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GOAL
Cover the Inverted Hierarchy and a fraction of Normal Hierarchy

‣ 3σ discovery sensitivity  mββ: [13-21] meV 

‣ 3σ discovery sensitivity  T0ν1/2 > 1027 yr
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Figure 4: The e↵ective Majorana mass m�� as a function of the lightest neutrino mass provides

the parameter space typically used to compare 0⌫�� decay experiments. The two neutrino mass

orderings are labeled “Normal Ordering” and “Inverted Ordering”. The experimental state-of-the

art results for the isotopes Mo [31], Ge [14], Xe [22], and Te [23] are are shown on the right. The final

projected sensitivity of CUORE and the projected sensitivity of CUPID baseline are also reported.

The vertical range of values reflects the uncertainty on the respective M values.

and at the same time allows us to express the experimental sensitivity to higher-order terms
as a function of computable quantities. Namely, the phase space, the coupling constants and
the NME of higher dimension terms can be computed, or expressed as a function of their
equivalent for light neutrino exchange. In contrast to the case of light neutrino exchange,
for higher-order operators the 0⌫�� decay half-life is proportional to some power of the new
physics scale ⇤. Therefore, an increasing sensitivity will scan larger values of ⇤. Also in
these scenarios, CUPID sensitivity is among the best even for the baseline scenario.

2.3 CUPID experimental overview

The CUPID experiment will be located at the Laboratori Nazionali del Gran Sasso (LNGS)
underground laboratory in Gran Sasso, Italy. CUPID will be installed into the cryostat that
currently houses the CUORE detector in the experimental Hall A. Upgrade of the existing
infrastructure and construction of the new detector array are the two main activities that will
be carried out in the project. The Work Breakdown Structure (WBS), provides a graphical
description of the project.

2.3.1 Experimental Site and Location

The CUPID experiment will be located at the LNGS underground laboratory in Gran Sasso,
Italy. LNGS is located 1400 m underground, providing a roughly 3400 meter water equivalent
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Enough to take a leap forward in sensitivity because 
background reduces dramatically (~x100):  

‣ 100Mo has higher Qββ (3037 keV) than 130Te (2527 keV):     
lower γ-induced background, more favourable phase 
space and matrix element


‣ new detector with very efficient α particle rejection: 
remove the dominant background in CUORE

3

A ton scale high-resolution detector array for the search of 0𝜈ββ

Re-use CUORE Infrastructure 

Replace CUORE natTeO2 detectors with an array of 95% enriched Li2100MoO4

        CUPID Strategy
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 CUPID
Single module: Li2100MoO4, 45x45x45 mm, 280 g

Detector: 1596 crystals in 57 towers,14 floors, 2 crystals each                                              

‣ ~240 kg of 100Mo  ~1.6.1027 100Mo atoms 

1710 Ge Light Detector (LD) with SiO antireflective coating +                                                                     
Al electrodes for Neganov-Trofimov-Luke (NTL) effect                                                           

‣ NTD Ge thermistor readout for both LD and Li2100MoO4 

CUPID performance goal

‣ Energy resolution: 5 keV FWHM
‣ LY: 0.3 keV/MeV
‣ LD:  σbaseline ~100 eV for PID
‣ Background: 10-4 ckky (cts/keV·kg·yr)

‣ 3σ discovery sensitivity  T0ν
1/2 > 1027 yr,  mββ: [13-21] meV
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 Collaboration
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https://cupid.lngs.infn.itLeverage previous collaborative experiences

Major participants: Italy (~60 
authors), US ( ~40 authors), 

France (~25 authors) 
Other participants: Ukraine, 

Russia, China, Spain

Built on the success of the 
CUORE Collaboration in 

building the only project of 
comparable scale

Integrate the experience from 
CUPID-0 and CUPID-Mo in 

operating detectors with 
Particle Identification 

technology

CUPID-Mo

International collaboration: ~140 collaborators across 7 countries



 Collaboration
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International collaboration: ~140 collaborators across 7 countries
https://cupid.lngs.infn.it/

Leverage previous technical experiences

Long-lasting and well 
developed interaction with 

LNGS services and 
infrastructure Cost and time-effective reuse 

of the CUORE underground 
infrastructure

Fully leverages the CUORE 
cryogenic infrastructure, 

experience and expertise in its 
operation

Re-use a unique existing infrastructure 
CUPID leverages many years of work and investment
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Light Detectors
High-purity Ge wafer with anti-reflective SiO coating and NTD readout: a 
robust technology from predecessors

‣ Performances extensively studied in 2022 

Performances meet CUPID requirements but at limit for pile-up rejection
9

Assembled light detectors for 
test in Pulse Tube cryostat 

at IJCLAB

JINST 18 P06033

σbase~70-90 eV 
Excellent energy resolution 0.7 keV 
FWHM at 356 keV (133Ba source)

Disposition : Titre et contenu 
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�������������������������������������
The!validaCon/of/the/new/CUPIDBbaseline/lightBdetector/assembly/performed!
in!a!pulse@tube!cryostat!at!IJCLab!(Orsay)!
→!Similar!vibra%onal!noise!as!in!CUORE/CUPID!cryostat!
"  2!Cu!frames!with!2!light!detectors!each!(0.5!mm!in!thickness)!mounted!on!

top!of!each!other!(CUPID!configura%on)!
"  Check!of!the!bolometric!performance!
"  Baseline/energy/resoluCon/70B90/eV/RMS/(CUPID/goal/for/PID/met)/

Light detector calibration 

Irradiating the detector with a  
133Ba source we achieved an 

outstanding energy 
resolution: 

 
0.71 keV FWHM at 356 keV Background 

Source 

https://iopscience.iop.org/article/10.1088/1748-0221/18/06/P06033


Relatively fast 100Mo  T2ν 1/2  = 7.1x1018 yr leads to the possibility of 2 2νββ decays 
events piling up & reconstructing in ROI
Rejection depends on: SNR after Optimum Filter, rise time (𝜏),  algorithms 

Goal for pile up background contribution:  5×10-5 ckky 
Use LD: faster than Li2MoO4

‣ NTL effect to increase SNR (x10) 
‣ reduce LD NTD size, tune working point to reduce 𝜏

Alternative to baseline: TES sensors➝ require major change in readout

 Pile up rejection
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Detector Structure
The challenge:
‣ integrate LD without adding complexity
‣ address weak points in CUORE design 
‣ reduce Cu amount 
‣ increase cryostat filling factor
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The solution:  “gravity assisted”  tower 
‣ no vertical constraint, stack of crystals and light detectors 

sitting one on top of the other (vs. rigid, fixed height structure 
in CUORE)

‣ easier & faster assembly - no screws, self-aligning structure

‣ loose tolerances - easy to produce (laser cut of Cu sheets), 

easy to clean  (with no special care for threads and abutment 
surfaces)

‣ better wiring integration

‣ same materials used in CUORE (Cu, PTFE, CuPEN wiring)

Detector Structure Design
Baseline Detector Prototype Tower: BDPT - 1

• Mechanical, thermal and bolometric properties 

• But also a large-scale test of other aspects 

• Crystals from different producers (WBS 1.02) 

• Test of basic assembly line 

• Type of glue : Araldite rapid (CUORE), slow, UV? 

• LD coating: sputtering vs evaporation? (WBS 1.02) 

• New DAQ (WBS 1.05)
9



Goal: 
‣ validate assembly procedure, mechanical structure and 

thermalization
‣ performances studies, test of glue,  LD coating

14 floors, 28 crystals, 30 LD in 2 different runs 

‣ Fast and uniform cool down➝thermal and mechanical scheme 
validated

‣ Same performance for spattered/evaporated SiO coating
‣ New UV glue type proved better noise resolution & faster 

signal
‣ Good LMO performances (σ~6.5 keV),
‣ excess noise in LD:  ascribed to Cu spine hosting the CuPEN 

in contact (by mistake) with Cu frames and double bonding
‣ 72 channels of new DAQ installed and successfully tested

2024: test with NTL LD, Cu reduction, optimised LD anchoring  
on frame 

12

                    Tower Test



CUPID Background model
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Alpha-rejection 
Confirms the β/γ 
background from detector 
holders in 3 MeV ROI

Confirms:  
• α tagging performance 
• Radiopurity of crystals 
• Energy resolution

Characterize β/γ bgkd from 
cryogenic system and 
detector holders in the 100Mo 
ROI  (Q𝛽𝛽= 3034 keV)

Our background model reconstruction approach is well validated in multiple experiments.  

All the materials for CUPID have been directly measured in bolometric setups.
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Fig. 12 Background sources reconstructing the experimental M1,V/W spectrum, grouped by source location. In blue, 2aVV is the dominant
contribution in [350–3000] keV. The most important contribution from the materials, below 3 MeV, are the cryostat and shields, shown in magenta.

Chain. We then use the distribution of 18 for the full Markov
Chain to estimate the marginalised posterior distribution of
the background index. We perform this calculation for our
maximal model with all parameters, we therefore naturally
marginalise over all possible combinations of activities (for
example surface or bulk radio-purity) consistent with our
experimental data accounting for the systematic uncertainty
due to source localisation.

From this calculation we extract the marginalised poste-
rior of the background index shown in Fig. 13. This results
in a measurement (mode ± smallest 68% interval) of:

1 = 2.7+0.7
�0.6 ⇥ 10�3counts/keV/kg/yr. (12)

or, in terms of the number of moles of isotope, moliso, and
energy resolution, �⇢FWHM:

B = 3.7+0.9
�0.8 ⇥ 10�3counts/�⇢FWHM/moliso/yr (13)

This is the lowest background index achieved in a bolometric
0aVV decay experiment.

Next we reconstruct the contributions to the experimental
background. We divide sources into five categories:

– Crystals U/Th;
– Pile-up;
– Reflectors;
– 10 mK sources;
– Cryostat and shields.

We emphasise that only the first three sources are relevant to
CUPID. In the CUPID baseline the reflective foil is removed
to improve background rejection. However, as it was noted
before Reflectors include all the elements directly facing the
crystals, PTFE, bonding wires, heaters. These elements will

remain in CUPID. The final two are caused by materials in the
EDELWEISS cryostat which is optimised for a dark matter
rather than 0aVV decay search. The posterior distributions of
background index from each source are shown in Fig. 14. We
derive the background index for each of the sources in the
same way as for the full posterior. We find that the crystals
give the smallest contribution, with a background index:

8.1+3.5
�2.5 ⇥ 10�5counts/keV/kg/yr. (14)

As shown in Fig. 14, the posterior probability for pile-up
allows us to set an upper limit for its background index,
< 1.4⇥ 10�3 counts/keV/kg/yr (90% c.i.). This is potentially
the main background contribution, in particular due to the
low CUPID-Mo sampling frequency (500 Hz) and lack of
optimised cuts to remove pile-up. In CUPID, heat and light
signals will be exploited together with optimised algorithms
to remove pile-up events (see for example [63]). Figure 15
gives the background index extracted from Fig. 14 for each of
the grouped components. They are obtained from the mode
and the smallest 68.3% interval. For the pile-up the smallest
68.3% interval is compatible with zero, thus an upper limit
is presented.

7.4 Systematics

To check the stability of the model and the systematic un-
certainties, we perform a series of di�erent fits. To take into
account the systematic uncertainty due to MC statistics, we
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Fig. 9 Background sources contributing to the M1β/γ reconstruction,
grouped by source and component. The shaded area corresponds to the
400 keV energy range from 2.8 to 3.2 MeV (ROIbkg) chosen to analyze
the background in the region of interest around the 82Se 0νββ Q-value.

In this plot, the time veto for the rejection of 208Tl events is not applied,
thus the ROIbkg is dominated by the β/γ -events from 232Th chain con-
taminations located in Crystals

the expected rate in the narrower region where the 0νββ sig-
nature is searched. This is true for all background components
except for the 2νββ one, because its spectrum has the end-
point at the Q-value of 82Se ββ decay. The contribution from
2νββ source reported in Table 5 is produced exclusively by
events with energy < 2950 keV, while the expected counting
rate from 2νββ in a 100 keV range centered at 82Se Q-value
is < 3 × 10−6 counts/(keV kg year).

In order to study the systematic uncertainties of the back-
ground reconstruction in the ROIbkg , we perform some fits in
which the sources are modeled in a different way with respect
to the reference fit. Particularly, we performed the following
tests:

1. a fit with a reduced list of sources in which we exclude the
contaminations evaluated as upper limits in the reference
fit;

2. a fit with Crystals surface contaminations simulated by
setting the depth parameter at 0.1µm instead of 0.01µm;

3. a fit in which the 226Ra–210Pb contamination inReflectors
is removed from the list of sources;

4. a fit in which theReflectors sources simulated with 10µm
depth parameter are replaced by uniformly distributed
contaminations;

5. a fit in which we add 232Th and 238U contaminations on
Holder surfaces (λ = 10µm), constrained by priors from
CUORE-0 background model [10];

6. a fit in which we investigate the effect of 232Th and 238U
surface contaminations on the 50 mK shield surrounding
the CUPID-0 tower;

7. three fits in which the source list does not include 232Th
and 238U contaminations in CryoInt, IntPb, and ExtPb,
respectively;

In all of these tests, we obtain pull distributions compat-
ible with a standard Gaussian. Therefore, we analyze the
differences in the ROIbkg counting rates to get an estimate
of systematic uncertainties, reported in Table 5. We do not
quote a systematic uncertainty for 2νββ contribution to the
ROIbkg , because the results from all tests are within a range
much smaller than the statistical uncertainty. Crystals sur-
face contaminations are constrained by the time analysis of
consecutive α decays. Their counting rate in the ROIbkg has a
maximum variation of ∼ 30% when fitting with the reduced
list (that does not include 10 µm surface contaminations of
Crystals) and when performing the tests number 2 and 3.

The systematic uncertainties affecting the ROIbkg count-
ing rate due to Reflectors and Holder contaminations are
investigated through tests number 3, 4, and 5. The bulk/deep
surface contaminations in Reflectors produce a continuum
of degraded α that allows to obtain a good fit to the M1α

spectrum in the [2–4] MeV range. Since 232Th in Reflectors
is constrained by a prior which makes negligible its contri-
bution, 226Ra–210Pb and 210Pb–206Pb are the only reflector
sources which are left free to fit this continuum. In fit number

123

TeO2 Li2100MoO4 Zn82Se



Background budget
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Our background model reconstruction approach is well validated in multiple experiments.  

All the materials for CUPID have been directly measured in bolometric setups.

Well-defined path to reduce the CUORE backgrounds to the levels required for CUPID

CUPID (baseline) goal

6−10 5−10 4−10
Background index [cts/keV/kg/yr]

Total

Pile-up

Muons

Cryostat & Shields

Close components

Crystal

Figure 62: Breakdown of the predicted CUPID BI in the 100Mo ROI by source.
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CUPID scenarios

240 Kg 100Mo  
CUORE Cryostat 
Bkgd: 10-4 ckky 

T1/2 > 1×1027 yr 

Mββ :[13-21] meV 
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CUPID Baseline CUPID 1TonCUPID Reach

240 Kg 100Mo  
CUORE Cryostat 
Bkgd: 2 10-5 ckky 

T1/2 > 2×1027 yr 

Mββ > [9-15] meV 

1000 Kg 100Mo  
New Cryostat 
Bkgd: 5 10-6 ckky 

T1/2 > 9×1027 yr 

Mββ > [4-7] meV 
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Conclusions
CUPID builds on an existing and well-functioning international collaboration

Collaboration has operational experience at LNGS for ton-scale bolometric 
experiment and uses an existing infrastructure (CUORE cryostat and 
experimental site)

Exceptional opportunity: cost effective, leverages international investments

Crystallisation and enrichment at large scale are possibile and 
demonstrated

Data-driven background model indicates bkgd~10-4 ckky.

CUPID will the Inverted Hierarchy region 

Possibility of mass scaling and multi-isotopes deployment in case of 
discovery 

Collaboration is working on getting ready for CUPID.
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Backup
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Cryostat upgrade
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LNGS Scientific Committee April 11th, 2022

Improve the thermalization at 40K 
where extra cooling power is available

● CUORE Cryostat thermal 
budget extremely well known 
and understood

● Relevant contribution on colder 
stages comes from wiring

● Wiring will increase by a factor 3



Cryostat upgrade
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Pulse Tubes system is an important source of 
vibrational noise

Three interlinked tactics to further reduce it

LNGS Scientific Committee       April 11th, 2022

Reduce input vibration power and improve 
active noise cancellation efficiency

New linear drives for motor 
head control:
● improve current stability
● improve control on 

stepper motors
● enable new algorithms 

for PT phase scan and 
optimization

New Pulse Tubes: 
● more cooling 

power 
● less PTs 

required 
● easier and 

more effective 
active noise 
cancellation

New termalizations 
● high purity 6N Al 
● increase thermal link 

while reducing 
mechanical coupling 

● thermal switches to 
isolate unused PTs



Data readout: FEE and DAQ
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CUORE: custom-designed room-
temperature front end electronics. Raw 
data is stored for offline processing
● Very stable and reliable operation 

for 5 years → Readout scheme 
proven on the field

CUPID will add several challenges
● More channels (x3), hence more 

power, more space, more data, 
etc.

● Faster signals on light detectors, 
required for pile-up rejection

OLD 
preamp 

NEW 
preamp 
112 mm x 17 
mm

New 
filter+DA
Q board

Small scale prototypes already 
deployed in multiple facilities for R&D

20

Main upgrades 
● New frontend will save a factor of 2 in 

space
● Keep same power budget, optimizing 

preamps for light channels (same power, 
lower noise) & heat channels (lower 
power, same noise)

● Reduce wiring capacitance to reduce 
input RC time constant

● New board merges DAQ (24-bit ADCs, 
25ksps sampling rate  for channels) + 
anti-aliasing filters (with 10-bit tunable 
cut-off up to 2.5 kHz)

● Update DAQ software and storage 
infrastructure to cope with increased data 
rate


