novel design was never tested before, so the thermal
properties and the propagation of noise across the floors of
the tower needed to be characterized. Furthermore, the novel
assembly of the LDs could potentially induce a larger noise,
due to a less firm positioning of the detector module compo-
nents with respect to previous assemblies. In this work we
made an exploratory study of the new mechanical structure,
by mounting 2 mini-towers of only 2 (out of 14) floors each
(Fig. 2).

Each floor hosted 2 natural LMO cubic crystals, with
dimensions 45 × 45 × 45 mm3 and mass ∼ 280 g each, for
a total of 8 crystals with the same specifications foreseen for
CUPID. High radiopurity copper and PTFE elements were
selected for the mechanical structure. Each crystal faces 2
LDs, on top and bottom. These are thin cryogenic germanium
calorimeters. An antireflecting 60 nm thick layer of SiO [65]

Fig. 3 Schematic view of the 2 LD configurations: the grey squares
and the purple strips represent respectively the LMO crystals and the
LDs. Left: “baseline” configuration with LDs spaced 0.5 and 4 mm from
the bottom and top of the crystal respectively. Right: “gravity-assisted”
configuration with LDs spaced 0.5 mm on bottom and leaned on top of
the crystal

was deposited on both sides of the Ge faces to increase the
light collection, as already done in CUPID-Mo [56]. This is
the most reliable technology to be operated at cryogenic tem-
peratures to detect scintillation light from the crystals, which
typically corresponds to an equivalent deposition of keV per
MeV of energy deposit in the crystal [49,51,56,58,66].

We tested 2 possible configurations of the LDs as outlined
in Fig. 3:

– in the first floor, LDs were spaced 0.5 and 4 mm from
the bottom and top of the crystal respectively. From now
on, we will refer to this configuration as the “baseline”
configuration for the CUPID experiment, as it allows a
simple engineering of a large modular array.

– in the second floor, the bottom LDs were again spaced
0.5 mm, but the top LDs were leaned on the LMO crys-
tals. This “gravity-assisted” positioning, originally pro-
posed in Ref. [67], could allow to further increase the
light collection.

One of the goals of this measurement was to establish
if the larger light collection which could be offered by the
“gravity-assisted” configuration is worth the complication in
the detector engineering and assembly. Indeed, leaned LDs
are difficult to implement on a large scale experiment with a
proper assembly reproducibility.

We performed two experimental runs, one in the config-
uration described above, and the second one by surrounding
the crystals with a Vikuiti™ reflecting foil. The latter would
complicate the assembly in view of CUPID, it would be an
additional source of background and it would affect the effi-
ciency of coincidence tagging of α events. Thus we consider
the reflecting foil only as a potential back-up solution to fur-
ther enhance the light collection (see [58]).

The LDs were constantly exposed to an X-rays source
(55Fe, which produces peaks at 5.9 and 6.4 keV) to energy-
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the most reliable technology to be operated at cryogenic tem-
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typically corresponds to an equivalent deposition of keV per
MeV of energy deposit in the crystal [49,51,56,58,66].

We tested 2 possible configurations of the LDs as outlined
in Fig. 3:

– in the first floor, LDs were spaced 0.5 and 4 mm from
the bottom and top of the crystal respectively. From now
on, we will refer to this configuration as the “baseline”
configuration for the CUPID experiment, as it allows a
simple engineering of a large modular array.

– in the second floor, the bottom LDs were again spaced
0.5 mm, but the top LDs were leaned on the LMO crys-
tals. This “gravity-assisted” positioning, originally pro-
posed in Ref. [67], could allow to further increase the
light collection.

One of the goals of this measurement was to establish
if the larger light collection which could be offered by the
“gravity-assisted” configuration is worth the complication in
the detector engineering and assembly. Indeed, leaned LDs
are difficult to implement on a large scale experiment with a
proper assembly reproducibility.

We performed two experimental runs, one in the config-
uration described above, and the second one by surrounding
the crystals with a Vikuiti™ reflecting foil. The latter would
complicate the assembly in view of CUPID, it would be an
additional source of background and it would affect the effi-
ciency of coincidence tagging of α events. Thus we consider
the reflecting foil only as a potential back-up solution to fur-
ther enhance the light collection (see [58]).
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CUPID Prototype Towers at LNGS

York, LRT2026, 22nd Sep 2026 Benjamin Schmidt 8

From CUORE to CUPID
Scaling up: 
• 1596 scintillating heat/light detector modules 

• New low background tower design 

• Staged deployment: 1/3 ~80 kg of 100Mo in 
Stage1 -> Stage2 240 kg of 100Mo 

• Target energy resolution: 
  (5 keV FWHM) 

• BI target:  

•  
with 10 yr exposure

ν/E = 0.07 % @Qββ

1.0 − 10∝4 counts/keV/kg/yr
|mββ | < (9.6 ∝ 28) meV (90 % C . I.)

Geant4  
model

Eur. Phys. J. C 85, 737 (2025)
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Figure 9: Top Left: As-
sembly of Neganov-Trofimov-
Luke (NTL)-assisted light de-
tectors in a CUPID tower
frame. The electrode pattern
is clearly visible.
Bottom Left: Single floor
layer of scintillating Li2MoO4

modules with Ge light detec-
tors assembled in the tower
prototype for CUPID.
Right: Full prototype tower of
CUPID

under stringent radiopurity requirements. The main properties of the LMO crystals
are summarized in Table 1.

– Light Detectors (LDs). These are thin, undoped Ge wafers operated as cryogenic
LDs. They combine a large photon-collection surface with a small mass, thereby en-
suring a low heat capacity. They are coated with a SiO anti-reflective layer to optimize
light collection and equipped with an electrode structure to enable signal amplification
through the Neganov-Trofimov-Luke (NTL) e!ect (see Box III). To prevent disruptive
thermal crosstalk, the LDs are not placed in direct contact with the LMO crystals,
but are positioned at the minimum distance allowed by mechanical tolerances. This
vacuum gap, however, introduces an optical mismatch that intrinsically reduces the
light-collection e”ciency.

– Neutron Transmutation Doped Germanium thermistors (NTDs), used to con-
vert minute thermal variations into voltage pulses through their temperature-dependent
electrical resistance. At mK temperatures, this resistance follows the Efros–Shklovskii

variable-range hopping law [26]: R(T ) = R0 → e
↑

T0/T . These thermistors are glued
both to the LMO crystal and to the LD.

– Si heaters, attached to both the LMO absorber and the LD. These silicon resistors
periodically inject a monoenergetic thermal reference pulse. This constant-energy signal
enables online monitoring and correction of detector gain instabilities, including those
induced by cryogenic temperature fluctuations.

19

• “Gravity assisted” tower design, reduces inert materials  
around the crystals compared to CUORE  

• Simpler shape for easier clean-machining and cleaning  
• First prototype tower cryogenic test 
➡  (28 LMO crystals,30 LDs; no NTL amplification) 
➡ Good temperature stability 
➡ Average FWHM resolution of LMO at 2615 keV (6.6 ± 2.2) keV 
➡ Median light yield of LMO: 0.36 keV/MeV 

• Second prototype tower  
➡ 28 LMO crystals, 30 LDs; 
➡ improved LD mounting; with NTL amplification 
➡ cryogenic test is ongoing. 
➡ Preliminary results indicate a factor ~3.5 improvement in the 
𝛽/𝛾—𝛼 discrimination power
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CUPID Enriched Crystal Production

• Test production of 15 enriched LMO crystals for 
CUPID is currently underway. 

• 4.4 kg of enriched molybdenum (> 95%) MoO3 
powder has been produced by IPCE (China)  

• Enriched LMO crystals have been grown by SICCAS 
(China) same producer as the CUORE crystals. 

• Preliminary measurements (without NTL amplification) 
show encouraging results: 
➡ Energy resolution close to CUPID target (5–8 keV) 
➡ Light Yield (LY) at the level required by CUPID 

• Once in production mode, crystal batches will be 
tested in bolometer Crystal Validation Runs to monitor 
radio purity and detector performance

Monica Sisti − Neutrino 2026

CUPID detector progress
Enriched crystal production and tests

19

‣ A preliminary production of ~ 15 enriched LMO crystals for 
CUPID is currently underway.  

‣ 4.4 kg of enriched molybdenum (> 95%) has been produced 
by IPCE (China) in the form of MoO3 powder. 

‣ Enriched LMO crystals have been grown by SICCAS (China), 
the same institute that produced the CUORE crystals. 
Preliminary measurements (without NTL ampliffication) show 
encouraging results: 

• Energy resolution close to CUPID target (5–8 keV) 
• Light Yield (LY) at the level required by CUPID 
• Bulk radiopurity not yet optimal due to the recent limited 

availability of high-purity Li2CO3  
• IPCE is developing a new conversion process from 

100MoF6 directly to LMO powder to address this issue

York, LRT2026, 22nd Sep 2026 Benjamin Schmidt 7

From CUORE to CUPID

CUPID - A detector module 
• 280 g Li2MoO4 crystals 95% enriched in 

100Mo with dual heat-light-readout 
• Full  discrimination  

>99.9%, at 90%  acceptance 
• Advanced Neganov-Trofimov-Luke (NTL) 

light detectors 
• Tower scale validation program at LNGS

ν
β/τ

Data from JINST 21 P01035 (2026)

Eur. Phys. J. C 85, 935 (2025)

Data from SICCAS Li2MoO4, no NTL
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CUPID Infrastructure Upgrades

• Upgrade the pulse tubes from Cryomech 415-RM to 
Cryomech 425-RM 

➡ Higher cooling power at 4K 

➡ Allow to run with 3 PTs +1 spare instead of 4 +1 spare 

➡ Easier optimization of remote motor phases 

• Add heat switches to reduce heat load from idle PT  

• Replace  copper braids coupling PT 40K and 4K heads 
to cryostat  with 6N purity Al braids  

➡ Higher thermal conductivity in that temperature range 

➡ More flexible than Cu braids, reduces  mechanical 
coupling  

➡ Upgrades are planned for 2027 and data taking with 
the CUORE array in 2028 to characterize performance

Cryogenics 45 (2005) 9, 626-636 

Cryogenics 154 (2026) 104276

dilution unit

remote motor

PT cold heads

3

FIG. 2. Rendering of a CUORE PT.

can be switched o↵. We keep PT(4) and PT(2) active for
this analysis.

A. Vibration noise

The e↵ect of mechanical vibration on the CUORE de-
tectors is two-fold: electrical and thermal. The coupling
of vibrations to the signal wires, which run from the de-
tectors to the room temperature connectors, causes noise
due to parasitic capacitance (⇠500 pF/m) combined with
the high impedance of the detector thermal sensors (or-
der 200M⌦). Despite a di↵erential read-out scheme [12],
these cause an electrical microphonic noise pickup which
can diminish the S/N of the detectors.

Mechanical vibration transmitted by the PT head to
the 300K flange and from the two cold stages of the PT
to the 40K and 4K flanges, can propagate to the coldest
parts of the system generating an excess heat load. The
most a↵ected parts are the DU stage with the lowest
cooling power, i.e. the Mixing Chamber, and the weakly
thermally coupled TeO2 crystals.

B. Vibration control

Vibrations induced on the coldest stages of cryogen-
free cryostats are certainly a well known problem to those
operating dry dilution refrigerators. In order to mitigate
the vibrations induced by the PT cryocoolers, several
passive solutions have been proposed to date [13]. In
CUORE, a series of passive “standard” counter measures
are enacted to minimize the vibrational noise due to cou-
pling from the PTs into the detector system.

PTs generate mechanical vibrations mainly in 3 ways.
The first source of vibration is the only moving part of
these devices: the rotary valve. The valve is moved by a
DC stepper motor to which is mechanically coupled. The
motor in turn is driven at the selected rotation speed by
a microstepping driver embedded in the CP1010 Cry-
omech compressor. The gas pulsation generated by the
motor and valve rotation is the source of vibration at 1.4
Hz and related harmonics. Several studies have shown

FIG. 3. Picture of the thermal link between the cold PT head
and the CUORE plates at the two temperature stages of 40K
and 4K.

how decoupling the PT heads and rotary valves from the
dilution refrigerators are essential for reducing noise vi-
brations [14]. Such a solution has been adopted for each
CUORE PT, whose rotary valve is separated from its
head by means of a flexible Stainless steel line (1/2” ID,
2ft long) (see Fig. 2). In the following, they will be re-
ferred to as “motor-head flexlines”. A combination of
custom made rigid lines and commercial flexlines con-
nects the compressor to its respective motor-head. In
the following, they will be referred to as “compressor flex-
lines”. They provide the standard high-pressure side and
low-pressure side of the helium that reaches the motor-
heads, and their path carefully avoids any contact with
the cryostat. The gas high/low pressure compressor lines,
the rotary valves, and the bu↵er volumes are suspended
from the room ceiling by means of elastic bands to further
absorb the vibrations. For the same reason, a swan-neck
geometry is adopted for the motor-head flexlines.

The other vibration sources are related to the He pres-
sure waves. These cause 1) periodic stress forces between
the rotary valve and the PT head, and 2) periodic elastic
deformations of the two coupled thin walled tubes of the
two cooling stages. The resulting e↵ects of this pressure
wave are a periodic force applied to the mounting point
at room temperature and a dynamic displacement of the
cold stages. For example Cryomech has measured the
2nd stage maximum displacement to be around 10 µm
and 20 µm in the horizontal plane and in the vertical

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

Cryogenics 93, 56-65 (2018). arxiv:1712.02753
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CUPID Infrastructure Upgrades

• Add 10 cm of lateral and bottom polyethylene 
neutron shielding 

• Add bottom and lateral scintillation panels for 
muon tagging  

• Add 20 cm thick water Cherenkov neutron 
shielding around the top  

York, LRT2026, 22nd Sep 2026 Benjamin Schmidt 6

CUPID infrastructure 

■ Built on CUORE infrastructure 
25 cm lead, ~20 cm PET  
and CUORE background model 

■ New detector array: 
Scintillating detector technology 
240 kg of 100Mo: Q  = 3034 keV 

■ Validated in CUPID-Mo, CUPID R&D 
and tower scale tests 
-> detailed detector response model 

■ Additional muon veto system  
(pink) - plastic scintillator panels 

■ Extra neutron shielding 
20 cm thick water Cherenkov detectors 
around the top (gray, transparent)

νν

From CUORE to CUPID
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CUPID Background Budget/Projections

CUORE background model

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

+
CUPID-0 background model

Alpha-rejection capable array

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

+
CUPID-Mo  Li2MoO4 performance 

Array of large of highly enriched 
Li2 100MoO4 


Data confirms: 

• α tagging performance

• Radiopurity of crystals

• Energy resolution

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-

• CUPID background goal is  counts/keV/kg/yr 

• Projections based on simulations with full detector geometry, data-tested cryostat background 
model, data-driven assumptions about detector purity, PID performance

1 × 10−4

Eur. Phys. J. C 83, 675 (2023),Eur. Phys. J. C 80, 44 (2020) 
Eur. Phys. J. C 82, 1033 (2022),Phys. Rev. D 110, 052003 (2024) 
Eur. Phys. J. C 79, 583 (2019), Phys. Rev. Lett. 129, 111801 (2022)



T. O’Donnell, UGRP 2026 30

Monica Sisti − Neutrino 2026

CUPID background projection
All background predictions are data-driven

20

‣ CUPID’s physics goals require a 
background index of 1×10-4 ckky in  
the 100Mo ROI. 

‣ The background budget is derived 
from MC simulations benchmarked 
against experimental data from 
CUORE, CUPID-0 and CUPID-Mo. 

‣ Current projections indicate that the 
target background level is within 
reach, thanks to the high radiopurity 
of the materials. 

‣ A factor 2 optimisation of the Close 
Components contribution is expected, 
thanks to the improved tower design 
and optimised cleaning and assembly 
procedures.

Uncertainties (orange band) include systematic ones

Monica Sisti − Neutrino 2026

CUPID background projection
All background predictions are data-driven

20

‣ CUPID’s physics goals require a 
background index of 1×10-4 ckky in  
the 100Mo ROI. 

‣ The background budget is derived 
from MC simulations benchmarked 
against experimental data from 
CUORE, CUPID-0 and CUPID-Mo. 

‣ Current projections indicate that the 
target background level is within 
reach, thanks to the high radiopurity 
of the materials. 

‣ A factor 2 optimisation of the Close 
Components contribution is expected, 
thanks to the improved tower design 
and optimised cleaning and assembly 
procedures.

Uncertainties (orange band) include systematic ones

Pr
el

im
in

ar
y

Assumes muon tagger + additional n shielding
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Assumes parts radiopurity measured in CUORE/
CUPID-0/CUPID-Mo PID performance measured in 
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Assumes radioactivity measured with CUORE

Pileup of two  decays in ROI, assumes 
timing resolution of NTL light detectors 
(JINST 21 P01035, arXiv:2606.17948)
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CUPID Background Budget/Projections

https://arxiv.org/abs/2606.17948
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CUPID Expected Sensitivity
isotope mass, the energy resolution, and the expected background index in the ROI, derived
from data-driven background estimates, as well as the resulting sensitivity. The sensitivity
reported here is based on conservative assumptions and assumes a live time of 10 yr years of
data taking.

100Mo mass 240 kg
Qωω 3034.4 keV
LMO detector mass 450 kg
Energy resolution FWHM in the ROI 5 keV
Background index 1 · 10→4 counts/(keV·kg·yr)
Signal e!ciency (Containment→Selection) 77.7% → 86.3%
Livetime 10 yr
T 0ε
1/2 discovery sensitivity (3ω) 1 · 1027 yr

The sensitivity reported here derives from a background budget with conservative data-
driven assumptions and 10 yr of data taking.

Technical Maturity: The cryogenic infrastructure, detector technology and background
budget for CUPID are mature and robust.

The CUORE cryostat was designed to cool a one-ton detector payload to temperatures
below 10 mK [3] and provide a low-noise and low-radioactivity environment. The realization
of the cryostat and the construction and operation of the thousand-detector TeO2 array were
two unprecedented achievements. CUORE is the largest cryogenic calorimeter array ever
operated and recently surpassed three metric ton-years of TeO2 exposure, placing it among
the most sensitive 0εϑϑ experiments in operation [4, 5]. CUPID will reuse the CUORE
infrastructure and operate a detector payload with a similar size. Based on the lessons
learned from CUORE the upgrades required are modest. CUORE demonstrates the technical
maturity of the cryogenic infrastructure required to operate the CUPID payload.
The CUPID detector di”ers from the CUORE one in the number and type of crystals but
the underlying technology used to turn a crystal into a cryogenic calorimeter is the same:
a Neutron Transmutation Doped (NTD) thermistor glued to the surface of the crystal. Of
course, the di”erent absorbers, LMO and Ge, required optimization of doping and size of NTD
sensors that was carried out in the past years and has culminated in the two demonstrators
CUPID-0 [6–8] and CUPID-Mo[9, 10].

The CUPID LDs will exploit signal amplification resulting from the Neganov-Trofimov-
Luke (NTL) e”ect. This will enable the use of the LDs not only for particle discrimination but
also for suppression of the 100Mo two-neutrino double-beta decay (2εϑϑ) induced background
in CUPID 0εϑϑ ROI. The NTL technology is mature, leveraging decades of development in
Dark Matter bolometric experiments. It has been optimized for CUPID in recent years and
today it has not only reached the needed maturity but looks extremely promising for the
control of 2εϑϑ events even beyond the CUPID requirements.

Finally, as in all 0εϑϑ experiments, the main challenge is to be able to achieve the target
Background Index (BI) that for CUPID is 1 · 10→4 counts/(keV·kg·yr) in the 100Mo ROI.

3

• Assumptions and sensitivity goal

– b: Background Index (Background Index (BI)), measured in counts/(keV·kg·yr), de-
fined as the expected number of background events in the ROI per unit exposure and
ROI width.

The BI largely determines the sensitivity scaling, which follows two regimes::

T 0ω
1/2 →





ω ·

√
Miso·t
b·!E Background Limited,

ω · Miso · t Zero Background.
(2)

The ”Zero Background” regime, where b · !E · Miso · t ↑ 1, sensitivity improves lin-
early with exposure. Once background events appear in the ROI, the experiment enters the
”Background Limited” regime, where sensitivity scales only with the square root of exposure.
Further progress in this regime therefore requires not only larger isotopic masses, but also
drastic reductions in the BI through next-generation technologies.

Figure 3 compares the 3ε discovery sensitivities of several proposed ton-scale experi-
ments. These projections depend on each collaboration’s strategy and assumptions about
the achievable BI, whose level of optimism varies with the experimental approach.

A critical di”erence among these projects is energy resolution. Experiments such as
CUPID, AMORE, and LEGEND can localize a potential 0ϑϖϖ signal within a few-keV win-
dow, whereas other techniques have higher energy uncertainties. Although an unambiguous
discovery will ultimately require observation in multiple isotopes, a high-resolution experi-
ment is essential for providing a robust, high-confidence result.

Figure 3: Left panel: 3ε discovery sensitivities for a selected set of next-generation ton-scale
experiments. The bars (green square for 100Mo experiments, red circle for 76Ge, blue triangle
for 130Te, orange diamond for 136Xe) are the mεε range corresponding to the T 0ω

1/2 sensitivity
obtained with di”erent NME calculations available in the literature. The grey-shaded regions
corresponds to the parameter region allowed in the IO/NO scenario of the neutrino mass,
reported in the right panel. Data and references are summarized in [18].

10

• 3   discovery sensitivity on  : 12 - 35 meVσ mββ
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Figure 13: High-level timeline of the CUPID detector commissioning and operation. Only activi-

ties on the critical path are shown. Production of the LMO crystals (purple lines), update and
test of CUORE cryostat (orange lines), CUPID-Stage I deployment and data-taking (blue lines),
installation of the remaining towers, completing the CUPID-Full Detector , and data taking (green
lines). The lighter color sections represent contingency time allocated for the second run of the
test on the cryostat upgrade. These contingencies reflect onto the data taking time of CUPID-Stage
I and CUPID. All times reported are extracted from the master plan and rounded to 6 month
precision.

for both CUPID-Stage I and the CUPID-Full Detector , allow the extraction of the 0ωεε
sensitivity using the statistical procedure described in Ref. [45]. Using Equation 1, the T 0ω

1/2

sensitivities are converted into intervals of mεε, determined by the spread of NME values [46].

The staged deployment naturally translates into a progressive improvement of the exper-
imental sensitivity. During CUPID-Stage I , the experiment will already begin to explore
the IO region, reaching a 3ϑ discovery sensitivity of 0.2 · 1027 yr and probing e!ective Ma-
jorana masses down to mεε>(27–79) meV. At the same time, this phase will allow for the
optimization of detector performance and validation of the background model under realistic
operating conditions.

Following the transition to the CUPID-Full Detector , the continued accumulation of
exposure will steadily enhance the sensitivity, ultimately reaching a discovery potential of
T 0ω
1/2→1 · 1027 yr. This corresponds to a Majorana mass sensitivity of mεε↑(12–35) meV,

enabling CUPID to fully explore the inverted ordering region.

The evolution of the sensitivity as a function of exposure is shown in Figure 14, the
parameters used to evaluate the sensitivity in the two stages are reported in Table 4. The
expected BI for CUPID-Stage I is evaluated from the CUPID-Full Detector maximum BI of
1 · 10→4 counts/(keV·kg·yr), rescaled by means of dedicated MC simulations to account for
the reduced detector geometry.

To place the CUPID sensitivity in the context of the current 0ωεε landscape, we evaluate
the exclusion sensitivity, a quantity commonly used to compare both planned and operating
experiments. This parameter is shown in Figure 15 as a function of the isotopic exposure,
defined as the number of moles of candidate isotope multiplied by the live time. Due to
the nuclear properties of 100Mo (see Section 4.3.1), CUPID can explore the IO band with a
smaller exposure than other next-generation experiments. This is enabled by the scintillating
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Table 4: Parameters used to evaluate the 0ωεε sensitivity of the CUPID-Full Detector , based on
the budgeted performance, and of CUPID-Stage I .

CUPID-Stage I CUPID-Full Detector

BI [10→4counts/(keV·kg·yr)] 1.3 1

Li2MoO4 mass 150 kg 450 kg

Live Time 3 yr 10 yr

Resolution 5 keV 5 keV

Containment e!ciency 77.7% 77.7%

Signal selection e!ciency 86.3% 86.3%

3ϑ discovery sensitivity (T 0ω
1/2) 0.2 · 1027 yr 1 · 1027 yr

3ϑ discovery sensitivity (mεε) (27–79) meV (12–35) meV

Figure 14: Evolution of the T 0ω
1/2 discov-

ery sensitivity with accumulated LMO
exposure, combining CUPID-Stage I
(blue-shaded region) and the CUPID-
Full Detector (green-shaded region).
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• CUORE demonstrates the era of tonne-scale cryogenic detectors for double beta decay 
has started  

• CUORE has completed its main physics data taking program and analysis of the 3 tonne-
yr dataset is ongoing  

• CUPID will exploit the unique cryogenic infrastructure developed for CUORE  

• Preparations for CUPID are underway 

➡ CUPID Stage 1: aims for 3  discovery sensitivity on  : 27 - 79 meV by 2034 

➡ CUPID: aims for 3  discovery sensitivity on  : 12 - 35 meV by 2045 

• The planned generation of experiments offer complementary approaches and will probe 
well into the inverted hierarchy parameter space. This is “uncharted territory” a discovery 
may be waiting for us !

σ mββ

σ mββ

Summary
CUORE
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