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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

2νββ

0νββAssumes BR 0ν/2ν = 1% and detector energy resolution is 2%

Summed-energy spectrum of final state electrons 
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• The absorbed energy causes an increase in absorber temperature

Thermal coupling

Thermometer

Absorber

Macro Bolometer Technique 

Thermal bath

• For dielectric crystal absorbers, 
heat capacity  ~ T3

Time
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• With appropriate calibration temperature change can be used to 
measure energy absorbed
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• Typically operated at ~10mK 

• Relative energy resolution of 0.2~0.3% routinely achieved 



CUORE
• Array of 988  natTeO2 bolometers (742 kg) 

• Operated at (T~11 mK) 

• Target isotope 130Te (206 kg) 

• Q-value: 2527.5 keV

4 TeO2 crystals per floor

Cu frames

PTFE Spacers

NTD-Ge thermometer
Joule heater

R(T ) = R0 exp

p
T0/T
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13 floors per tower 19 towers in total
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Sample Event Waveform (CUORE)



CUORE ‘just’ before vessel closure
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Mixing Chamber Temperature 

• Powerful 3He-4He dilution refrigerator  
precooled by pulse tubes  

• Capable of cooling detector payload 
down to ~7mK 

• Demonstrates it is practical to 
operate tonne-scale detector at mK 
temperatures 

CUORE Cryogenics
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CUORE background model

Understanding the sources of the CUORE background

Q
ββ

17Stefano Pozzi Taup 2019, 8-14 Sep 2019, Toyama (Japan)

Poster #382 : Study on the 

contributions to the CUORE 

energy spectra

Poster #336 : Search for double 

beta decay of 130Te to the excited 

states of 130Xe in CUORE

CUORE Status
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• Significant effort devoted to 
understanding the system and 
optimizing data-taking conditions 

• Now taking data stably, exposure 
steadily increasing 

  

Energy resolution

Get lineshape from 2615 keV line in 

calibration data

Main peak parametrized with sum 

of 3 Gaussians

Average FWHM @2615: 8.1 keV

Fit background with same lineshape 

to get resolution scaling

11Stefano Pozzi Taup 2019, 8-14 Sep 2019, Toyama (Japan)
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ROI Fit

Bayesian fit on the region of 

interest (2490-2575 keV)

Free parameters: 60Co rate and 

position, background, Γ
0ν

Bkg : (1.37 ± 0.07) x 10-2 ckky

No evidence of 0νββ

13Stefano Pozzi Taup 2019, 8-14 Sep 2019, Toyama (Japan)

BI = (1.37± 0.07)⇥ 10�2
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cnts/(keV · kg · yr)
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• Detection efficiency: 77.23 +/- 0.18 %
• Analysis cuts: 87.41 +/- 0.18 %
• Containment:  88.350 +/- 0.090 %

• Total exposure: 370 kg*yr TeO2

• No evidence for NLDBD ! 

• UEML Fit model: 
• flat continuum (BI), 
• posited peak for NLDBD 
• peak for 60Co 

Unblinded Candidate Spectrum

CUORE:0νββ Search

CUORE Preliminary 

Qββ



CUORE:0νββ Search
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m�� < 0.09� 0.42 eV
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T0⌫
1/2 > 2.3⇥ 1025yr
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• Range from NMEs adopted
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0.2 CUORE Preliminary
Exposure: 369.9 kg yr

90% C.I.

• Place a Bayesian lower limit on the half life

• The median sensitivity of our data is 
 
 
13% chance to get stronger lower limit 
than the one observed 

T0⌫
1/2 = 1.5⇥ 1025yr
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CUORE: Background model 
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CUORE background model

We're able to reconstruct the main features 

of the observed spectra

Currently using only part of the available data (216.4 kg yr)

19Stefano Pozzi Taup 2019, 8-14 Sep 2019, Toyama (Japan)

  

CUORE background model

Full background reconstruction with 

a Bayesian fit

Fit components: 60 contaminations 

spread across the cryostat + muons

Each component is simulated with a 

detailed Geant4 MC simulation

Split the data according to event 

multiplicity

Split the detector in two layers, outer 

(sensitive to cryostat contaminants) 

and inner (sensitive to towers)

18Stefano Pozzi Taup 2019, 8-14 Sep 2019, Toyama (Japan)

• Reconstruct background components through a 
Bayesian fit to the full data spectrum


• Detailed GEANT4-based simulations, modeling the 
detector geometry and particle interactions 


• Exploit geometric and temporal correlations to constrain 
near and far background sources 


• Important input for physics such as 2νββ studies


• Directly measure background originating from the 
cryostat

  

130Te 2νββ

20Stefano Pozzi Taup 2019, 8-14 Sep 2019, Toyama (Japan)

 2  from νββ 130Te is one of the main components in our spectra

In the inner layer it is the dominant component in the 1-2 MeV 

region

We are able to estimate its T
1/2 

with high precision

T2⌫
1/2 = (8.2± 0.1(stat))⇥ 1020yr
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CUORE Preliminary 

Model Components

Background Model + Data
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• Requires half-life sensitivity on the order of 1027 years !

• To do this with ~500 kg of isotope in a reasonable time (10 y) requires 
background free experiment (b <  10-4 c/kev/kg/y)

• CUORE sensitivity (5 yrs livetime)

T 0⌫��
1/2 = 9.0⇥ 1025y

Projected CUORE Sensitivity

m�� < 50� 200 meV
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What about fully probing the IH region ?
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CUPID: CUORE Upgrade with Particle ID
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•Dominant background is degraded alphas from 
surface contamination  

Karsten Heeger, Yale University UMass, December 16, 2015 38

• Cherenkov light or scintillation to distinguish α from 
β/γ (130TeO2, Zn82Se, 116CdWO4, and Zn100MoO4)

• More rejection power needed: 99.9% α background 
suppression. Light detector R&D for better 
resolution. 

• Background free search.

116CdWO4

130TeO2

phonon+photon

CUORE Collaboration 
Eur.Phys.J. C74 (2014) 10, 3096 
 

Casali et al
Eur.Phys.J. C75 (2015) 1, 12

Cherenkov signal

scintillation signal

Beyond CUORE: Particle ID with Light Detectors
•Leverage other energy loss mechanisms to tag particle  
type

• Demonstrator efforts 

Enriched Zn82Se scintillating bolometers 

Enriched Li2100MoO4 scintillating bolometers 

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



CUPID-0: Zn82Se

• Array of 26 cylindrical ZnSe scintillating bolometers, 24 enriched to 95% 
in 82Se 

• 10.5 kg of ZnSe / 5.17kg of 82Se 
• Q-value:  2998 keV 
• Operated in old CUORE-0  

cryostat at LNGS 
• NTD-Ge thermistors used as thermal  

sensors 
• Reflective foils to improve light collection

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

for the investigation of 82Se 0νββ

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

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

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

•  82Se Q-value 2998 keV 

•  95% enriched Zn82Se bolometers 

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

•  LD: Ge wafer operated as bolometer 

•  Simplest modular detector ➜ scale up 
•  Copper structure (ElectroToughPitch) 
•  PTFE holders  
•  Light Reflector (VIKUITI 3M)

 9

CUPID-0 Light Detectors

CUPID-0 has 31 LDs

•  Well established technology for bolometric LDs  
•  Ge disk 44.5 x 0.17 mm 
•  Ge-NTD thermal sensor 2x1.5x3 mm3 
•  Si-heater for gain drift corrections 

•  One face coated with 60 nm SiO2  
•  Light collection enhancement ~50% 

•  Performance are crucial for background 
suppression 

•  Light vs Heat: α leakage in β/γ ROI band 
•  PSA of Light: highly efficient PID
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Calibration scatter plot of a ZnSe crystal

RoI
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CUPID-0: the first demonstrator

• Assembled in an underground radon free clean-room @ LNGS 

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

!6

• 26 ZnSe (24 95% enriched + 2 natural) 

• 82Se 0νββ decay Q-Value: 2998 keV 

• 31 Ge slabs (Light Detector) 

• Arranged in 5 towers -> (3.8x1025 82Se nuclei)

Figs. courtesy of CUPID-0 collaboration
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!13

β/γ background from 
internal&surface contaminations 

Tag

We apply a 7 half-life time 
veto after all 212Bi α events

Rejection of the 208Tl induced background (internal 
and surface crystal contamination)

CUPID-0: Zn82Se Phase 1 Final Results
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!14

RoI energy spectrum + α rejection 
+ Delayed coincidences veto

• α particles rejection

• Delayed coincidence 

veto

14 events survive all cuts 

+

• Rejection 	of “non-
particle-like” events 
through pulse shape 
on thermal pulses.


• Anti-coincidence 
between ZnSe 

crystals

BKG = 1.3 x 10-2 counts/(keV kg yr)
BKG = 3.2 x 10-2 counts/(keV kg yr)

BKG = 3.5 x 10-3 counts/(keV kg yr)

Lowest Background  
for Cryogenic 
Calorimeters

O. Azzolini et al. Phys. Rev. Lett. 123, 032501 

T0⌫
1/2 > 3.5⇥ 1024yr (90%C.I)
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• Demonstrate using heat/light  
dual signals to tag alphas 

• Developed delayed coincidence  
tagging analysis to tag surface beta 
backgrounds 

Bkg = 3.5⇥ 10�3cnts/(keV · kg · yr)
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• Energy resolution ~ 20 keV FWHM

 15
• 10x improvement of 82Se half-life limit
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Background Model

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

• ~44% muons 
• ~33% contaminations ZnSe crystals  
• ~17% cryostat 
• ~6% reflecting foil and holders  

BKG = 3.5 x 10-3 counts/(keV kg yr)
Eur. Phys. J. C (2019) 79 :583

CUPID-0: Background Model

• CUPID-0 Phase 2 now underway with:


• muon veto


• New copper shield


• No reflecting foils

!16



CUPID-Mo: Li2100MoO4

Eur. Phys. J. C (2017) 77:785

• Array of 20 cylindrical Li2100MoO4 crystals 


• Crystal: 44mm-diameter, 45mm high, ~0.2kg, 
enriched to 97% in 100Mo  


• Each crystal instrumented with Ge wafer 
secondary bolometer as light detector


• NTD-Ge thermistors as thermal sensors


• Crystals are surrounded by reflecting foil to 
improve light collection


• Currently operating at Modane Underground Lab 


• Q-value: 3034 keV 
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CUPID-Mo: Energy Resolution
11
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Fig. 11 Baseline resolution (FWHM) distributions for 183 (LD, run)
and 189 (LMO, run) pairs. LMO 2 and LD 3 are rejected, as are periods
with atypical noise.

Fig. 12 Sensitivity versus baseline resolution (FWHM) for the 19
LMO detectors considered in this analysis. One detector (LMO 2) is
omitted due to abnormal performance; see text.

For further analysis, we utilize a preliminary set of anal-
ysis cuts. First, periods of atypical noise and temperature
spikes of the cryostat are rejected, removing ⇠11% of the
data from the commissioning period. A large part of the loss
of livetime is caused by a suboptimal setting of the cryo-
stat suspension, and improved stability has been observed in
more recent data5. We exclude pile-up events with another
trigger in a (�1,+2) s window, require a baseline slope con-
sistent with the typical behavior of the channel, and require
both the rise-time as well as the optimum filter peak posi-
tion to be within 5 median-absolute deviations (MAD) of
the mean range as defined by the overall distribution of these
values. We further select g/b events by requiring events to

5About ⇠ 95% of the data are kept after the data quality selection since
April 2019.
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Fig. 13 Summed calibration spectrum for 19/20 Li2MoO4 bolometers.
All the major peaks have been labeled. The inset shows a fit of the 208Tl
g peak at 2614.5 keV.

have a RLY (see Sec. 3.5) within 4s of the mean amplitude
incident in a LD associated with a LMO bolometer.

The resulting calibration data are presented as a summed
spectrum in Fig. 13. The 2615 keV 208Tl resolution is 5.3 keV
FWHM estimated with an unbinned extended maximum like-
lihood (UELM) fit shown in the inset. The fit model includes
a Gaussian function and two components, a smeared step
function for multi-Compton events and a locally flat back-
ground. We note a potential bias on the resolution since we
perform the thermal gain stabilization on this gamma peak
and are in a low statistics limit. A toy Monte-Carlo (MC)
with a typical value of 20 counts per detector resulted in an
estimated bias (underestimate of the 208Tl peak width) of
0.3 keV.

In addition to the good energy resolution, we highlight
the linearity and uniformity of the data. The maximum resid-
ual between observed peak position and expected peak po-
sition in the summed calibration spectrum was 3 keV for the
1120 keV line from 214Bi. Similarly, we observe an excess
width for all g peaks of at most 5 keV due to not yet ac-
counted for individual detector non-linearities.

3.5 Performance of light-vs-heat dual readout

We estimate the RLY from events in the 2–3 MeV region,
close to the Q-value for 0nbb of 100Mo. We create a distri-
bution of light/heat energies and fit a Gaussian to this dis-
tribution to obtain the RLY µg for g/b events. We obtain
31 individual (LMO, LD) pairs comprised of 15 LMOs in
the line of sight of two LDs (minus a failed, and an under-
performing LD) and 5 LMOs with a direct line of sight to a
single LD (see Sec. 2.6).

The resulting RLYs (in keV/MeV) are listed in Table 3
and illustrated in Fig.14. The obtained RLY includes both

• CUPID-Mo data show good bolometer 
performance for the 20 detectors with good 
energy linearity and resolution 


• Energy resolution @ 2615 keV is  
6.7 keV FWHM ( with a spread of 1.9 keV)


• Extrapolating to Q-value: (7.7  +/- 0.4) keV


• Bolometers operated at ~20 mK 
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• Simultaneous UEML fit (common multi-Compton ratio 
& background, 19 individual resolutions)  

Resolution & Energy scaling of CUPID-Mo detectors
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• Expected energy resolution (FWHM) at Qbb 3034 keV: 
(7.7 ± 0.4) keV

Harm. Mean: 
6.7 keV FWHM 
Spread (RMS):  
1.9 keV

208Tl

214Bi

214Bi

214Bi

DE

228Ac
214Bi

208Tl
214Pb

Fig. courtesy of B. Schmidt (CUPID-Mo)
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CUPID-Mo: PID + Radiopurity

• CUPID-Mo data show PID based on heat-light 
signals is working well 
 > 99.9 % alpha rejection 
 >99.9 % beta/gamma acceptance 


• 238U and 232Th backgrounds in crystals


• U: ~0.5 uBq/Kg


• Th: ~0.3 uBq/kg

12

Fig. 14 Relative Light Yields for all of the Li2100MoO4 crystals. The
differences in RLY trace the expected light collection efficiencies due
to the design of the towers, see Sec. 2.5 and 2.6.

the effect of scintillation light production in the crystal as
well as light propagation to the Ge absorber, and a pattern
that is dominated by the latter effect emerges. Li2100MoO4
crystals on the top of the towers with a reflective copper cap
at the upper side and a single LD at the bottom, observe
the highest RLYs with a median value of 0.90 keV/MeV.
In addition a ⇠0.1 keV/MeV difference is observed in light
collection between the top (0.74 keV/MeV) and the bottom
(0.64 keV/MeV) LDs. This effect is a result of a protrusion
that is part of the crystal support, which acts as an aperture
for downward going light. The obtained results are consis-
tent with previous observations [28,29]. The summed light
collected from two adjacent LDs is the closest estimate we
have for ideal light collection. It is as high as 1.44 keV/MeV
with a median value of 1.35 keV/MeV. The uncertainty for
individual RLY estimates has been quantified from the spread
in RLY estimates of three distinct 60Co plus 208Tl datasets.
We observed a ⇠4% spread around the mean (RMS), with a
maximum deviation of 16% for a single detector.

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

Taking into account the measured RLY (Table 3) and the
LD performance (Table 2), all detectors achieve better than
99.9% discrimination of a events (see sec. 3.6) with a typ-
ical example of the discrimination power given in Fig. 15.
The preliminary g/b selection by RLY (blue) defined before
eliminates a significant population of a events with ⇠20%
of the RLY of g/b events and a few remaining events at
higher light yield than expected (red). This particular crystal
is characterized by the highest contamination level of 210Po
with ⇠ 0.5 mBq/kg and hence best exemplifies the alpha
discrimination power achieved for a scintillating bolometer
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Fig. 15 Light yield versus heat signal scatter-plot using 11 days of
physics data from LMO 1. The presented detector has the highest 210Po
contamination to illustrate best the distributions of a and g events and
the scintillation light quenching for a events.

with typical performance values of 0.67 keV/MeV RLY and
0.18 keV FWHM

Noise

of a coupled LD. We observe that the
210Po a events misreconstructed at ⇠7% higher energy at
5.8 MeV instead of 5.4 MeV. This shift is much larger than
nonlinearities in the g region would suggest, but we note
that a similar difference in the detector response for a parti-
cles has been observed previously with lithium molybdate
based detectors [28,29]. Events at higher light yield than
g/b events can be observed due to noise spikes and mis-
reconstructed amplitude estimates in the LD, as well as due
to close b contaminations with a coincident g depositing en-
ergy in the Li2100MoO4 crystal.

We estimate a scintillation light quenching of a-particles
with respect to g/b particles of (19.7±1.0)% across the de-
tectors (see Table 3). These results are also within expecta-
tions for this scintillation material [28,29,18].

3.6 Extrapolated a discrimination of Li2100MoO4
scintillating bolometers

We systematically evaluate the a discrimination level fol-
lowing Refs. [52,28,29] and report the discrimination of a
versus g/b events in terms of the discrimination power (DP)
at the Q-value for 0nbb in 100Mo

DP =
µg �µaq
s2

g +s2
a

. (1)

The parameters in the definition of the DP are the mean
RLYs µa , µg for a and g/b events respectively, and resolu-
tions sa , sg . We obtain detector based values µa = QFa ·
µg from the measured µg and approximate the very uni-
form light quenching of a events with QFa = 0.2 (see Table

• https://arxiv.org/abs/1909.02994
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• Exposure: 0.5 kg*yr (~2 month)
~5 times the LUMINEU Li2MoO4 statistics

• 100Mo with shortest T1/2 of all 2nbb isotopes: (6.90 ± 0.15 (stat.) ± 0.37 (syst.)) * 1018 yr
Spectrum dominated by 2nbb decay above ~ 500 keV (expected)
(new 2nbb half-live evaluation in preparation)
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3 Overview of the experiment

3.1 CUPID detector concept

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

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

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

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

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

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

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

– The heat channel features rise-times (from 10% to 90% of the signal maximum) of ⇠ 15–30 ms and
decay-times (from 90% to 30% of the signal maximum) of ⇠ 100–500 ms, depending on the detector
and on the operation temperature.
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Figure44:GeometryoftheCUPIDdetectorarray
withcylindricalcrystalsimplementedintheCUORE
Geant4simulationsoftware.

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

•Array of ~1500 Li2100MoO4  scintillating bolometers enriched 
to >95% in 100Mo, ~250kg of 100Mo


•Reuse CUORE Cryogenic Infrastructure


•PID using scintillation signal


•External muon veto

8 Phased Deployment

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

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

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

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

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

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

Parameter CUPID Baseline CUPID-reach CUPID-1T

Crystal Li2100MoO4 Li2100MoO4 Li2100MoO4

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

Containment e�ciency 79% 79% 79%
Selection e�ciency 90% 90% 90%
Livetime (years) 10 10 10
Half-life exclusion sensitivity (90% C.L.) 1.5 ⇥ 1027 y 2.3 ⇥ 1027 y 9.2 ⇥ 1027 y
Half-life discovery sensitivity (3�) 1.1 ⇥ 1027 y 2 ⇥ 1027 y 8 ⇥ 1027 y
m�� exclusion sensitivity (90% C.L.) 10–17 meV 8.2–14 meV 4.1–6.8 MeV
m�� discovery sensitivity (3�) 12–20 meV 8.8–15 meV 4.4–7.3 meV
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Figure 44: Geometry of the CUPID detector array
with cylindrical crystals implemented in the CUORE
Geant4 simulation software.

Figure 45: Breakdown of the
CUPID �/� counting rate
predicted by the BM in the
100Mo ROI. Here, the base-
line configuration is consid-
ered. As discussed in the
text, the substitution of the
reflective foil with a reflective
coating on Li2MoO4 crys-
tals would dramatically re-
duce both the U and Th con-
tributions of crystals (here
dominated by surface con-
taminants) and that of the
reflector itself.
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CUPID Background Model

CUORE 
background model

Characterize gamma-
induced background

from Cryogenic system 
aka ‘far sources’

• Data-driven background model

Model is fit to CUORE 
data

+

CUPID-0 
background model

7

CryoExt

CryoInt

IntPb

Holder

Crystals &
Reflectors

Fig. 3 Graphic view of the CUPID-0 experimental setup as modeled in Geant4 with the Arby toolkit. External lead and
neutron shield are included in the MC but not represented here.

To model the cryostat and its shielding we take as ref-
erence the scheme developed for the CUORE-0 back-
ground model [10], implementing the geometry changes
made in CUPID-0. Concerning particle generation, we
group together the components that are made of the
same material (and thus share equal contaminant con-
centration) or that cannot be disentangled as they pro-
duce degenerate spectra, given the counting statistics
of the experimental data. In Fig. 3 we show the geome-
try of CUPID-0 cryostat and detector as implemented
in Arby. The neutron and modern lead (ExtPb) exter-
nal shields, even if not represented in the figure, are
implemented in MC simulations as well (for a detailed
scheme and description of these shields see Ref. [10]).
The cryostat components where the background sources
are generated are the following:

– the Cryostat External Shields (CryoExt) include the
Inner Vacuum Chamber (IVC), the super-insulation
layers, the Outer Vacuum Chamber (OVC), and the
main bath, whose spectra are degenerate;

– the Cryostat Internal Shields (CryoInt) group the
600 mK and the 50 mK shields, that are made of
the same copper;

– the Internal Lead Shield (IntPb) is inserted between
the IVC and the 600 mK shield and is made of low
background ancient Roman lead.

The CUPID-0 detector itself, reconstructed with high
detail in MC simulations, is made of three main com-
ponents where the background sources are generated:

– the Holder is the supporting structure for the detec-
tors and is made of a special copper alloy (NOSV
copper produced by Aurubis company) suitable for
cryogenic use and cleaned according to protocols de-
veloped in CUORE [31];

– the Crystals are ZnSe cylinders with heights and
positions mirroring the real experimental setup;

– the Reflectors are the foils laterally surrounding the
crystals. This component is also used to account
for the minor contribution from light detectors (see
Tab. 1), from the amount (< 15 cm2/crystal) of cop-
per surface directly facing the edges of ZnSe crys-
tals, and from the other small parts close to the
crystals (PTFE spacers, NTDs, and wires), whose
spectra are degenerate with those of reflecting foils.

5 Background model

In the construction of a background model, the crucial
step is selecting a representative list of sources for fit-
ting the experimental spectra. The analysis of ↵ and �
lines presented in Section 3 allows to identify the most
relevant sources to be included in the model. Along-
side these sources, there are other contaminations not
producing prominent signatures and whose location (or
even emitting isotope) cannot be determined with cer-
tainty. In this case, the use of all possible sources in-
troduces too many degrees of freedom in the fit and
produces highly correlated results. To avoid this draw-
back, that would mask the precision of the results, we

Characterize background 
after alpha-rejection, 
beta-gamma background 
from ‘near sources’

Model is fit to CUPID-0 
data

+

Assumptions on Li2MoO4 
performance (now 
verified with CUPID-Mo)

U/Th bkg levels 

Energy resolution

PID performance 

Pulse timing for pile-up 
rejection 
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Figure 39: CUORE experimental data (filled histogram) and BM reconstructed contributions. Left – the
cryostat/shields (red) and cosmogenic muons (blue) contribute only through their � emission. Right –
the reconstructed �/� contribution of the detector, mainly due to the copper infrastructure.
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Figure 40: Breakdown of the �/� count rate in the 100Mo 0⌫�� region for CUORE (left) and for CUPID-0
(right). The main contributions identified by the respective BMs are shown. The integration region is
3000-3200 keV for CUORE and 2800-3200 keV for CUPID-0. In the case of CUPID-0, the 2⌫�� 82Se
contribution is not included in crystal contribution. A time-veto cut is applied both to data and to
simulations in order to reject the 208Tl induced background.

7.2.2 CUPID-0 background model

CUPID-0 detectors are ZnSe scintillating bolometers that allow particle identification. In the BM, the
spectra due to pure ↵ and pure �/� events are separated both in the simulations and in the data. Particle
identification becomes weaker below 2 MeV, a region dominated by �/� and in particular by the 2⌫��
of 82Se. Therefore all events below 2 MeV are included in the �/� spectrum. The same kind of cut is
applied on all the simulations used in the BM. Fig. 41 shows the reconstructed contribution of the ↵ and
�/� component (left) and the e↵ect of a delayed coincidence cut (right). This cut e�ciently removes the
�/� contribution due to the 232Th contamination of ZnSe crystals, which is particularly high in CUPID-0
(about 10 µBq/kg [30]). Details of the CUPID-0 background model can be found in [121].

Fig. 42 shows the CUPID-0 spectrum after ↵ particle rejection and delayed coincidence cut as com-
pared with the reconstructed contribution. Fig. 40 (right panel) shows the breakdown of the CUPID-0
counting rate predicted from the BM in the 2800-3200 keV region (only �/� contribution). The delayed
coincidence cut is applied both to the data and to the simulations.
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Figure 41: CUPID-0 BM reconstruction of the ↵ and the �/� components before (left panel) and after
(right panel) the delayed coincidence cut. Figures reprinted from [121].
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Figure 42: CUPID-0 experimental data (filled histogram) after ↵ particle rejection and delayed coinci-
dence cut The left panel shows the reconstructed contribution of the cryostat (red) and the cosmogenic
muons (blue). The right panel shows the reconstructed contribution of the detector, mainly coming from
the ZnSe crystals, reflecting foil, and holder.

7.3 Background in CUPID-Mo demonstrator

Multiple tests with enriched Li2MoO4 scintillating bolometers were performed at LSM and the LNGS.
The tests allowed us to evaluate the background contribution of the crystals and set-up. At this stage,
one of our top priorities is the evaluation of the radioactive contamination in the Li2MoO4 crystals and
its expected contribution to the CUPID background.

We measured the radioactivity in the crystal bulk using the ↵ spectra obtained in a measurement
campaign with four enriched Li2MoO4 detectors (enrLMO-1, enrLMO-2, enrLMO-3, and enrLMO-4) and
about 10 kg·d exposure [39] [109] [126]. Figure 43 shows the energy spectra in two enriched Li2MoO4

crystals
Only the peak from 210Po is observed, therefore upper limits have been set for the other radionuclides

in the 238U and 232Th decay chains. The measured activity of 210Po is between 20 mBq/kg and 450
mBq/kg, depending on the crystal. However, 210Po is not a potential source of background since it has
no associated �s or �s with high enough energies to produce events in the ROI. Table 8 gives the measured
radioactivity levels in the bulk of Li2MoO4 crystals.

7.4 Predicted CUPID backgrounds

In this section we discuss the CUPID background budget assuming the following geometry for the array:
118 towers with 13 Li2MoO4 crystals each. The crystals are cylinders with 5 cm height and diameter,
face a Ge Light Detector (LD) on their top and bottom, and are surrounded by a 70 µm thick reflecting
foil on the side. The array is enclosed in a copper vessel that, just as in CUORE, acts as 10 mK thermal
shield. Crystals and LDs are held by ring-shaped copper frames as in CUPID-0 [30]. In the following we
will refer to these copper parts as to the “holder.” The cryogenic infrastructure and the radiation shield
system is the same as in CUORE.
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Figure 44: Geometry of the CUPID detector array
with cylindrical crystals implemented in the CUORE
Geant4 simulation software.

Figure 45: Breakdown of the
CUPID �/� counting rate
predicted by the BM in the
100Mo ROI. Here, the base-
line configuration is consid-
ered. As discussed in the
text, the substitution of the
reflective foil with a reflective
coating on Li2MoO4 crys-
tals would dramatically re-
duce both the U and Th con-
tributions of crystals (here
dominated by surface con-
taminants) and that of the
reflector itself.
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Table 8: Radiopurity in the bulk of 100Mo enriched Li2MoO4 crystals. Uncertainties are given at 68%
CL and upper limits at 90% CL.

Activities enrLMO-1 enrLMO-2 enrLMO-3 enrLMO-4 Ref
[µBq/kg] 186 g 204 g 213 g 207 g

232Th <3 <11 [39]
228Th <4 <6 <3 <5 [109]

238U <5 <11 [39]
234U <7 <11 [39]
230Th <3 <11 [39]
226Ra <6 <11 <3 <9 [109]
210Po 450±30 200±20 76±10 20±6 [109]

235U <5 <6 [39]
231Pa <3 <6 [39]
227Ac <5 <6 [39]

40K 800±300 800±300 800±300 800±300 [126]

190Pt <3 <11 [39]

Table 9: Radiopurity levels assumed in the CUPID background model for close materials.

Material 238U 232Th Reference

Li2MoO4 bulk [µBq/kg] 10 3 Sec. 7.3
Li2MoO4 surface 10 nm [nBq/cm2] 3 2 [125]
Li2MoO4 surface 10 µm [nBq/cm2] 0.8 <0.03 [125]
Reflecting foil surface 10 µm [nBq/cm2] 8.7 <0.7 Sec. 7.2.2
Cu bulk [µBq/kg] <10 <2 [125]
Cu surface 10 µm [nBq/cm2] 14 5 [125]

contamination of 10 µBq/kg in 238U and 3 µBq/kg in 232Th.

– For the surface of the Li2MoO4 crystals, since we do not have a sensitive measurement on the
Li2MoO4 crystals themselves, we assume the same activity measured in CUORE-0. A surface
contamination is characterized not only by the contaminant concentration but also by the way the
contaminant is distributed in the contaminated layer. As discussed in Ref. [125], a measurement of
the density profile of surface contamination is not easy. However, experimental results in CUORE-0
(as well as in CUORE and in CUPID-0) can be satisfactorily reproduced assuming two di↵erent
depths: 10 nm and 10 µm [125]. We do the same in our CUPID background model.

– For the reflecting foil, we use the results of CUPID-0 BM. Indeed, direct measurements (ICPMS and
Bi-Po tracked in a scintillation detector) bound the activities of 238U and 232Th progenitors; the
lowest part of the chain is bounded only in the case of 232Th. CUPID-0 data proves the existence of
contamination coming from the reflecting foil. This contamination is observed from its ↵ emission.
The BM attributes it to a 226Ra (238U chain) contamination. This is equally well represented by a
bulk or by a surface contamination of the foil, as expected given the thickness of the material. The
alternative hypotheses, namely that ↵s are due to a 210Po contamination (therefore attributable to
an excess in the 238U chain of the 210Pb isotopes and its daughters), is moderately rejected by the
fit.

– For the copper holder, we use the surface and bulk contamination measured for the same material
in CUORE-0 [125].

It is clear from Fig. 45 that the two most critical contribution are those coming from the reflecting foil
and from the surfaces of crystals. Removing the reflecting foil will likely allow us to get rid of both these
two contributions. In one case, it’s because the background source is removed (the reflective foil). In the
other, it’s because the e�ciency of coincidence cut will be improved (since crystals will face each other
without an inert material interposed in between them).
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•Very conservative assumptions in baseline pre-
conceptual design 


•Data from CUPID-Mo show 10x better radiopurity 
than assumed 


•Improvements in pile-up possible with faster sensors 


•Replace or remove reflective foil 

https://arxiv.org/abs/1907.09376
CUPID preCDR

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

CUORE CUPID-0 Li2MoO4 assumptions

CUPID pre-CDR Background Budget
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AMORE

• Advanced Mo-based Rare process Experiment 


• Project to search for neutrino less double beta decay of 
100Mo using cryogenic scintillating bolometers, i.e 
depl.Ca100MoO4 or Li2100MoO4 based in YangYang Lab in Korea


• Temperature sensor: Metallic Magnetic Calorimeter 

Magnetization of 
paramagnetic

alloy depends on 
temperature  

Read out with a 
SQUID

Scintillating

Crystal

Ge-wafer

(light sensor)

MMC

MMC

Phonon sensor

Figs. courtesy Yong-Hamb Kim (AMORE) 23



AMORE-Pilot

10

Fig. 5 Scatter plot of the light yield vs energy deposited in the phonon channel for one crystal. The b/g band
and the a clusters are clearly separated, as labelled in the figure.

Figure 4 shows shapes of g peaks with energies 609, 1332 and 2615 keV in the data
accumulated with one of the 48deplCa100MoO4 detectors. The 1332 keV peak originated
from 60Co in the outer vacuum chamber. The solid curves are the fits of the energy (E)-
dependent model function of the detector response to mono-energetic g-rays in the presence
of exponential backgrounds:

f (E;A,µ,s ,l ,a,b) =

x · fEMG(E; µ,s ,�l )+a · exp(�b ·E) .
(7)

Here fEMG(E; µ,s ,�l ) is an exponentially modified Gaussian with a mean µ , standard
deviation s and negative exponential component �l :

fEMG(E; µ,s ,�l ) =� lp
p

exp

 
� l

2

⇣
2µ �ls

2 �2E

⌘!Z •

E

exp(�t

2)dt , (8)

where x is the signal strength parameter, and a and b are parameters from an exponential
representation of the continuous background. The EMG function is used to model the low
energy tails of g and a peaks caused by incomplete phonon collection in the detectors. The
skewness 1/l was set to be proportional to the mean (µ) of the model function. Fits using
this prescription to many peaks with a single value for E/l give good fits to the measured
peaks for all the crystals and is in the model function for 0nbb events.

4 Event Selection

We used a variety of event selection methods to improve the signal to background ratio in
the ROI. The selection criteria are based on operational status, event-by-event identification,
and coincidence tagging.

The operational status selection excludes the data-taking periods where measurements
were inactive or unstable. The rejected periods include times for system maintenance, cali-
bration, and periods of excessive noise and sensor instabilities; and dominate the total dead-
time, resulting in a live-time that is 84% of the total data-taking time interval.

The event-by-event identification selection criteria discriminate b/g-induced events from
other background signals: a-induced signals; SQUID resets, which appear as a sudden
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Fig. 7 The energy spectra gathered by 48deplCa100MoO4 detectors with the 111 kg·d exposure in the ROI
before and after applying coincidence tagging techniques. Each spectrum represents the result after the cut
criterion overlaying the previous accumulation. The solid green line is the fitted response function describing
the flat background and the excluded 0nbb peak corresponding to the 90% confidence level (C.L.) limit of
T

0n

1/2 > 9.5⇥1022 y. (Colour figure online)

reject background events from internal 208Tl b decays, which have a Q value of 4999 keV,
by tagging the prior 6207 keV emission from the associated a decay of 212Bi. The time
between the two decays is characterized by 3.05-minute half-life of 208Tl b decay and, thus,
a veto-time of 30 minutes was set following the 212Bi a detection. This dead time only
applies to a single crystal. The good energy resolution and identification capabilities of the
crystals allowed the 212Bi events to be tagged with high specificity. With this method, the
208Tl rejection efficiency in the ROI was 97.5%. In the present analysis, the dead time from
the 30 minute 212Bi tagging was 1.7%, as indicated in Table 3. Since the phonon signal
duration is approximately 1 s, we applied a trigger dead time of 1 s for each of the triggered
events. The exposures that survived each event selection requirement are summarized in
Table 3.

The energy spectrum in the 2850�3150 keV ROI for the 111 kg·d exposure that remains
after the application of the event selection requirements and coincidence tagging vetoes
is shown in Figure 7. The spectrum shape of the 50 events in the plot is approximated
by a linear background function plus the EMG function for the 0nbb peak. The width of
this energy region was chosen to cover the total response function for 0nbb events while
avoiding the influence of the 2615 keV 208Tl peak.

The systematic errors associated with the exposure include the uncertainties of mass
measurement and 100Mo content estimations. The crystals were weighed with a precision
of ± 0.5 g. The 100Mo content was determined to range from 95.0% to 97.0% (±0.2%)
by a series of ICP-MS measurements for the raw materials used for the crystals produc-
tion. The systematic uncertainty for the 100Mo content corresponds to an almost negligible
± 0.057 kg·d.

111 kg·day exposure
0.55 ckky bkg.
T0ν >  1×1023 y

• 6 depl.Ca100MoO4 crystals  
• 95% enrichment in 100Mo  

• Demonstrate excellent PID 
based on heat/light signal

• Energy resolution: 
~10keV FWHM 
@2615 keV

Figs. courtesy Yong-Hamb Kim (AMORE) 24



AMORE Program

Pilot AMoRE-I AMoRE-II
Mass 1.9 kg ~6 kg ~200 kg

Channels 12 36 1000
Bkg. Goal (ckky) 0.01 0.0015 0.0001

Sensitivity(T1/2) (year) ~1024 ~1025 ~5×1026

Sensitivity(mee)  
(meV)

380-640 120-200 17-29
Location Y2L Y2L New Lab
Schedule 2017-2018 2019~ 2021~

Pilot AMORE-I AMORE-II

Both CaMoO4 and Li2MoO4

Figs. courtesy Yong-Hamb Kim (AMORE)  25



Conclusions & Acknowledgements
• CUORE (742 kg TeO2 array) shows it is possible to operate a large array of macro 

bolometers at ultra-low cryogenic temperatures

• Small (~20 detector) pilot experiments using scintillating bolometer arrays have made 
tremendous progress (CUPID-0, Lumineu, CUPID-Mo, AMORE-pilot) 

• Li2100MoO4 scintillating bolometers enriched in 100Mo is the baseline choice for CUPID 
which aims for discovery sensitivity of mbb: 12~20 meV

• The AMORE program aims for similar sensitivity with 100Mo-based bolometers, exploring 
both depl.Ca100MoO4 and Li2100MoO4

• An attractive feature of scintillating bolometers is flexibility of target isotope: ZnSe, CaWO4, 
CdWO4 show promise.  

• Innovative R&D on detector technologies should continue. If (when) discovery is made, 
there will be a need to confirm and explore in other nuclei 

Many thanks the CUORE, CUPID, CUPID-0, CUPID-Mo and 
AMORE collaborations for providing material for this talk
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CUORE: Lineshape and energy resolution

  

Energy resolution

Get lineshape from 2615 keV line in 

calibration data

Main peak parametrized with sum 

of 3 Gaussians

Average FWHM @2615: 8.1 keV

Fit background with same lineshape 

to get resolution scaling

11Stefano Pozzi Taup 2019, 8-14 Sep 2019, Toyama (Japan)
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Exposure: 369.9 kg yr
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Blinding procedure
• To blind we randomly move a 

fraction of events from +/- 20 keV 
of 2615 keV to the Q-value and 
vice versa 

• Blinding produces an artificial 
peak around the 0νDBD Q-value 
hiding the real 0νDBD rate of 
130Te  

• This method avoids introducing  
discontinuities in the spectrum 

• When all data analysis 
procedures are fixed the data are 
eventually unblinded

Qββ
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Event selection: efficiencies

Detection Efficiency (95.958 +/- 0.003)%

Anti-coincidence (98.954 + 0.151 -0.161) %

Pulse shape analysis (92.037 +/- 0.108)%

All cuts except containment (87.412 ± 0.175) %

0vββ containment (88.350 ± 0.090) %

Event selection occurs after periods of low-quality data (~1% of the total live time) 
are removed.
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CUPID: Li2100MoO4

• LMO alpha/beta discrimination using heat and light signals

Figs. Courtesy of Andrea Giuliani, CSNSM, Saclay 

 31



  

Stefano Pozzi Taup 2019, 8-14 Sep 2019, Toyama (Japan)
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CUORE Median Expected Sensitivity
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8 Phased Deployment

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

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

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

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

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

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

Parameter CUPID Baseline CUPID-reach CUPID-1T

Crystal Li2100MoO4 Li2100MoO4 Li2100MoO4

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

Containment e�ciency 79% 79% 79%
Selection e�ciency 90% 90% 90%
Livetime (years) 10 10 10
Half-life exclusion sensitivity (90% C.L.) 1.5 ⇥ 1027 y 2.3 ⇥ 1027 y 9.2 ⇥ 1027 y
Half-life discovery sensitivity (3�) 1.1 ⇥ 1027 y 2 ⇥ 1027 y 8 ⇥ 1027 y
m�� exclusion sensitivity (90% C.L.) 10–17 meV 8.2–14 meV 4.1–6.8 MeV
m�� discovery sensitivity (3�) 12–20 meV 8.8–15 meV 4.4–7.3 meV
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Figure 47: Discovery sensitivity for a selected set of next-generation ton-scale experiments. The grey
shaded region corresponds to the parameter region allowed in the Inverted Hierarchy of the neutrino
mass. The red error bars show the m�� values such that an experiment can make at least a 3� discovery,
within the range of the nuclear matrix elements for a given isotope. Parameters of the CUPID detector
are listed in Table 10. The parameters of the other experiments are taken from Refs. [157–159].

sensitive exposure, the sensitivity on m�� of a given experiment has a width that depends on the NME
for the corresponding isotope, which is represented by the two lines in the figure. For each isotope, we
used the phase space factors from Ref. [142], and all NMEs available in literature [143–155]. The band
for 100Mo is narrower than for the other isotopes due to the lack of NMEs computed with the interacting
shell model. A dedicated calculation was requested by the CUPID collaboration and is ongoing [156].
Fig. 47 immediately shows a viable strategy for CUPID: even with a relatively small isotope mass, we
can cover most of the region allowed in the inverted ordering (IO) even for the largest NME values.

Alternatively, we can consider the case in which the 0⌫�� decay is mediated by currently unknown
heavy neutrino(s) predicted by several extensions of the Standard Model (SM) [141]. These possibilities
have an increasing appeal because they o↵er more natural explanations for the mass of the known neutri-
nos, which can be obtained within the SM only assuming an extremely small coupling to the Higgs boson.
The common drawback of these models is the dependence on various assumptions and the presence of
additional parameters in the theory. An additional motivation for the study of 0⌫�� decay mediated by
heavy neutrinos is given by several independent measurements that favor the normal ordering. In parallel,
the cosmological measurements are putting increasingly stronger bounds on the sum of neutrino masses,
making the degenerate region unlikely. If this scenario is confirmed, the expected value of m�� can be
considerably smaller than in the IO. On the other hand, if next generation experiments find 0⌫�� decay
with half-lives shorter than predicted by light neutrino exchange and normal ordering, the exchange of
heavy neutrinos must be involved. The new physics term of Eq. 2 is:

|f | = M�� =

����

P
i V

2
eiMi

p2 � M2
i

���� , (4)

where the sum runs over the number of heavy neutrinos introduced by the SM extension under consider-
ation, V is an extended version of the PMNS mixing matrix that comprises the heavy neutrino(s), Mi are
the heavy neutrino mass eigenvalues, and p is the momentum exchanged in the reaction (p ⇠ 200 MeV).

We consider one of the several possible models as an example, which involves the exchange of an
additional single heavy neutrino [160]. The discovery of 0⌫�� decay would give a measurement of the
new term in Eq. 4, corresponding to a line in the (Mi, Vei) plane shown in Fig. 48. In this hypothesis,
CUPID has a discovery sensitivity superior by an order of magnitude to the current limit by GERDA.
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CUPID Scenarios 
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B. Schmidt Toyama, TAUP 2019 - 09/11/2019

CUPID-Mo - Outlook

• Now: accumulated > 1 kg*yr of physics data

• T1/2 > 3*1023 yr at 90% C.L with
~0.5 kg*yr exposure (~0.27 kg*yr of 100Mo), 81% signal acceptance

14

• Confirmed: Bolometric performance & 
reproducibility, exceeded expectations
for radiopurity (bulk)

• Next: Use Geant4 MC and data to build a 
detailed background model

• Introduce data blinding

• Optimize 0nbb analysis cuts

• Goal: Reach > 2 kg * yr of physics
exposure, ~6 month with
19/20 detectors, 
90% analysis efficiency
75% 0nbb containment 

NEMO 3 limit (~ 7 kg 100Mo , 5 yr) 
Phys. Rev. D  92(2015) 072011
T1/2 > 1.1 x 1024 yr

CUPID-Mo accumulated
Analyzed – 0.5 kg*yr

CUPID-Mo: NLDBD Sensitivity

Slide courtesy of B. Schmidt and CUPID-Mo collaboration
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