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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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a isotopic abundance of source

ε detection efficiency 

M Total detector mass

b bkg rate per unit mass per unit energy 

t exposure time

δE energy resolution 
⇥ a · ⇥

�
M · t

b · �E
T0�1/2 sensitivity 

Rule of thumb

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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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

Double-Beta Decay Signature



Sample Particle Pulse from NTD

• Energy deposit results in temperature rise 

• For TeO2 crystals configured for CUORE at 
~10mK, ΔT ~ 0.1mK per MeV  

• Temperature change read out with Ge-NTD

Energy release
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0!ββ upper limit

Final Spectrum of CUORICINO

CUORICINO (2003 - 2008)
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• 62 crystal TeO2 bolometer array operated at Gran Sasso Lab, Italy!

T 0ν
1/2 > 3.4 × 1025 yr (90% C.L) (4)

⟨mββ⟩ < (120 − 250) meV (5)

a isotopic abundance

ϵ detection efficiency

M total detector mass

b background index (e.g cnts/keV · kg · yr)

δE energy resolution

t exposure time

1 Candles

a 0.187%

ϵ > 50%

M ∼ 305 kg

b [ cnts
keV·kg·yr ] ∼ 1 × 10−4

δE ∼ 4% at Q-value

T 0ν
1/2 > 5.8 × 1022 yr (90% C.L) (6)

2 CUORE

2

T 0ν
1/2 > 2.8 × 1024 yr (90% C.L) (7)

4

⇥m��⇤ < 0.3 � 0.7 eV

• Final results  
 
 
!
- M.t (130Te): 19.75 kg.yr !
- dE: 6.3 +/- 2.5 keV FWHM (mean +/- RMS)!
- b: 0.169 +/- 0.006 c/keV/kg/yr 
 
 
 
 
 
 
 
 
 
 

• 130Te isotopic abundance: ~34% !
• 130Te Q-value: ~2528 keV
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CUORICINO"
Background mainly from:"

-  232Th  gammas from cryostat materials (a.k.a far sources)"

- degraded α’s and β’s from crystals & Cu surfaces (a.k.a near sources)
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• M: Scale up mass of 130Te (~20x) "
- 988, 5x5x5 cm3  natTeO2 crystals!

- 741 kg of natTeO2 or 206 kg of 130Te!
- Assembled into 19 towers, 13 floors per tower, 

4 crystals per floor!

• b: Background"
- Goal  0.01 counts/keV/ky/yr (~20x lower than CUORICINO ) !

!

• t: Cryogen-free dilution refrigerator"
➡ Improves detector duty cycle!
➡ Improves stability !

!

• δE: Resolution "
- Resolution of TeO2 bolometers is excellent, 

5keV @2615keV is demonstrated

!9

⇥ a · ⇥
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M · t

b · �E

half-life sensitivity 

CUORICINO                   CUORE
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Neutron shield (18 cm PET + 2cm of H3BO3) 

External lead shield (thickness >35 cm) 

Low-radioactivity copper for cryostat vessels and flanges

Internal lead shield  (low-radioactivity/ancient lead)

• Improve shielding and radio-purity of cryostat materials (Far Sources)

• Improve radio-purity of active and inert surfaces in the detector  (Near Sources)

• Cu frame optimized to reduce surface area facing the crystals 

• New ultra-cleaning for all Cu components:!
- Tumbling!
- Electropolishing!
- Chemical etching!
- Magnetron plasma etching!

• Ultra-pure TeO2 crystals 

Background mitigation efforts for CUORE



CUORE Assembly Line

!11

Class 1000 Clean Room for Detector Assembly and Storage

Gluing

Assembly + Wire bonding

Storage

CUORE Cryostat• All parts cleaned/screened according 
to CUORE protocol!

• Stored underground at LNGS!

• Assembly in underground clean room 
in N2 flushed glove boxes



• Attach NTD, heater to each crystal!

• Completely enclosed in N2 fluxed glove box!

• Minimizes human interaction with parts !

• Automatic, highly reproducible glue deposition

CUORE Semi-automatic Gluing Line



CUORE Semi-automatic Gluing Line
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for (i =0; i < 1040; i++){  . . .

3 mm

3 
m

m

Position Sensors Print Glue Matrix Inspection

Quality Control

if(bad) {i = i -1; continue;} 
if(good) { "
deposit crystal; "
sleep (25 minutes);} …}



Mechanical Assembly

1. Unpack ultra-cleaned copper/PTFE parts 
and quality-check in N2 atmosphere



Mechanical Assembly

2. Parts and crystals for a floor transferred 
under vacuum to assembly glove box



Mechanical Assembly

3. Build up tower floor-by-floor in N2 atmosphere, completed 
floors lowered into N2-fluxed ‘garage’



Mechanical Assembly

the tower elements have been dimensioned on the basis of the
different thermal contractions of the materials they are made of. A
very smooth and careful handling of the structure is then required
to avoid mechanical shock or acceleration that could damage
the tower.

To cope with the minimum recontamination requirement, CTAL
has been conceived as a “zero contact” assembly line. The tower
cleaned components are protected at all stages of the assembly
process from direct contact with objects made of non-radio pure
materials and with solid or gaseous (radon) contaminants in the
atmosphere. Their handling is minimized and is always performed
by tools made of certified low activity materials.

To work in a clean, low-radon, N2 atmosphere, the whole
assembly process is confined into hermetic volumes accessible only
through sealed glove ports. The working volume is split into two
intercommunicating, independently sealed zones. One zone is fixed,
shared by all production tools, and the other is interchangeable to

face different assembly operations. The fixed volume is a lift/storage
subsystem called a “garage”. It is used to host the tower under
construction throughout the assembly period and to provide two
motion axes (rotation and vertical translation) to the assembly plate.
The UWP, a “universal” working plane (i.e., common to all of the
assembly tools and stages), fixed to the garage top flange provide the
mechanical coupling interface to the second volume, which can be
one of four different glove boxes (see Fig. 2). The garage and the
glove-box mounted on the UWP are independently sealed and
fluxed with evaporated nitrogen. The two volumes communicate
through an aperture on the UWP, allowing the transfer of the
detector under construction from its storage location (the garage)
to the glove-box and vice versa.

Mounted on the UWP, a specific glove-box performs any of the
following assembly stages:

! Mechanical Assembly: copper frames and crystals are assembled
in a meck box (n.1 in Fig. 2), forming the main structure.

! Cabling: the copper wire trays, supporting a flexible printed
circuit board (PCB) used to drive out bolometer signals, are
installed on 2 opposite faces of the tower using a cabling box
(n.2 in Fig. 2).

! Bonding: the bonding box (n.3 in Fig. 2) hosts a modified
Westbond wire bonder operated to connect the sensors glued
on each crystal to the cabling strips.

! Covering: making use of the cabling box, copper covers are
placed over the wire trays to shield and secure the PCB strips.

! Storage: the finalized tower is stored inside a sealed canister
(storage box, n.4 in Fig. 2). The 19 nitrogen-fluxed boxes are
parked in a rack to await installation inside the cryostat.

The four interchangeable glove boxes, which are designed con-
sidering the ergonomics and the set of tools and instruments
required by the specific task, have completely different shapes and
operator access points.

The assembly line is completed by a fifth stand-alone glove box
with a much larger working space and multi operator access ports.
This special glove box (End Of the World Box, EOW-Box in the
following) is dedicated to all pre-assembly operations (extraction
of the components from their storage packaging, parts quality
check, run-in, pre-assembly of tower components subsets, etc.,
as well as their reverse). Its design and associated tools provide a
very flexible system capable of facing unexpected or non-standard

Fig. 1. The CAD model shows the main components the tower modular structure is
made of copper frames (1); corner, central and side PTFE holders (2); crystals (3);
wire trays (4); and the PCB strips carrying the wiring.

Fig. 2. The four glove boxes that can be mounted on the universal working plane coupled with the “garage”.

E. Buccheri et al. / Nuclear Instruments and Methods in Physics Research A 768 (2014) 130–140 131

4. Readout wire-strips (copper traces on flexible PCB) glued to arms and 
attached to tower in N2 flushed glove box
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4. Readout wire-strips (copper traces on flexible PCB) glued to arms and 
attached to tower in N2 flushed glove box

Intricate glue job in glove box

Backing-glue surface critical to successful 
wire-bonding !



Connection to readout: Wire bonding 

• Vertical bonding machine with auxiliary X-Y motion

• All wire-bonding done in N2 flushed glove box 



Connection to readout: Wire bonding 

• ~8000 wire-bonds in total for CUORE!
!

• Payout about 1.5 cm of wire per bond  
!

!



• A CUORE-style tower assembled between Fall 2011 
- Spring 2012  

• 4 crystals per floor, 13 floors!
 

!
!

1

2

3

4

5

6

7

8

9

10

11

12

13

Optimized Copper frames

PTFE Spacers

• 39 kg TeO2 => 10.9 kg 130Te

CUORE-0



• Uses the old CUORICINO cryostat !
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• Shielding from CUORICINO

• Cooled to base T (~10 mK) Mar 
2013

• Electronics from CUORICINO

• Collected about 20 datasets so far

• 51 readable bolometers

➡~1000 bolometer-datasets

CUORE-0



!23

CUORE-0 Performance 4
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FIG. 2. Bottom: Calibration data in the region around
the 2615 keV 208Tl �-ray line, integrated over all bolometer-
datasets. The solid blue line is the projection of the UEML
fit described in the main text. In addition to a double-
gaussian lineshape for each bolometer-dataset, the fit function
includes terms to model a multiscatter Compton continuum, a
⇠ 30 keV Te X-ray escape peak, and a continuum background.
Top: Normalized residuals of the data and the best-fit model.

(88.4± 0.09)% using a Geant4 simulation [26, 27], while
the latter we determine to be (99.64 ± 0.10)% using the
1461 keV �-ray line from 40K . The total selection e�-
ciency is (81.3± 0.6)%.

We use the high-statistics 2615 keV 208Tl line in cali-
bration data to establish the detector response to a mo-
noenergetic deposit (lineshape) near the ROI. The data
exhibit a non-gaussian lineshape characterized by a pri-
mary peak and a secondary peak whose mean is lower
in energy by ⇠0.3% and whose amplitude is typically
⇠5% of the primary peak. The physical origin of this
structure is still under investigation. We studied several
lineshapes, including double- and triple-gaussian models;
while the latter perform well at the 208Tl line, we adopt
the double-gaussian lineshape as it is the simplest model
that reproduces the detector response over the broad-
est range of energies. We quantify the systematic uncer-
tainty associated with this choice below.

We parametrize the lineshape ⇢ for each bolometer-
dataset (b, d) as: ⇢b,d = ⇢(µb,d,�b,d, �b,d, ⌘b,d). For each
(b, d) pair, µb,d is the mean of the primary peak, �b,d
is the ratio of the means of the secondary and primary
peaks, �b,d is the common gaussian width of both peaks,
and ⌘b,d is the fractional intensity of the secondary peak.
We estimate these parameter values with a simultane-
ous, unbinned extended maximum likelihood (UEML) fit
to calibration data. Fig. 2 shows the fit result. In what
follows we denote the best-fit lineshape parameters of the
208Tl calibration line as µ̂b,d, �̂b,d, �̂b,d, and ⌘̂b,d; we char-
acterize these parameters in the context of the physics
data below.

We apply this lineshape in a series of UEML fits
to peaks of well-known energy between 511 keV and
2615 keV in the physics data (Fig.1). For a peak of
known energy E, µb,d(E) is allowed to vary around the

expected calibrated energy via a global free parameter
�µ(E). To account for energy dependence of the reso-
lution and a possible systematic di↵erence in resolution
between calibration vs. physics data we vary the �b,d rel-
ative to �̂b,d via a global scaling parameter ↵�(E). For

the �b,d we scale the corresponding �̂b,d by the ratio of E
to 2615 keV; we fix the ⌘b,d to the corresponding ⌘̂b,d.

The energy residual parameter, �µ(E), at each peak
is plotted in Fig. 1. A prominent outlier is the peak
attributed to 60Co double-gamma events which recon-
structs at 2507.6 ± 0.7 keV, 1.9 ± 0.7 keV higher than
the established value [28]; a shift of 0.84 ± 0.22 keV is
also observed for the single escape peak of the 208Tl
2615 keV gamma at 2104 keV. Calibration data taken
with a 60Co source confirm the double-gamma events re-
construct at higher energy, in agreement with our physics
data. Monte Carlo simulations show the double-gamma
energy deposit in a bolometer is significantly less local-
ized than the other single-gamma lines studied. We aim
to clarify if this could be responsible for the shift in re-
sponse with further studies. We note that the double
escape peak of the 208Tl 2615 keV line (E ' 1593 keV)
reconstructs within 0.13±0.30 keV of the expected value.
Since the interaction topology of the e+e� pair is simi-
lar to that expected from 0⌫�� decay we assume that
0⌫�� decay events would reconstruct according to the
calibrated energy scale.

We determine the calibration o↵set at Q�� from a
parabolic fit to the physics-peak residuals in Fig. 1, ex-
cluding the 60Co double-gamma and 208Tl single-escape
lines as outliers . We adopt the standard deviation of the
parabolic fit residuals as a systematic uncertainty. The
result is �µ(Q��) = 0.05± 0.05(stat.)± 0.12(syst.) keV.
Similarly, fitting the resolution-scaling parameter data
with a linear function we find ↵�(Q��) = 1.05 ± 0.05.
As a characteristic value of the detector resolution for
physics data in the ROI we quote the exposure-weighted
harmonic mean of the FWHM values of the ⇢b,d evalu-
ated with �b,d(Q��) = 1.05 ⇥ �̂b,d : 5.1 ± 0.3 keV. The
RMS of the exposure-weighted FWHM values is 2.9 keV.

After unblinding the ROI by removing the artificial
peak, we determine the yield of 0⌫�� decay events
from a simultaneous UEML fit [29] in the energy region
2470–2570 keV (Fig. 3). The fit has three components:
a posited signal peak at Q�� , a peak at ⇠ 2507 keV
from 60Co double-gammas, and a smooth continuum
background attributed to multiscatter Compton events
from 208Tl and surface decays [30]. We model both
peaks using the established lineshape. For 0⌫�� decay,
the µb,d(Q��) are fixed at the expected position (i.e.,
87.00 keV + �µ(Q��) below µ̂b,d, where 87.00 keV is
the nominal energy di↵erence between Q�� and the 208Tl
line), the �b,d are fixed to be 1.05 ⇥ �̂b,d, the �b,d and
⌘d,b are fixed to their best-fit calibration values, and the
0⌫�� decay rate (�0⌫) is treated as a global free param-
eter. The 60Co peak is treated in a similar way except
that a global free parameter is added to the expected

✓ FWHM of bolometers inline with CUORE goal of 5 keV 
near ROI

• Exposure weighted sum of 
the line-shapes of each 
bolometer-dataset overlaid 
2615 keV calibration data

Calibration Data
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CUORE-0: Background measurement
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α-dominatedβ/γ-dominated

190Pt

210Po
208Tl

Qββ=2528 keV

CUORE-0: Background measurement

• Use continuum in region 2700-3900 keV 
excluding (190Pt ) to benchmark 
background from degraded alphas

CUORE-0 
Preliminary
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190Pt

210Po
208Tl

Qββ=2528 keV

CUORE-0: Background measurement

0νββ region!
(c/keV/kg/yr)

2700-3900 keV *!
(c/keV/kg/yr)

CUORICINO"
ε = 83% 0.169 +/- 0.006 0.110 +/- 0.001

CUORE-0"
ε = 81% 0.058 +/- 0.004 0.016 +/- 0.001
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Preliminary



!27

α-dominatedβ/γ-dominated

190Pt

210Po
208Tl

Qββ=2528 keV

CUORE-0: Background measurement

0νββ region!
(c/keV/kg/yr)

2700-3900 keV *!
(c/keV/kg/yr)

CUORICINO"
ε = 83% 0.169 +/- 0.006 0.110 +/- 0.001

CUORE-0"
ε = 81% 0.058 +/- 0.004 0.016 +/- 0.001

CUORE-0 
Preliminary

• In CUORE we expect 232Th background from the new 
cryostat to be negligible  
!

• The degraded alpha background measured with 
CUORE-0 is within a factor of 2 of CUORE goal  
(0.01 counts/keV/kg/yr) 



CUORE: Self Shielding 
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• CUORE-0: All bolometers face 10 mk shield

• CUORE: Only outermost crystals face 
10mk shield



CUORE-0: 0!ββ Search
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 Qββ  @ 2527.5 keV 

N60
Co

=?? (34)

↵(60Co) = 1.05 (35)

⇠ M · t
�

(36)

b = {1, 2, · · · , 51} (37)

d = {1, 2, · · · , 20}

� =
µ0

µ
(39)

�
0⌫ 0⌫�� decay rate

N60
Co

Number of 60Co events

�µ(60Co) 60Co energy o↵set

�B Background rate

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�µ(60Co) 60Co energy o↵set 1.9 ±0.7 keV

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)

5

• After all cuts: 233 events in 9.8 kg × yr exposure of 130Te in ROI [2470-2570 keV]

5

Reconstructed Energy  ( keV )
2470 2480 2490 2500 2510 2520 2530 2540 2550 2560 2570

Ev
en

ts 
/ (

 2
ke

V
 )

0
2
4
6
8

10
12
14
16
18

/NDF = 43.9/462χ

 y
r )

)
⋅

 k
g 

⋅
( c

ou
nt

s /
 ( 

ke
V

 
   

   
   

   
   

Ev
en

t R
at

e 

0

0.05

0.1

0.15

0.2

0.25CUORE-0 Unblinded Energy (keV)
2470 2480 2490 2500 2510 2520 2530 2540 2550 2560 2570

 )σ
Re

sid
ua

l (
 

4−
3−
2−
1−
0
1
2
3
4

FIG. 3. Bottom: Energy spectrum of 0⌫�� decay candidates
in CUORE-0 (data points) and the best-fit model from the
UEML analysis (solid blue line). The peak at ⇠2507 keV is
attributed to 60Co; the dotted black line shows the continuum
background component of the best-fit model. Top: The nor-
malized residuals of the best-fit model and the binned data.
The vertical dot-dashed black line indicates the position of
Q�� .

µb,d to accomodate the anomalous double-gamma recon-
struction. Furthermore, the 60Co yield, although a free
parameter, is constrained to follow the 60Co half-life [28]
since 60Co was cosmogenically produced above ground
but is not replenished under ground at LNGS. Within
the limited statistics the continuum background can be
modeled using a simple slowly-varying function. We use
a zeroth-order polynomial as the default choice but also
consider first- and second-order functions.

The ROI contains 233 candidate events from a to-
tal TeO2 exposure of 35.2 kg·yr, or 9.8 kg·yr of
130Te considering the natural isotopic abundance of
34.167% [31]. The result of the UEML fit is shown in
Fig. 3. The best-fit value of the 0⌫�� decay rate is
�0⌫ = 0.01± 0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1 and
the profile likelihood for �0⌫ is shown in Fig. 4. The
best-fit value of the background index in the ROI is
0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).

We evaluate the goodness-of-fit by comparing the value
of the binned �2 in Fig. 3 (43.9 for 46 d.o.f.) with the
distribution from a large set of pseudo-experiments with
233 Poisson-distributed events in each, and generated
with the best-fit values of all parameters. We find that
90% of such experiments return a value of �2 > 43.9.
The data are also compatible with this set of pseudo-
experiments according to the Kolmogorov-Smirnov met-
ric. Finally, for each of the positive and negative fluctua-
tions about the best-fit function we evaluated the signifi-
cance by comparing the likelihood of our best-fit model to
the likelihood from an UEML fit in which the fluctuation
was modeled with a signal peak. For one d.o.f, the most
negative (positive) fluctuation has a probability of 0.5%
(3%). The probability to realize the largest observed fluc-
tuation anywhere in the 100-keV ROI is ⇠ 10%.

We find no evidence for 0⌫�� of 130Te and set a 90%
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FIG. 4. Profile negative log-likelihood (NLL) curves for
CUORE-0, Cuoricino [16–18], and their combination.

C.L. Bayesian upper limit on the decay rate using a uni-
form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at
�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7 ⇥ 1024 yr (sta-

tistical uncertainties only). The median 90% C.L. lower-
limit sensitivity for T 0⌫

1/2 is 2.9 ⇥ 1024 yr. The proba-
bility to obtain a more stringent limit than the one re-
ported above is 54.7%. Including the systematic uncer-
tainties which are described below, the 90% C.L. limits
are �0⌫ < 0.25⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7⇥ 1024 yr.
To estimate systematic uncertainties we perform a

large number of pseudo-experiments with zero and non-
zero signal. We find that our UEML analysis has neg-
ligible bias on �0⌫ . To estimate the systematic er-
ror from the lineshape choice we repeat the analysis of
each pseudo-experiment with single-gaussian and triple-
gaussian lineshapes and study the deviation of the best-
fit decay rate from the posited decay rate as a function
of posited decay rate. We also propagate the 5% uncer-
tainty on ↵�(Q��), the 0.12 keV energy scale uncertainty
and the choice of zeroth-, first-, or second-order polyno-
mial for the continuum background using this technique.
The resultant systematic uncertainties are summarized
in Table I.

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Selection e�ciency 0.7%

We combine our data with an existing 19.75 kg·yr
exposure of 130Te from the Cuoricino experiment [18].
The exposure-weighted mean and RMS FWHM energy

CUORE-0 
Preliminary

CUORE-0 
Preliminary

 
90% C.L.
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FIG. 3. Bottom: Energy spectrum of 0⌫�� decay candidates
in CUORE-0 (data points) and the best-fit model from the
UEML analysis (solid blue line). The peak at ⇠2507 keV is
attributed to 60Co; the dotted black line shows the continuum
background component of the best-fit model. Top: The nor-
malized residuals of the best-fit model and the binned data.
The vertical dot-dashed black line indicates the position of
Q�� .

µb,d to accomodate the anomalous double-gamma recon-
struction. Furthermore, the 60Co yield, although a free
parameter, is constrained to follow the 60Co half-life [28]
since 60Co was cosmogenically produced above ground
but is not replenished under ground at LNGS. Within
the limited statistics the continuum background can be
modeled using a simple slowly-varying function. We use
a zeroth-order polynomial as the default choice but also
consider first- and second-order functions.

The ROI contains 233 candidate events from a to-
tal TeO2 exposure of 35.2 kg·yr, or 9.8 kg·yr of
130Te considering the natural isotopic abundance of
34.167% [31]. The result of the UEML fit is shown in
Fig. 3. The best-fit value of the 0⌫�� decay rate is
�0⌫ = 0.01± 0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1 and
the profile likelihood for �0⌫ is shown in Fig. 4. The
best-fit value of the background index in the ROI is
0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).

We evaluate the goodness-of-fit by comparing the value
of the binned �2 in Fig. 3 (43.9 for 46 d.o.f.) with the
distribution from a large set of pseudo-experiments with
233 Poisson-distributed events in each, and generated
with the best-fit values of all parameters. We find that
90% of such experiments return a value of �2 > 43.9.
The data are also compatible with this set of pseudo-
experiments according to the Kolmogorov-Smirnov met-
ric. Finally, for each of the positive and negative fluctua-
tions about the best-fit function we evaluated the signifi-
cance by comparing the likelihood of our best-fit model to
the likelihood from an UEML fit in which the fluctuation
was modeled with a signal peak. For one d.o.f, the most
negative (positive) fluctuation has a probability of 0.5%
(3%). The probability to realize the largest observed fluc-
tuation anywhere in the 100-keV ROI is ⇠ 10%.

We find no evidence for 0⌫�� of 130Te and set a 90%
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FIG. 4. Profile negative log-likelihood (NLL) curves for
CUORE-0, Cuoricino [16–18], and their combination.

C.L. Bayesian upper limit on the decay rate using a uni-
form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at
�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7 ⇥ 1024 yr (sta-

tistical uncertainties only). The median 90% C.L. lower-
limit sensitivity for T 0⌫

1/2 is 2.9 ⇥ 1024 yr. The proba-
bility to obtain a more stringent limit than the one re-
ported above is 54.7%. Including the systematic uncer-
tainties which are described below, the 90% C.L. limits
are �0⌫ < 0.25⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7⇥ 1024 yr.
To estimate systematic uncertainties we perform a

large number of pseudo-experiments with zero and non-
zero signal. We find that our UEML analysis has neg-
ligible bias on �0⌫ . To estimate the systematic er-
ror from the lineshape choice we repeat the analysis of
each pseudo-experiment with single-gaussian and triple-
gaussian lineshapes and study the deviation of the best-
fit decay rate from the posited decay rate as a function
of posited decay rate. We also propagate the 5% uncer-
tainty on ↵�(Q��), the 0.12 keV energy scale uncertainty
and the choice of zeroth-, first-, or second-order polyno-
mial for the continuum background using this technique.
The resultant systematic uncertainties are summarized
in Table I.

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Selection e�ciency 0.7%

We combine our data with an existing 19.75 kg·yr
exposure of 130Te from the Cuoricino experiment [18].
The exposure-weighted mean and RMS FWHM energy

➡ Bayesian lower limit 

60Co
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〈mββ〉 < 270 – 650 meV
 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) ISM (NPA 818, 139 (2009)) 
 5) EDF (PRL 105, 252503 (2010))

CUORE-0 
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CUORE-0: Combination with CUORICINO
6

resolution of the Cuoricino detectors was 6.9 keV and
2.9 keV, respectively, and the ROI background index was
0.169 ± 0.006 counts/(keV·kg·yr). We report the profile
likelihoods in Fig. 4. The combined Bayesian 90% C.L.
limit is T 0⌫

1/2 > 4.0⇥ 1024 yr which is the most stringent
limit to date on this quantity. For comparison, the
90%C.L. frequentist limits [32] are T 0⌫

1/2 > 2.8 ⇥ 1024 yr

for CUORE-0 only, and T 0⌫
1/2 > 4.1⇥ 1024 yr for the com-

bination with Cuoricino.

We interpret our Bayesian combined limit in the con-
text of models for 0⌫�� decay mediated by light Ma-
jorana neutrino exchange using the phase space factors
from Ref. [33], the most recent nuclear matrix element
(NME) calculations for a broad range of models avail-
able in the literature [34–38], and adopting the value of
gA ' 1.27 for the axial coupling constant. The resulting
range for the 90% C.L upper limit on the e↵ective Majo-
rana mass is m�� < 270 – 650 meV; for ease of compari-
son with limits reported for other isotopes in the field this
range excludes Ref. [39]. If we include the latter NME
calculation the range extends to m�� < 270 – 760 meV.

In summary, CUORE-0 finds no evidence for 0⌫��
decay of 130Te and, when combined with the Cuori-
cino exposure, provides the most stringent limit to date

on this important process. Benefiting in particular
from lower background, improved energy resolution, and
higher data-taking e�ciency, the experiment has sur-
passed the sensitivity of Cuoricino in approximately half
the runtime.
The CUORE Collaboration thanks the directors and
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[35] F. Ŝimkovic et al., Phys. Rev. C 87, 045501 (2013).
[36] J. Barea, J. Kotila and F. Iachello, Phys. Rev. C 91,

034304 (2015).
[37] T. R. Rodriguez and G. Martinez-Pinedo, Phys. Rev.

Lett. 105, 252503 (2010).
[38] J. Hyvrinen and J. Suhonen, Phys. Rev. C 91, 024613

(2015).
[39] A. Neacsu and M. Horoi, Phys. Rev. C 91, 024309 (2015).

• The 90% C.L. (Bayesian) lower limit based on 
the combined profile function

• This is the most stringent limit on this half-life !

N60
Co

=?? (34)

↵(60Co) = 1.05 (35)

⇠ M · t
�

(36)

b = {1, 2, · · · , 51} (37)

d = {1, 2, · · · , 20}

1

T 0⌫
1/2

= G0⌫ |M0⌫ |2
m2

��

m2

e

� =
µ0

µ
(40)

�
0⌫ 0⌫�� decay rate

N60
Co

Number of 60Co events

�µ(60Co) 60Co energy o↵set

�B Background rate

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

�µ(60Co) 60Co energy o↵set 1.9 ±0.7 keV

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)
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 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) Shell Model (PRC 91, 024309 (2015)) 
 5) ISM (NPA 818, 139 (2009)) 
 6) EDF (PRL 105, 252503 (2010))

〈mββ〉 < 270 – 760 meV

Including additional Shell-Model NME



Assembly of all 19 towers completed

!31

Status of CUORE

Expect to deploy the array in the cryostat later this year 
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Cryostat assembled, passed 4K commissioning test

Dilution unit delivered to LNGS, able to maintain ~5mK in 
standalone commissioning tests 

!
2 out of 3 planned integration runs already reached ~6mK base T  

Outermost shield

Cryostat Vessel Flanges DU Test Stand

DU Installed in cryostat

!
Final integration run (everything except detectors) is ongoing

Status of CUORE: Cryogenic System



CUORE Sensitivity 
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!
• Interpretation of 130Te 0νββ half-life limit in terms of mββ 

 

• CUORE may start to explore the inverted-hierarchy (depending on the NME)

Assumptions:"
• 988 bolometers!
• 5 years of lifetime!
• δE = 5 keV FWHM at 2615 keV!
• b = 0.01 counts/(keV·kg·yr)!

m�� < (50� 130meV)

⇥ a · ⇥

�
M · t

b · �E

half-life sensitivity 
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Preliminary
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(E��·µ)2
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⇢b,d(E) = ⇢(µb,d,�b,d, �b,d, ⌘b,d) (9)

⇢b,d = ⇢(µb,d,�b,d, �b,d, ⌘b,d) (10)

Sb,d(�µ,↵,�) = ⇢(Eb,d +�µ+ ↵ · �̂b,d,� · �̂b,d, ⌘̂b,d) (11)

⇢
0
b,d(�µ,↵) = ⇢(Eb,d ��µ+ ↵ · �̂b,d,� · �̂b,d, ⌘̂b,d) (12)

{�µ(E
1

),�µ(E
2

), · · · ,�µ(EN )} (13)

T 0⌫
1/2 = 2.9⇥ 1024 yr (14)

T 0⌫
1/2 = 2.9⇥ 1024 yr (15)

T 0⌫
1/2 > 9.25⇥ 1025 yr (90%C.L.) (16)

�µ(Q��) = 0.05± 0.05(stat.)± 0.12(syst.) keV (17)
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Conclusion
• Lessons learned from CUORICINO have guided the CUORE-0/CUORE 

design 

• Data from CUORE-0 verifies the new assembly line, materials selection, 
and ultra-cleaning protocols reduce pernicious surface backgrounds!
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• CUORE array is ready and cryogenic commissioning is advancing

• Expect array to be deployed in cryostat in 2015

• CUORE-0 combined with CUORICINO provides the most stringent limit 
to date on 0!ββ decay of 130Te

6

resolution of the Cuoricino detectors was 6.9 keV and
2.9 keV, respectively, and the ROI background index was
0.169 ± 0.006 counts/(keV·kg·yr). We report the profile
likelihoods in Fig. 4. The combined Bayesian 90% C.L.
limit is T 0⌫

1/2 > 4.0⇥ 1024 yr which is the most stringent
limit to date on this quantity. For comparison, the
90%C.L. frequentist limits [32] are T 0⌫

1/2 > 2.8 ⇥ 1024 yr

for CUORE-0 only, and T 0⌫
1/2 > 4.1⇥ 1024 yr for the com-

bination with Cuoricino.

We interpret our Bayesian combined limit in the con-
text of models for 0⌫�� decay mediated by light Ma-
jorana neutrino exchange using the phase space factors
from Ref. [33], the most recent nuclear matrix element
(NME) calculations for a broad range of models avail-
able in the literature [34–38], and adopting the value of
gA ' 1.27 for the axial coupling constant. The resulting
range for the 90% C.L upper limit on the e↵ective Majo-
rana mass is m�� < 270 – 650 meV; for ease of compari-
son with limits reported for other isotopes in the field this
range excludes Ref. [39]. If we include the latter NME
calculation the range extends to m�� < 270 – 760 meV.

In summary, CUORE-0 finds no evidence for 0⌫��
decay of 130Te and, when combined with the Cuori-
cino exposure, provides the most stringent limit to date

on this important process. Benefiting in particular
from lower background, improved energy resolution, and
higher data-taking e�ciency, the experiment has sur-
passed the sensitivity of Cuoricino in approximately half
the runtime.
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[35] F. Ŝimkovic et al., Phys. Rev. C 87, 045501 (2013).
[36] J. Barea, J. Kotila and F. Iachello, Phys. Rev. C 91,

034304 (2015).
[37] T. R. Rodriguez and G. Martinez-Pinedo, Phys. Rev.

Lett. 105, 252503 (2010).
[38] J. Hyvrinen and J. Suhonen, Phys. Rev. C 91, 024613

(2015).
[39] A. Neacsu and M. Horoi, Phys. Rev. C 91, 024309 (2015).

(90% C.L.) 〈mββ〉 < 270 – 760 meV

http://arxiv.org/abs/1504.02454!
Submitted to PRL

http://arxiv.org/abs/1504.02454


Other slides

!35

CUORE



CUORE-0: Selection Efficiency
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�
0⌫ 0⌫�� decay rate

N60
Co

Number of 60Co events

�µ(60Co) 60Co energy o↵set

�B Background rate

�
0⌫ 0⌫�� decay rate 0.01 ±0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1

N60
Co

Number of 60Co events XX ??

�µ(60Co) 60Co energy o↵set 1.9 ±0.7 keV

�B Background rate 0.058 ±0.004 (stat.)± 0.002 (syst.) counts/(keV · kg · yr)

Selection E�ciency (%)

Trigger & reconstruction 98.529± 0.004

Pileup & Pulse shape 93.7± 0.7

Anticoincidence (0⌫�� containment) 88.4± 0.09

Anticoincidence (survive accidental) 99.6± 0.1

Total 81.3± 0.6

5

• The data quality cuts reduce the total exposure by 7%

• Selection efficiencies

• Effective exposure: 35.2 kg × yr  TeO2   or   9.8 kg × yr 130Te



CUORE-0: Fit procedure for ROI 
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• Model ROI  [ 2470 - 2570 keV] with: !

• Peak for possible 0!ββ events!

• Peak for 60Co events!

• Continuum underlying background (use 0th-
order polynomial)

Blinded Spectrum (Partial Statistics)

Free parameters of the fit model

�
0⌫ 0⌫�� decay rate

N60
Co

Number of 60Co events

�µ(60Co) 60Co energy o↵set

�B Background rate

5



CUORE-0: Systematic Uncertainty
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• We estimate systematic uncertainties and how they scale with 0!ββ decay rate 
using toy Monte Carlo!

➡ Fit Bias: Find fit procedure is not biased!
➡ Line-shape: studied single and triple gaussian alternatives!
➡ Continuum Background: studied 1st and 2nd order polynomial alternatives!
➡ Energy resolution: varied the resolution scaling parameter α(Qββ) within 

its uncertainty (0.05 %)  !
➡ Energy scale: Varied the energy offset parameter Δμ(Qββ) within its 

uncertainty (0.12 keV)

Systematic uncertainties on Γ0ν in the limit of zero signal (Additive) and how they scale with nonzero signal (Scaling)



Significance of fluctuations
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FIG. 3. Bottom: Energy spectrum of 0⌫�� decay candidates
in CUORE-0 (data points) and the best-fit model from the
UEML analysis (solid blue line). The peak at ⇠2507 keV is
attributed to 60Co; the dotted black line shows the continuum
background component of the best-fit model. Top: The nor-
malized residuals of the best-fit model and the binned data.
The vertical dot-dashed black line indicates the position of
Q�� .

µb,d to accomodate the anomalous double-gamma recon-
struction. Furthermore, the 60Co yield, although a free
parameter, is constrained to follow the 60Co half-life [28]
since 60Co was cosmogenically produced above ground
but is not replenished under ground at LNGS. Within
the limited statistics the continuum background can be
modeled using a simple slowly-varying function. We use
a zeroth-order polynomial as the default choice but also
consider first- and second-order functions.

The ROI contains 233 candidate events from a to-
tal TeO2 exposure of 35.2 kg·yr, or 9.8 kg·yr of
130Te considering the natural isotopic abundance of
34.167% [31]. The result of the UEML fit is shown in
Fig. 3. The best-fit value of the 0⌫�� decay rate is
�0⌫ = 0.01± 0.12 (stat.)± 0.01 (syst.)⇥ 10�24 yr�1 and
the profile likelihood for �0⌫ is shown in Fig. 4. The
best-fit value of the background index in the ROI is
0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).

We evaluate the goodness-of-fit by comparing the value
of the binned �2 in Fig. 3 (43.9 for 46 d.o.f.) with the
distribution from a large set of pseudo-experiments with
233 Poisson-distributed events in each, and generated
with the best-fit values of all parameters. We find that
90% of such experiments return a value of �2 > 43.9.
The data are also compatible with this set of pseudo-
experiments according to the Kolmogorov-Smirnov met-
ric. Finally, for each of the positive and negative fluctua-
tions about the best-fit function we evaluated the signifi-
cance by comparing the likelihood of our best-fit model to
the likelihood from an UEML fit in which the fluctuation
was modeled with a signal peak. For one d.o.f, the most
negative (positive) fluctuation has a probability of 0.5%
(3%). The probability to realize the largest observed fluc-
tuation anywhere in the 100-keV ROI is ⇠ 10%.

We find no evidence for 0⌫�� of 130Te and set a 90%
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FIG. 4. Profile negative log-likelihood (NLL) curves for
CUORE-0, Cuoricino [16–18], and their combination.

C.L. Bayesian upper limit on the decay rate using a uni-
form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at
�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7 ⇥ 1024 yr (sta-

tistical uncertainties only). The median 90% C.L. lower-
limit sensitivity for T 0⌫

1/2 is 2.9 ⇥ 1024 yr. The proba-
bility to obtain a more stringent limit than the one re-
ported above is 54.7%. Including the systematic uncer-
tainties which are described below, the 90% C.L. limits
are �0⌫ < 0.25⇥ 10�24 yr�1 or T 0⌫

1/2 > 2.7⇥ 1024 yr.
To estimate systematic uncertainties we perform a

large number of pseudo-experiments with zero and non-
zero signal. We find that our UEML analysis has neg-
ligible bias on �0⌫ . To estimate the systematic er-
ror from the lineshape choice we repeat the analysis of
each pseudo-experiment with single-gaussian and triple-
gaussian lineshapes and study the deviation of the best-
fit decay rate from the posited decay rate as a function
of posited decay rate. We also propagate the 5% uncer-
tainty on ↵�(Q��), the 0.12 keV energy scale uncertainty
and the choice of zeroth-, first-, or second-order polyno-
mial for the continuum background using this technique.
The resultant systematic uncertainties are summarized
in Table I.

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Selection e�ciency 0.7%

We combine our data with an existing 19.75 kg·yr
exposure of 130Te from the Cuoricino experiment [18].
The exposure-weighted mean and RMS FWHM energy

• Estimate the significance of the fluctuations from a likelihood ratio test 

• Compare hypotheses modeling the fluctuations with a peak to our best-fit 
model   

• All fluctuations have  significance < 3 sigma C.L  

• Probability to observe the largest fluctuation somewhere in the 100 keV 
ROI is ~10%

CUORE-0 
Preliminary
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Outermost shield

Cryostat Vessel Flanges DU Test Stand

DU Installed in cryostat

• OVC( 300K ):!

• h = 3.1 m!

• d = 1.7 m!

• Mass: !

• Detectors ~ 1 ton!

• Pb shielding ~ 8 tons!

• Cu vessels/thermal shields ~ 8 tons !

• Cryogen free!

• 5 pulse tubes for pre-cooling!

• High cooling-power dilution unit!

• 2 mW @ 100 mK !

!

Status of CUORE: Cryogenic System



Beyond CUORE ?
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to get high-quality crystals; secondly, the enriched material is costly, and therefore the growth procedure needs to
be adapted in order to reduce as much as possible the irrecoverable losses of the initial charge. An intense R&D
activity is ongoing in order to develop enriched TeO2 crystals. The USC (University of South Carolina) group has
procured about 10 kg of Te metal, enriched to 93% in 130Te. The first batch of CUORE-sized enriched 750 g crystals
has recently been delivered to Gran Sasso for bolometric tests. The initial performance is compatible with that of
the unenriched CUORE crystals. Further R&D aiming at improving the e�ciency of the crystal growth process
and reuse of the enriched material is ongoing.

On the other hand, the level of background rejection required for the CUPID science goals has already been
demonstrated in alternative (scintillating) crystals, albeit in single detector prototypes (see Section IVB) and not
yet in large arrays. Larger pilot experiments based on the isotopes 82Se (embedded in ZnSe crystals – LUCIFER [3]
project) and 100Mo (embedded in ZnMoO4 and in Li2MoO4 crystals – LUMINEU [4] and LUCIFER projects)
have been proposed and are under development. The candidate 116Cd (embedded in CdWO4 crystals) is promising
as well [5, 6]. For these isotopes, however, crystal production capabilities of several manufacturers need to be
investigated for a ton-scale experiment. While the TeO2 production line at the Shanghai Institute of Ceramics of
Chinese Academy of Science (SICCAS) has performed extremely well for CUORE, large-scale production of other
crystals has never been attempted. Potential manufacturers in Ukraine and Russia have already been singled out,
but investigating alternative vendors in the US, Europe, or Asia is desirable. The UCLA (University of California,
Los Angeles) group plans to investigate establishing a ZnSe process at SICCAS, while other possible vendors are
being considered.

R&D activities towards the production of enriched crystals containing 82Se, 100Mo, and 116Cd have already
provided relevant results. The procurement of a considerable amount of ultra-pure 82Se by a European company
(URENCO) represented a major achievement by itself [7]. The enrichment is done by SeF6 centrifugation followed
by the chemical conversion to elemental selenium. In order to prevent radioactive contamination of the samples, a
dedicated centrifuge line and an ad-hoc conversion rig were set up. 15 kilograms of Se, enriched to 95% in 82Se, have
been delivered. The overall chemical purity turns out to be better than 99.8% on trace metal base; in particular,
the concentrations of 238U and 232Th fall below 10�10g/g and the critical impurities (Fe,Cr) have concentrations
below the accepted limits for good scintillation performance. The main e↵ort is currently focused on the refinement
of the crystal growth procedure in terms of optimization of the optical and thermal quality and limitation of the
irrecoverable loss of 82Se [7].

CUPID 

TeO2 

NO TeO2 

Surface 
effects 

Al Film 

Scintillating 
foil 

ZnSe 

ZnMoO4 / 
Li2MoO4 

CdWO4 

Enrichment 

Cherenkov 

Luke effect 

TES 

MKID 

MMC 

Sensitivity to  
bulk / surface 

alphas 

Sensitivity  
to surface  

alphas / betas 
ROI  

< 2615 keV 

ROI  
> 2615 keV 

Scintillation 

FIG. 1: Scheme of the R&D detector activities for CUPID

See talk of M. Vignati from May 25

• Next generation aims to use active rejection techniques to dramatically reduce 
background:  CUORE Upgrade with Particle ID (CUPID)

See poster of L. Gironi


