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Outline

• Neutrinoless Double beta decay  

• The CUORE Experiment 

• A new experiment in development: CUPID
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ν-oscillations tell us the mass-squared splittings 
solar matter effects tell us sign of dm221  

• What is the absolute offset from zero ?
• Sign of dm223 (Hierarchy)
• Are neutrinos Majorana particles?

Normal Inverted ?
Hierarchy

?
Mass Scale 

26

three-flavor analysis of the KamLAND and solar data described in Chapter 7 provides
an upper bound on sin2 θ13 which is consistent with existing limits. This unknown
parameter is currently under investigation at next generation short-baseline reactor
experiments and at accelerator neutrino experiments searching for electron-neutrino
appearance in νµ-beams [37, 38].
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Figure 1.12: Neutrino mass spectra allowed by neutrino oscillation data, the left
spectrum is called normal hierarchy, the right is called inverted hierarchy. This figure
reproduced from at www.hitoshi.berkeley.edu/neutrino.
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Figure 2.3: Feynman diagrams for (a) two-neutrino double beta decay and (b)
neutrinoless double beta decay mediated by light neutrino exchange. Figure from
Ref. [25].

double beta decay was first considered by Raccah in 1937 [27] soon after Majo-
rana put forward his symmetric theory of particles and antiparticles. The first
calculations of the rate for 0⇥�� decay, performed by Furry [28], yielded a much
faster rate than for 2⇥�� decay, which prompted initial interest in experimental
detection of 0⇥�� decay. However, at that time the chiral nature of the weak
interaction was not yet known so a severe suppression of the 0⇥�� rate, discussed
below, was not incorporated in the calculations.

Neutrinoless double beta decay is forbidden in the Standard Model since it
manifestly breaks lepton number conservation (and B � L). Of course lepton
number conservation is broken anyway if neutrinos are Majorana particles. Feyn-
man diagrams for 2⇥�� and 0⇥�� decay are shown in Fig. 2.3. The 2⇥�� diagram
contains only Standard Model interactions. The 0⇥�� diagram requires only the
known V � A interactions in addition to a massive Majorana neutrino. One can
think of the virtual neutrino in the diagram as being produced as an antineutrino
(equal to a neutrino since it is Majorana) at one vertex and absorbed as a neu-
trino at the other vertex. In addition to the Majorana equivalence of neutrino
and antineutrino, a nonzero neutrino mass is required to flip the helicity since
antineutrinos are right-handed and neutrinos are left-handed. The helicity flip
and the smallness of the neutrino mass cause the rate of 0⇥�� decay, if it occurs
at all, to be much lower than the rate of 2⇥�� decay.

The rate of 0⇥�� decay driven by the exchange of light Majorana neutrinos is
given to a good approximation by [25]

1

T 0⇥��
1/2

= G0⇥(Q, Z)|M0⇥ |2 m2
��, (2.1)

where G0⇥(Q, Z) is a phase space factor proportional to Q5, M0⇥ is a nuclear

state is always Iπ = 0+. The ββ decay rate is a steep function of the energy carried by the outgoing leptons
(i.e. of the decay Q-value). Hence, transitions with larger Q-value are easier to observe. For this reason
in Table 1 I list all candidate nuclei with Q values larger than 2 MeV that are particularly well suited for
the study of the ββ decay.

There has been a significant progress recently in the accuracy of the atomic mass determination using
various trap arrangements. In many cases the Q-values are determined with accuracy better than 1 keV,
making the search for the all important 0νββ decay mode easier; in Table 1 these more recent Q-value
determinations are shown, together with the corresponding references.

In both modes of the ββ decay the rate can be expressed as a product of independent factors that
depend on the atomic physics (the so called phase-space factors G0ν and G2ν) that include also the Q-value
dependence as well as the fundamental physics constants, nuclear structure (the nuclear matrix elements
M0ν and M2ν), and for the 0νββ mode the possible particle physics parameters (the effective neutrino
mass 〈mββ〉 in the simplest case). Thus

1

T 0ν
1/2

= G0ν |M0ν |2|〈mββ〉|2 ;
1

T 2ν
1/2

= G2ν |M2ν |2 . (2)

Table 1: Candidate nuclei for ββ decay with Q > 2 MeV

Transition Q-value Ref. (G2ν)−1 (G0ν)−1

(keV) (y × MeV−2) (y × eV2)
48
20Ca → 48

22Ti 4273.6± 4 7) 9.7 ×1016 4.1×1024

76
32Ge → 76

34Se 2039.006 ± 0.050 8) 2.9×1019 4.1×1025

82
34Se → 76

36Kr 2995.50 ± 1.87 7) 8.8×1017 9.3×1024

96
40Zr → 96

42Mo 3347.7 ± 2.2 7) 2.0×1017 4.5×1024

100
42 Mo → 96

44Ru 3034.40 ± 0.17 9) 4.1×1017 5.7×1024

110
46 Pd → 96

48Cd 2017.85 ± 0.64 10) 9.6×1018 5.7×1025

116
48 Cd → 116

50 Sn 2813.50 ± 0.13 11) 4.8×1017 5.3×1024

124
50 Sn → 124

52 Te 2287.80 ± 1.52 7) 2.3×1018 9.5×1024

130
52 Te → 130

54 Xe 2527.01 ± 0.32 12) 8.0×1017 5.9×1024

136
54 Xe → 136

56 Ba 2458.7 ± 0.6 13) 7.9×1017 5.5×1024

150
60 Nd → 150

62 Sm 3371.38 ± 0.20 14) 3.2×1016 1.3×1024

The values of G0ν and G2ν are also listed in Table 1. The entries there are taken from Ref. 6), and
are not corrected for the small changes in Q and gA since that time. Also, since by convention the nuclear
matrix elements M0ν are dimensionless, the nuclear radius appears in them as a multiplicative factor. To
compensate for it, the phase-space factor G0ν is proportional to R−2, where R = r0 × A1/3 is the nuclear
radius. In Table 1 the value r0 = 1.2 fm was used. (Note that, obviously, the values of the phase-space
factors depend on the convention used for r0 and gA. One has to keep that issue in mind when using the
Eq. (2) to relate the half-lifes and nuclear matrix elements (see e.g. 15,?)).)

Double beta transitions are possible and potentially observable because nuclei with even Z and N are
more bound than the odd-odd nuclei with the same A = N + Z. A typical example is shown in Fig. 1.
With one exception, all nuclei in Table 1 have an analogous mass pattern. The one exception is 48Ca
where the intermediate nucleus 48Sc can be in principle reached by the β− decay of 48Ca with Q= 278
keV. However, the ground state of 48Sc is 6+ and the first excited state at 131 keV is 5+. β decays with a
large nuclear spin change are heavily suppressed; in this particular case the β− decay of 48Ca has not been
observed as yet, while the 2νββ decay has been observed.

The two-neutrino mode (2νββ) is just an ordinary beta decay of two bound neutrons occurring simul-
taneously since the sequential decays are forbidden by the energy conservation law. For this mode, clearly,

2

Phase space factor

Nuclear matrix element

half-life

 half lives ~1019-1021 years ! 

2νββ

• First studied by Goeppert-Mayer in 1935  
• Simultaneous decay of 2 neutrons in a nucleus 
• Second-order weak process, allowed in SM 
• Observable only if ‘ordinary’ beta decay is inhibited 
• Directly observed in ~12 nuclei 

Double-Beta Decay
e-

e-

⌫̄
⌫̄
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0νββ

13. Neutrino mixing 17

the outgoing electrons. The 0νββ amplitude is then a sum over the contributions of the
different νi. It is assumed that the interactions at the two leptonic W vertices are those
of the SM.

Figure 13.6: The dominant mechanism for 0νββ. The diagram does not exist
unless νi = νi.

Since the exchanged νi is created together with an e−, the left-handed SM current that
creates it gives it the helicity we associate, in common parlance, with an “antineutrino.”
That is, the νi is almost totally right-handed, but has a small left-handed-helicity
component, whose amplitude is of order mi/E, where E is the νi energy. At the vertex
where this νi is absorbed, the absorbing left-handed SM current can absorb only its
small left-handed-helicity component without further suppression. Consequently, the
νi-exchange contribution to the 0νββ amplitude is proportional to mi. From Fig. 13.6,
we see that this contribution is also proportional to U2

ei. Thus, summing over the
contributions of all the νi, we conclude that the amplitude for 0νββ is proportional to the
quantity

∣∣∣∣∣
∑

i

mi U2
ei

∣∣∣∣∣ ≡ | < mββ > | , (13.33)

commonly referred to as the “effective Majorana mass for neutrinoless double-beta
decay” [42].

To how small an | < mββ > | should a 0νββ search be sensitive? In answering this
question, it makes sense to assume there are only three neutrino mass eigenstates — if
there are more, | < mββ > | might be larger. Suppose that there are just three mass
eigenstates, and that the solar pair, ν1 and ν2, is at the top of the spectrum, so that we
have an inverted spectrum. If the various νi are not much heavier than demanded by the
observed splittings ∆m2

atm and ∆m2
", then in | < mββ > |, Eq. (13.33), the contribution

of ν3 may be neglected, because both m3 and |U2
e3| = s2

13 are small. From Eqs. (13.33)
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Double beta decay 

•  Neutrinoless double beta decay  
–  The nature of neutrinos, Dirac or Majorana 
–  lepton number violation 

•  Extremely rare events T > 1024 year. 
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matrix element, and m⇥⇥ is the e⇥ective Majorana mass defined as

m⇥⇥ �

�����

3⇥

i=1

U2
ei mi

����� . (2.2)

The particle physics information is contained in m⇥⇥. The phase space factor,
G0⌅(Q, Z), is calculable. Calculation of the nuclear matrix element, M0⌅ , is a
challenging problem in nuclear theory (discussed further in Sect. 2.1). Experi-
ments attempt to measure T 0⌅⇥⇥

1/2 , and in the absence of a signal, they set a lower
limit. Combining the measurement and the calculations, the value of m⇥⇥ is de-
duced or an upper limit is set.

If neutrinos are Majorana particles, measuring or constraining the e⇥ective
Majorana mass provides information on the neutrino mass scale and hierarchy.
This is possible because there is a relationship between the e⇥ective Majorana
mass and the mass of the lightest neutrino. The relationship depends on whether
the hierarchy is normal or inverted because which neutrino mass eigenstate is the
lightest depends on which hierarchy is realized in nature, as indicated in Fig. 1.3.
For the normal hierarchy, m1 is the lightest and therefore

m⇥⇥ � |U2
e1m1 + U2

e2m2 + U3
e3m3|

=

����U
2
e1m1 + U2

e2

⇤
�m2

12 + m2
1 + U2

e3

⇤
|�m2

13| + m2
1

����

=

����cos2 ⇥12 cos2 ⇥13e
i�1m1 + sin2 ⇥12 cos2 ⇥13e

i�2

⇤
�m2

12 + m2
1

+ sin2 ⇥13e
�2i⇤

⇤
|�m2

13| + m2
1

���� .

(2.3)

A similar expression is easily derived for the inverted hierarchy in which m3 is the
lightest mass eigenvalue. Plugging in the measured values of the neutrino mixing
angles and mass-squared di⇥erences from Table 1.1, a value for m⇥⇥ is obtained
for each value of the lightest neutrino mass, m1 for the normal hierarchy or m3

for the inverted hierarchy, and for a given set of values for the phases. Figure 2.4
shows the range of allowed values for m⇥⇥ for each value of the lightest neutrino
mass, obtained by allowing the unknown phases to vary over their possible values
from 0 to 2⌅. There are distinct bands of allowed m⇥⇥ depending on the hierar-
chy, though the bands overlap in the quasi-degenerate mass regime. Neutrinoless
double beta decay experiments set upper limits on m⇥⇥ and therefore exclude a
region from the top of Fig. 2.4. In this way, 0⇤�� decay experiments can rule
out the quasi-degenerate mass regime under the assumption that neutrinos are
Majorana particles. Future 0⇤�� decay experiments may have the sensitivity to
rule out the inverted hierarchy.

Direct counting experiments search for double beta decay by measuring the
sum of the electron energies and, in some experiments, the energy of the nuclear

Sum of electrons energy 

Ke Han, Berkeley Lab 
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(i.e. of the decay Q-value). Hence, transitions with larger Q-value are easier to observe. For this reason
in Table 1 I list all candidate nuclei with Q values larger than 2 MeV that are particularly well suited for
the study of the ββ decay.

There has been a significant progress recently in the accuracy of the atomic mass determination using
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radius. In Table 1 the value r0 = 1.2 fm was used. (Note that, obviously, the values of the phase-space
factors depend on the convention used for r0 and gA. One has to keep that issue in mind when using the
Eq. (2) to relate the half-lifes and nuclear matrix elements (see e.g. 15,?)).)

Double beta transitions are possible and potentially observable because nuclei with even Z and N are
more bound than the odd-odd nuclei with the same A = N + Z. A typical example is shown in Fig. 1.
With one exception, all nuclei in Table 1 have an analogous mass pattern. The one exception is 48Ca
where the intermediate nucleus 48Sc can be in principle reached by the β− decay of 48Ca with Q= 278
keV. However, the ground state of 48Sc is 6+ and the first excited state at 131 keV is 5+. β decays with a
large nuclear spin change are heavily suppressed; in this particular case the β− decay of 48Ca has not been
observed as yet, while the 2νββ decay has been observed.

The two-neutrino mode (2νββ) is just an ordinary beta decay of two bound neutrons occurring simul-
taneously since the sequential decays are forbidden by the energy conservation law. For this mode, clearly,

2

Phase space factor

Nuclear matrix element

half-life

Effective Majorana 
neutrino mass:

• If mββ = 50 meV estimated half 
lives  ~ 1025 - 1027 years !

Neutrinoless Double-Beta Decay

e-

e-

⌫̄
⌫̄

e-

e-

What if a neutrino is exchanged 
between the two neutrons ?

We get no neutrinos in the final state
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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

0νββ

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

Summed-energy spectrum of final state electrons 
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• Neutrinoless double-beta decay has never been 
observed … the half-life is at least 1025 years   

• Searching for this decay boils down to searching  
for a new peak in the summed electron spectrum

Double-Beta Decay Signature
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Building a sensitive Experiment
• We want the expected number of signal events to be large compared to 

statistical fluctuations of the background

Nsigp
Nbkg

<latexit sha1_base64="qSzgGIFouIkHbq1Bbkpm6yappVM="></latexit>
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Maximize this

Figure of merit

• Generally we want: 
• Maximize isotopic abundance of decaying nuclei (a) 
• Need to be able to run experiments for a long time (t)  
• Large mass of source material (M) 
• Small background index near the Q-value (b) 
• Excellent energy resolution (small ∆E)
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Experimental Techniques (incomplete list)
• Ge Diodes

➡ Excellent energy resolution (~0.1% FWHM 
in the region of interest) 

➡ Mature purification techniques (HPGe)  
➡ Bkg rejection through pulse shape 

analysis 
➡ Large masses possible 
➡ Limited to 76Ge

GERDA
Majorana

•TPCs liquid and high pressure gas  (136Xe) 
➡Enrichment and purification is relatively 

easy   
➡Event topology reconstruction  
➡Low background due to fiducialization and 

self-shielding 
➡Poorer energy resolution  (~2% FWHM for 

liquid Xe) 
➡Large detector masses possible 

EXO
NEXT (planned)

LEGEND 
 (planned)

nEXO 
(Planned)

• Cryogenic (scintillating) bolometers
➡ Excellent energy resolution 

(~0.2-0.3% FWHM in the region of 
interest) 

➡ Several target isotopes possible 
(130Te, 100Mo,48Ca, 82Se)  

➡ Bkg rejection through heat/light 
analysis 

➡ Large masses possible 
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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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Experimental Techniques (incomplete list)
• Ge Diodes

➡ Excellent energy resolution (~0.1% FWHM 
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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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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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• The absorbed energy causes an increase in absorber temperature 
• Use temperature change to measure energy absorbed

• For dielectric crystal absorbers  
heat capacity follows the Debye law 

• Typically operated at ~10mK ! 

• Excellent energy resolution
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Cryogenic Bolometer Technique



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

• Operated at T~11.8 mK 
• Primary physics goal: 0νββ decay of 130Te 

• Isotopic abundance  34% => 206 kg  
• Q-value: 2527.5 keV

14

CUORE
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Relatively slow detectors 
 
pulse duration ~1 second

Sample Event Waveform

CUORE:Cryogenic Underground Observatory for Rare Events                                     
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CUORE

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

Cu frames

PTFE Spacers

Ge thermistor

Si heater

13 floors per tower

CUORE Tower Structure 



Gran Sasso Underground Lab 

1400 m of rock (~3600 m.w.e.) deep 
• μ’s: ~3 × 10-8 / (s⋅cm2) 
• γ’s: ~0.73 / (s⋅cm2) 
• neutrons: 4 × 10-6 n/(s⋅cm2) below 10 MeV

Photo: courtesy Gran Sasso Lab
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CUORE Cryogenic System

3.1 m

1.6m
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CUORE Cryogenic System

300K vessel  (3500 kg)

Outer vacuum chamber
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CUORE Cryogenic System

40K vessel  (980kg)
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CUORE Cryogenic System

4K vessel  (1990kg)

Inner vacuum chamber
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CUORE Cryogenic System

Still vessel  (840kg)

(~800mK)
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CUORE Cryogenic System

Heat-Exchanger vessel  (510 kg)

(~50mK)
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CUORE Cryogenic System

10mK vessel (450 kg)

TeO2 detector array

(805 kg)

Detector support plate

(260 kg)
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CUORE Cryogenic System

5x pulse tube cryocoolers

Pre-cool to 4K
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CUORE Cryogenic System

Dilution refrigerator insert

gets us to very low T
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CUORE Cryogenic System

 30-cm-thick modern lead (2460 kg)

Thermalized to 50mK stage

 6 cm thick ancient lead (5400 kg)

Thermalized to 4K vessel



Y-beam
Minus K insulators

cryostat

Main Support Plate

borated polyethylene

polyethylene

H3BO3 panels

screwjacks

sand-filled columns
concrete beams

movable platform

lead

seismic insulators

concrete walls

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

External Shielding 
• Polyethylene to slow down neutrons


• Boron to absorb slow neutrons


• Lead to absorb gamma rays
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Figure 2. Cryogenic performance. Top: The exposure accumulated by CUORE (left, green), along with the exposure used for
this analysis (left, orange). Part of 2017 and 2018 was dedicated to maintenance and optimizations of the cryogenic setup, after
which CUORE has been operated stably with a 90% duty cycle (right). Middle: Examples of common temperature instabilities
induced by external causes, e.g. blackouts and earthquakes, or human intervention, such as regular maintenance or the insertion
of calibration sources. Bottom: The temperature stability of CUORE over a ⇠ 1 yr of continuous operation.
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Figure 4. Physics spectrum for 1038.4 kg·yr of TeO2 exposure in counts/(keV·kg·yr). We separately show the effects of the
base cuts, the anti-coincidence (AC) cut, and the pulse shape discrimination (PSD). The most prominent background peaks in
the spectrum are highlighted. Top right inset: the ROI after all selection cuts, with the best-fit curve (solid red), the best-fit
curve with the 0nbb rate fixed to the 90% CI limit (blue), and background-only fit (black) superimposed.

full energy in a single crystal30. Hence, we apply an anti-168 coincidence (AC) cut that excludes events with > 40 keV169
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• After initial data taking phase, significant effort devoted to 
understanding the system and optimizing data taking conditions  

• Since March 2019 data taking is continuing smoothly (now > 3 
years at ~10 mK!)

CUORE Exposure Accumulation

CUORE Status: Stable data taking (t)

Unblinded Exposure
Total TeO2 Exposure

Cryogenic Maintenance
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CUORE Status: Stable data taking (t)

• Temperature stable to < 0.2% over the course of more than 1 year
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CUORE Status: Stable data taking (t)

• Temperature stable to < 0.2% over the course of more than 1 year
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this analysis (left, orange). Part of 2017 and 2018 was dedicated to maintenance and optimizations of the cryogenic setup, after
which CUORE has been operated stably with a 90% duty cycle (right). Middle: Examples of common temperature instabilities
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Figure 4. Physics spectrum for 1038.4 kg·yr of TeO2 exposure in counts/(keV·kg·yr). We separately show the effects of the
base cuts, the anti-coincidence (AC) cut, and the pulse shape discrimination (PSD). The most prominent background peaks in
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Figure 4. Physics spectrum for 1038.4 kg·yr of TeO2 exposure in counts/(keV·kg·yr). We separately show the effects of the
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Figure 4. Physics spectrum for 1038.4 kg·yr of TeO2 exposure in counts/(keV·kg·yr). We separately show the effects of the
base cuts, the anti-coincidence (AC) cut, and the pulse shape discrimination (PSD). The most prominent background peaks in
the spectrum are highlighted. Top right inset: the ROI after all selection cuts, with the best-fit curve (solid red), the best-fit
curve with the 0nbb rate fixed to the 90% CI limit (blue), and background-only fit (black) superimposed.

full energy in a single crystal30. Hence, we apply an anti-168 coincidence (AC) cut that excludes events with > 40 keV169
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CUORE: 0νββ Decay Search
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• Total exposure TeO2:  
• Likelihood model: flat continuum (BI),  posited 

peak for 0νββ (rate), peak for 60Co (rate + position) 
• Unbinned fit on physical range (rates non-negative),  

uniform prior on 𝝘0v 

• Systematic uncertainties:  <0.8% impact on limit 33

• No evidence for 0νββ decay (yet !)

• Interpretation in context of light Majorana neutrino exchange

CUORE: 0νββ Decay Search
8
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FIG. 7. Top: ROI spectrum with the best-fit curve (solid
red) and the best-fit curve with the 0⌫�� decay component
fixed to the 90% CI limit (dashed blue), as well as the fit
without the 0⌫�� component (dashed green). Bottom: The
corresponding marginalized posterior probability distribution
of �0⌫ with all the systematics included. The shaded region
corresponds to the 90% credibility interval.

ROI associated with both the threefold increase in the
exposure and di↵erences in the analysis procedure. Nev-
ertheless, this result establishes CUORE as the most sen-
sitive experiment to 0⌫�� decay in 130Te to date. The
0⌫�� sensitivity and exposure that CUORE has attained
demonstrate that the cryogenic calorimetric technique is
scalable to the tonne-scale detector masses and multi-
year live times necessary to be competitive in the current
international 0⌫�� decay search program. The large ac-
cumulated exposure paired with the low energy thresh-
olds of CUORE’s calorimeters will also enable searches
for other new physics in the low energy regime [49].

Looking to the future, CUORE remains in stable op-
eration and will continue to take data until the next-

generation experiment CUPID (CUORE Upgrade with
Particle IDentification) [50] begins its commissioning.
CUPID will utilize the same cryogenic infrastructure as
CUORE, replacing the TeO2 calorimeters with lithium
molybdate (Li2MoO4) to search for the 0⌫�� decay of
100Mo. Most notably, CUPID will double the number
of readout channels by instrumenting a cryogenic light
detector next to each calorimeter to measure light sig-
nals in coincidence with heat signals. This will allow for
active rejection of ↵ backgrounds, a method that has al-
ready been successfully demonstrated by CUPID-0 [51]
and CUPID-Mo [52]. This advancement in combination
with the higher Q-value of 100Mo is expected to reduce
the background index in the 0⌫�� region of interest by
at least two orders of magnitude compared to CUORE,
thereby providing a major improvement in the exper-
imental sensitivity. CUPID is being designed to ulti-
mately reach a discovery sensitivity of more than 1027

years in the half-life of the 0⌫�� decay process.
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APPENDIX A: Optimum trigger and analysis
threshold

In order to study low energy events, we digitally trig-
ger our raw data waveforms Each pulse transfer function
is matched to the signal shape so that frequency compo-
nents with low SNR are suppressed. A trigger is fired if
the amplitude of a signal exceeds a fixed multiple of the
filtered noise RMS of each calorimeter in each dataset.
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• Total exposure TeO2:  
• Likelihood model: flat continuum (BI),  posited 

peak for 0νββ (rate), peak for 60Co (rate + position) 
• Unbinned fit on physical range (rates non-negative),  

uniform prior on 𝝘0v 

• Systematic uncertainties:  <0.8% impact on limit 34

• No evidence for 0νββ decay (yet !)

• Interpretation in context of light Majorana neutrino exchange

CUORE: 0νββ Decay Search
8
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FIG. 7. Top: ROI spectrum with the best-fit curve (solid
red) and the best-fit curve with the 0⌫�� decay component
fixed to the 90% CI limit (dashed blue), as well as the fit
without the 0⌫�� component (dashed green). Bottom: The
corresponding marginalized posterior probability distribution
of �0⌫ with all the systematics included. The shaded region
corresponds to the 90% credibility interval.

ROI associated with both the threefold increase in the
exposure and di↵erences in the analysis procedure. Nev-
ertheless, this result establishes CUORE as the most sen-
sitive experiment to 0⌫�� decay in 130Te to date. The
0⌫�� sensitivity and exposure that CUORE has attained
demonstrate that the cryogenic calorimetric technique is
scalable to the tonne-scale detector masses and multi-
year live times necessary to be competitive in the current
international 0⌫�� decay search program. The large ac-
cumulated exposure paired with the low energy thresh-
olds of CUORE’s calorimeters will also enable searches
for other new physics in the low energy regime [49].

Looking to the future, CUORE remains in stable op-
eration and will continue to take data until the next-

generation experiment CUPID (CUORE Upgrade with
Particle IDentification) [50] begins its commissioning.
CUPID will utilize the same cryogenic infrastructure as
CUORE, replacing the TeO2 calorimeters with lithium
molybdate (Li2MoO4) to search for the 0⌫�� decay of
100Mo. Most notably, CUPID will double the number
of readout channels by instrumenting a cryogenic light
detector next to each calorimeter to measure light sig-
nals in coincidence with heat signals. This will allow for
active rejection of ↵ backgrounds, a method that has al-
ready been successfully demonstrated by CUPID-0 [51]
and CUPID-Mo [52]. This advancement in combination
with the higher Q-value of 100Mo is expected to reduce
the background index in the 0⌫�� region of interest by
at least two orders of magnitude compared to CUORE,
thereby providing a major improvement in the exper-
imental sensitivity. CUPID is being designed to ulti-
mately reach a discovery sensitivity of more than 1027

years in the half-life of the 0⌫�� decay process.
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APPENDIX A: Optimum trigger and analysis
threshold

In order to study low energy events, we digitally trig-
ger our raw data waveforms Each pulse transfer function
is matched to the signal shape so that frequency compo-
nents with low SNR are suppressed. A trigger is fired if
the amplitude of a signal exceeds a fixed multiple of the
filtered noise RMS of each calorimeter in each dataset.
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Data taking continues smoothly 
  ~1800 kg.yr as of May 6 2022



What Next ?



What Next ?
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• ~90% of the background comes from degraded alpha particles coming from 
shallow surface contamination  

• ~10% from beta/gamma decays  
• CUORE just sees thermal signal, no way to distinguish alpha particles 



CUPID: CUORE Upgrade with Particle ID

• If the absorber also scintillates measuring both the thermal and light signal enables 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 bolometer (such as Ge wafer) 



CUPID

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.

58

• Array of 1596 Li2100MoO4  scintillating bolometers 

• Enriched to >95% in 100Mo (240kg of 100Mo)

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

• Exploit Particle ID using scintillation bolometer technique to remove 
surface-alpha background

• Reuse CUORE cryogenic infrastructure at LNGS   

T 0⌫
1/2 : 1027yr

<latexit sha1_base64="qE06jkuSQUzXGpf3ebeZ7ziF4mU="></latexit><latexit sha1_base64="qE06jkuSQUzXGpf3ebeZ7ziF4mU="></latexit><latexit sha1_base64="qE06jkuSQUzXGpf3ebeZ7ziF4mU="></latexit><latexit sha1_base64="qE06jkuSQUzXGpf3ebeZ7ziF4mU="></latexit>

m�� : 10� 20 meV
<latexit sha1_base64="qMyNnmRDKhnwZDY2Yiiw/coZ3FU="></latexit><latexit sha1_base64="qMyNnmRDKhnwZDY2Yiiw/coZ3FU="></latexit><latexit sha1_base64="qMyNnmRDKhnwZDY2Yiiw/coZ3FU="></latexit><latexit sha1_base64="qMyNnmRDKhnwZDY2Yiiw/coZ3FU="></latexit>

Expected exclusion sensitivity

current limitsprojected sensitivity

1−10 1 10 210
 (meV)lightestm

1−10

1

10

210

310

 (m
eV

)
ββ

m

CUORE sensitivity

CUPID baseline sensitivity

Normal ordering

Inverted ordering

0 0.2 0.4 0.6 0.8 1

1−10

1

10

210

310

Current limits

Mo Se

Ge
Xe

Te



CUPID

TowerDetector Module Tower Arrangement

Figure 9: Schematic views of a single CUPID floor, consisting of two side-by-side detector
modules, each consisting of a Li2MoO4 absorber and a Ge light detector. A single tower of 14
floors, or 28 detector modules. Top-down view of the 57 tower arrangement in the cryostat.
(Red blocks are footprints of the plate support structures.)

the Li2100MoO4 crystal in order to provide the thermal signal readout. Each Ge light detector
also acts as a bolometric detector – sensitive to a lower range of energies – and is instrumented
with an NTD. The basic components are presented in Fig. 9. The crystals and the light-
detector wafers are supported by PTFE elements and a copper structure. These frames
are stacked, forming a detector tower. Light detectors are positioned between each pair of
vertically adjacent crystals, thus each light detector will monitor two crystals simultaneously.
Fig. 19 of Section 5.2.4 shows the CUPID array hosted inside the CUORE cryostat. The
array will be operated at a temperature around 10–20 mK.

CUPID will be housed in the cryogenic facility presently hosting CUORE and will benefit
from its infrastructure, including shielding, cryogenics, detector calibration systems, vibration
isolation system, and detector hut. In addition to the physical infrastructure, CUPID will also
benefit from the considerable operational experience from both the US and Italian CUORE
members. CUPID will add to the existing infrastructure with upgraded electronics and data
acquisition systems, as well as an active muon veto system to reduce cosmogenic backgrounds.

In summary, the CUPID baseline design involves the following key features, which are
each discussed in detail later in this document:

– Mo enrichment to � 95% 100Mo (WBS 1.2.2),

– The Li2100MoO4 crystal growth into the 45⇥ 45⇥ 45mm3 cubes (WBS 1.2.3)

– Cryogenic light detectors to reject ↵ related backgrounds at the level of 99.9% (WBS
1.2.4)

– NTD temperature sensors, providing energy resolution of ⇠5 keV (WBS 1.2.5)

– Reduction in the cosmogenic backgrounds to a negligible level with the use of an active
muon veto (WBS 1.2.7)

18

Figure 39: Baseline design of the CUPID towers: (A) fully assembled tower; (B) core detector
elements consisting of 14 floors of 2 LMO crystals with interposed light detectors. PTFE
elements provide the weak thermal link to the copper frames interposed between floors;
(C) copper spine provides mechanical support, connection to thermal bath, and support for
flexible wiring strips servicing the sensors; (D) design detail to achieve lateral wirebonding
access to upward facing sensor contact pads; (E) schematic view of the footprint (green
blocks) of the 57 towers attached as a close-packed array to the CUPID tower support plate.
The red areas are occupied by the cryostat support.

to-thermal-bath vs. absorber-to-sensor coupling. Tuning these couplings can potentially
improve the energy resolution as a result of better matching of the signal and sensor band-
widths as studied in [143]. Single crystal sapphire (Al2O3) seems to be a promising candidate.
However, unlike PTFE, sapphire is not easily machinable. PTFE remains the choice for the
baseline design, as we have decades of experience with this material and are confident of its
reliability.

8.2 WBS 1.3.6 Parts Cleaning

In CUORE we developed comprehensive surface cleaning procedures for copper parts facing
the detectors. These have proven e↵ective in reducing the degraded ↵ background to the
target level [144–146]. For the baseline design of CUPID we plan to maintain the surface
cleaning procedure to achieve the lowest attainable ↵ background and minimize potential
surface � background.

The copper surface cleaning procedures for CUORE were developed and executed at the
Laboratori Nazionali di Legnaro of INFN, Italy. We implemented three levels of cleaning,
which we designate as chemical low, chemical high, and standard CUORE protocols.

78



• Background modeling and simulations 
• Low-background prototyping at LNGS, material activation measurments, analysis at VT 
 
 
 
 
 
 
 
 

• Sensor testing and light detector prototyping at VT cryogenic facility

5

Fig. 2 Photo of the array during assembly (top view). An
NTD-Ge thermistor is glued on top of each crystal. As
Li2100MoO4 crystals are almost transparent, we see also the
bottom layer of LDs with a SiO coating.

bit analog-to-digital board with a sampling frequency
of 2 kHz [68].

A derivative trigger was applied to the data to identify
thermal pulses; the trigger parameters were tuned for
each detector according to its noise and the shape of the
thermal pulse response. Moreover, a random trigger was
set every 60 s, to sample detector baselines without any
signal. For each trigger, we constructed a 5-s-long time
window for both LDs and Li2100MoO4 crystals (from
now on, LMO).

The triggered data were then processed o✏ine via a
dedicated analysis chain, which was adapted from a
C++ based analysis framework developed for CUORE [69],
CUPID-0 [70] and their predecessors [71].

A matched filter algorithm (Optimum Filter) [72, 73]
was applied to the thermal pulses to evaluate the sig-
nal amplitude by suppressing the most intense noise
frequencies. For each event, we reconstructed other ba-
sic parameters, such as the baseline value, which was
treated as a proxy for the detector temperature, the
baseline RMS, the pulse rise and decay times, and other
shape parameters.

We acquired calibration runs with 232Th sources out-
side the cryostat, to characterize the LMO response as
a function of the deposited energy. The thermal insta-
bilities of the detector could a↵ect its intrinsic gain, re-
sulting in a degradation of energy resolution. We used
constant energy events (2615 keV � quanta) to trace the
evolution of the pulse amplitude as a function of the

crystal temperature, and correct for such dependency
(stabilization procedure).
The corrected amplitudes were converted into energy
using the most intense gamma peaks produced by the
232Th sources and building calibration functions ac-
cordingly.
We followed a di↵erent approach for the LD pulse re-
construction, accounting for their worse signal-to-noise
ratio. The signal template for LDs was built by averag-
ing pulses produced by the 55Fe X-ray sources. Using
this signal template, we applied the Optimum Filter
algorithm also to LDs. We further improved the esti-
mation of the light amplitude by using the fixed time-
delay between light and heat signals due to the jitter of
the electronics chain [74]. We first selected high energy
events to derive the jitter for each detector. We then
evaluated the amplitude of the filtered light pulse at
a fixed time delay with respect to the heat pulse. We
underline that such procedure does not change signifi-
cantly the evaluation of the light signal in the region of
interest, but it allows to remove a small non-linearity
due to the optimum filter at very low energy.
The energy resolution of LDs is ⇠1%, thus larger com-
pared to the typical gain variations. Thus, we did not
have to repeat the stabilization procedure used for the
LMO detectors. We energy-calibrated the amplitudes of
the LDs using a linear function with zero intercept. The
calibration coe�cient was derived fitting the 5.9 keV
peak of the 55Fe source.
This procedure allowed us to compute the “light yield”
(LY ) of our detectors, i.e., the amount of scintillation
light (in keV) detected in the LDs for a given energy
deposition (in MeV) in the LMOs.

4 Results

Among the 8 LMO crystals of the presented setup, we
noticed that 2 of them (LMO-2, LMO-8) were not func-
tioning when we reached base temperature, due to bro-
ken electric contacts. We will present the analysis of
the data acquired for the other 6 LMO detectors and
related LDs.
The detector response depends on the operating tem-
perature: a lower temperature decreases the thermal
capacitance and enhances the NTD-Ge response, gen-
erally leading to a better signal-to-noise ratio.
For this work, we operated the detectors at 18mK,
with working NTD-Ge resistances of 10–50M⌦ for the
LMO detectors. Due to technical problems related to
the test cryogenic facility, it was not possible to oper-
ate the detector at ⇠10mK (working resistance of hun-
dreds of M⌦), where we expect the best performance.

 Eur.Phys.J.C 81 (2021) 2, 104 
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FIG. 1. Overlay of the rising edge and initial part of the decay
for heater pulses excited by rectangular (blue, en-dashed), ex-
ponential (green, em-dashed) and sawtooth (red, dot-dashed)
waveforms and a particle pulse (black). Particle pulses have a
similar shape, despite the di↵erent origin and entity of the en-
ergy deposition; quantitatively, the width of the distribution
of rise and decay time is close to 3%.

particle energies of (1.5�2.5)MeV on the di↵erent chan-
nels. The time interval between two successive individual
waveforms was set to 15 s, so that the detectors had re-
turned to baseline before the start of a new pulse. For the
pile-up sample, we generated pairs of excitations with the
second beginning before the detector had recovered from
the first excitation in the pair. We set the waveform-
tooth width to 50ms for both excitations, fixed one am-
plitude to 170mV and varied the other from 40mV to
240mV in steps of 50mV. We denote the ratio of the
two amplitudes in the pair by ↵, and so this parameter
varied between 0.24 and 1.4. We explored values of the
time separation (�t) between the pulse pairs in the pile-
up sample ranging from 40ms down to 1ms (the Nyquist
limit for the ADC sampling frequency was 1 kHz). Fig-
ure 2 shows some of the observed thermal pulses; it can
be seen that the distortion of the rising edge of pile-up
pulses follows the time separation between the excitation
pulses.

III. DATA ANALYSIS

The data analysis follows two main steps, a low-level
processing and then a high-level analysis, i. e. the actual
pile-up study. The low-level processing involves applying
a software filter to optimize the signal-to-noise ratio and
calculating a set of summary variables for each event such
as pulse rise time, decay time and energy. These steps are
analogous to the standard CUORE workflow [19], which
has also been adopted as the starting point for the main
analysis of the LMO detectors [13]. These analysis tools
are well established and have been applied over the years
on multiple detectors [20, 21]. The software filter uses the
Optimum Filter (OF) technique [22], which reduces the
impact of noise on the reconstructed pulse amplitude and
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FIG. 2. Examples of heater-induced pile-up pulses excited by
two sawtooth waveforms with amplitude ratio ↵ = 1.4 close
in time. It can be seen that the time separations between
the two pulses (the begin of the rise is taken as a reference)
reflects that of the original waveforms (�t). A time-isolated
reference pulse is shown for comparison.
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FIG. 3. Time distribution of the events in one of the pile-up
runs. Each interval corresponds to a di↵erent ↵/�t config-
uration. In this sequence, ↵ is fixed to 0.24 while �t goes
from 1ms to 11ms (from left to right). The gray dots rep-
resent the events selected as heater pulses, the red dots the
discarded ones. To avoid an excessive statistics loss, we ac-
cepted events a↵ected by a rather high noise level and by
instability of the baseline, that would be otherwise discarded
in a physics run. It is thus possible that some events in the
various intervals deviate from the average behavior, despite
the identical settings of the input waveforms.

pulse shape parameters. In order to define the OF trans-
fer function, we use the average of the time-isolated ref-
erence pulses as the signal response of the system, while
we build the noise power spectrum from signal-less event
windows acquired in the reference run.
The first step of the high-level analysis is to associate

each event with the corresponding waveform generator
configuration. This is done based on the event timestamp
since, as shown in Fig. 3, each waveform generator con-
figuration corresponds to a specific time window.
We keep only clean events with a single trigger fired in

the 5-s window. As pulser events dominate the event rate
– the random coincidence of pulser events and events due
to natural radioactivity proved to be negligible during the
measurement – we apply a±5 keV-cut around the median

Phys.Rev.C 104 (2021) 1, 015501

Investigating pile-up rejection
Optimizing light-collection efficiency
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Optimizing Particle ID

In preparation



Cryogenic Test Facility at VT

• Bluefors LD-400 cryogen-free dilution refrigerator 
• Arrived at VT in March 2020 (just before lockdown began) 
• Now operational in Rm 10 Robeson

• Base temperature: 8 mK
• Cooling power @ 20mK: 17uW 
• Cooling power @ 100 mK: 580uW



Cryogenic Test Facility at VT



Cryogenic Test Facility at VT
Saved Photo

Undergraduate A. Brown installing 
noise thermometer 

(4316 Research project Fall 2020)

Undergraduates J. Stevic and G. 
Bimstefer installing optical fibers to 
pulse cryogenic light detectors

(4316 Research project Spring 2021)



Summary

• Neutrinoless double beta decay is a probe of Majorana neutrinos 

• CUORE is progressing smoothly, largest ultra-cryogenic detector in the world  

• No evidence for neutrinoless double beta decay (yet)  
 
 
 
  

• CUORE cryogenic infrastructure will be the host facility for a next-generation 
neutrinoless double beta decay search: CUPID

T 0⌫
1/2 > 2.2⇥ 1025 yr
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(90% C.I)

m�� < 90� 310 meV
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Ancient lead is extremely radiopure ! 
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remains 6.4% of 3-He. The enthalpy of 3-He in the dilute phase is larger than in the 

concentrated phase. Hence energy is required to move 3-He atoms from the 

concentrated to the dilute phase. In a DR this energy is taken from a well isolated 

environment (the mixing chamber), so cooling will occur. 

 

Figure 1.  Phase diagram of He-3/He-4. 

 

A traditional (not cryogen-free) DR is situated inside a separate vacuum can which is 

surrounded by liquid helium (4.2 K). Initially the DR is pre-cooled to 4.2 K by 

admitting exchange gas into this inner vacuum can. In addition to the pre-cool from 

room temperature to 4.2K, the liquid helium bath serves as a low temperature 

radiation shield and it pre-cools the incoming 3-He gas which is circulated in the DR. 

In this system the Cryomech Inc. Pulse Tube (PT) cooler delivers low enough 

temperatures to start the DR cycle. The flanges of the 50K and quasi-4K radiation 

shield are connected to the two stages of the pulse tube (see Figure 2). This is done 

through flexible copper braids to damp any possible vibration caused by the PT. The 

whole radiation shield assembly is in one common vacuum space to thermally isolate 

6% 3He)

Dilution Refrigerator Principle 

 4He (

Joule-Thompson

Impedance
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Fig. 15 Light yield versus heat signal scatter-plot using 11 days of
physics data from LMO 1. The presented detector has the highest 210Po
contamination to illustrate best the distributions of α and γ events and
the scintillation light quenching for α events

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

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

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

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

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

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

3.6 Extrapolated α discrimination of Li2100MoO4
scintillating bolometers

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

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

DP = µγ − µα√
σ 2

γ + σ 2
α

. (1)

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

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

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

β

α

• Light yield for β/γ events is 5x 
greater than for  α particles 
• > 99.9% α separation  
• > 99.9 %  β/γ acceptance 

Alpha Rejection

From CUORE to CUPID

< 1⇥ 10�4 cnts

(keV · kg · yr)
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β/γ  component

Alpha-tagging

Higher Q-value —> lower background

• Background at 100Mo Q-value 
measured in CUORE 

• Simulations to decompose into 
different sources


