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Neutrinoless Double Beta Decay

Can occur only if ν is a Majorana particle 

Forbidden by SM: it violates L (actually B-L) 
conservation

It creates matter (no anti-matter balancing)

Majorana phases: other sources of CPV?

If observed, insights on the neutrino mass

CUORE
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Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

Hypothesized, never observed, nuclear transition



Double Beta Decay search
CUORE
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Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

• Signal = 2 electrons producing a peak at 2-3 MeV (depends on isotope)

• Never observed and extremely rare: half-life larger than 1024 -1026 years  

• Stringent requirements on next generation experiments

1027 nuclei: Hundreds of kg of source

Good Energy Resolution

Background free detectors

Many experiments in data-taking, in construction or proposed.
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Grown from 0νββ emitter  ➪ ε > 80%

Possibility to test different 0νββ emitters 

Excellent energy resolution (<1%)

Scalability ➪ large source mass
4

sensor
(ntd ge thermistor)

absorber

heat sink

conductance

430 g

particle
interaction

Wednesday, September 4, 13

Crystal operated as calorimeter at ~10 mK

Particle interaction ➪ E deposit ➪ T increase

Dedicated sensor to convert ΔT in a voltage pulse

Cryogenic Calorimeters
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Calorimeters for 0nDBD
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Cryogenic Underground Observatory for Rare 
Events 
•  988 TeO2 crystals run as a bolometer array 

–  5x5x5 cm3 crystal, 750 g each 
–  19 Towers; 13 floors; 4 modules per floor 
–  741 kg total; 206 kg 130Te 
–  1027 130Te nuclei 

•  Excellent energy resolution of bolometers 
•  New pulse tube dilution refrigerator and 

cryostat  
•  Radio-pure material and clean assembly to 

achieve low background at ROI  

CUORE 
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TAUP Asilomar, Sept 11 2013 2 Ke Han (Berkeley Lab) for CUORE 

CUORE 

sets the standard for next generation experiments exploiting 
the calorimetric technique

• Hundreds of kg of source ➪ Proved by CUORE 

• Good Energy Resolution ➪ ~0.1% for CUORE-like 
detectors

• Background free detectors ➪ 200 events/ROI for CUORE

L. Cassina’s talk

Goal of CUPID-0:
prove that we can keep the advantages of calorimeters

BUT
with zero background in the region of interest
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82Se based calorimeters

• 82Se: high Q-value ~2998 keV 

• Rather slow 2nDBD decay: 9.6x1019 years

• But: low natural isotopic abundance

• Enrich in 82Se from 8.7% to 96.3%                           
I. Dafinei et al, arXiv:1702.05877 (2017)

• 82Se embedded in Zn82Se crystals to be operated 
as cryogenic calorimeters

130Te 76Ge 100Mo 116Cd 

Background � 
ambientale 

82Se 

http://arxiv.org/abs/arXiv:1702.05877
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Zn82Se cryogenic calorimeters
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82Se • Test with some ZnSe samples

• Containment efficiency > 80%

• Energy resolution 30 keV at 3 MeV (1%)

• Reasonable low intrinsic background 

R. Artusa et al, Eur.Phys.J. C76 (2016) no.7, 364



Background Suppression
CUORE
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Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbiddenTarget of next generation experiments = zero background

0nDBD signal = 2 electrons

Main background  = alpha particles (200 events in ROI)

Exploit light output for particle ID (alpha rejection)6
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Fig. 4: (color online) Background spectrum of CUORE-0
(red with shades) and Cuoricino (black) in the region dom-
inated by degraded α particles. The figure shows reduction
of the flat background caused by degraded α particles in the
energy region of [2.7 - 3.1] and [3.4− 3.9] MeV.

atic uncertainties arising from background shape are studied
by comparing a constant and a linear background models,
and are found to be less than 3%. The systematic contribu-
tion from the uncertainty in energy calibration is less than
1%.

The two major sources of background in the ROI are
degraded α particles from surface contamination on the de-
tector components and γ rays that originate from the cryo-
stat. Degraded α particles with a decay energy of 4 to
8 MeV may deposit part of their energy in the 0νDBD
ROI. These α events form a continuous energy spectrum
extending from their decay energy to well below 0νDBD
region. The α background rate in the ROI is estimated by
counting events in the “α flat continuum region”, which
is defined to be from 2.7 to 3.9 MeV (excluding the 190Pt
peak region from 3.1 to 3.4 MeV). This energy range is
above almost all naturally occurring γ rays, in particular
the 2615 keV γ rays from 208Tl decay. Figure 4 shows
the background energy spectrum of CUORE-0 (shaded red)
and Cuoricino (black). The measured rate for CUORE-0 is
0.019± 0.002 counts/(keV ·kg ·y), which improves on the
Cuoricino result (0.110± 0.001 counts/(keV ·kg ·y)) by a
factor of 6.

The γ-ray background in the ROI is predominantly
Compton-scattered 2615 keV γ rays originating from 208Tl
in the cryostat. Since CUORE-0 is hosted in the same cryo-
stat as was used for Cuoricino, the γ-ray background is ex-
pected to be similar. The γ-ray background is estimated as
the difference between overall background in the ROI and
the degraded α background in the continuum. The mea-
sured γ-ray backgrounds of CUORE-0 and Cuoricino are
indeed compatible [12], consistent with the hypothesis that

Live Time [y]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 [y
] 9

0%
 C

.L
. S

en
sit

iv
ity

1/
2ν0 T

2410

 y]⋅Isotope Exposure [kg 
0 2 4 6 8 10 12 14 16 18 20

CUORE-0 Projected

Cuoricino limit

2410×5

2310×5

Fig. 5: (color online) Sensitivity of CUORE-0
with the measured background rate in the ROI of
0.071 counts/(keV ·kg ·y) and energy resolution of
5.7 keV FWHM. The CUORE-0 sensitivity is expected to
surpass that of Cuoricino with one year of live time.

the background in the ROI is composed of γ rays from the
cryostat and degraded α particles.

4 Projected sensitivity of CUORE-0

Using the measured background rate and energy resolution
of the 2615 keV γ-ray peak, we obtain the CUORE-0 sensi-
titvity with the approach outlined in [33]. With the excellent
energy resolution, we construct a single-bin counting exper-
iment with a 5.7 keV bin centered at the 0νDBD Q-value.
The sensitivity is obtained by comparing the expected num-
ber of signal events with Poissonian fluctuations from the
expected background rate in this bin. Figure 5 shows the
90% C.L. sensitivity of CUORE-0. With one year of live
time, or 11 kg ·y isotope exposure, CUORE-0 is expected
to surpass the 130Te 0νDBD half-life sensitivity achieved by
Cuoricino, 2.8× 1024 y.

5 Summary and outlook

We present the energy resolution and background mea-
surements of CUORE-0 detector from from the 7.1 kg ·y
exposure accumulated up to September 2013. The mea-
sured 5.7 keV FWHM in the 0νDBD ROI repre-
sents a slight improvement over Cuoricino and vali-
dates the CUORE-0 wiring scheme and assembly pro-
cedure. The background rates have been measured to
be 0.071± 0.011 counts/(keV ·kg ·y) in the ROI and
0.019± 0.002 counts/(keV ·kg ·y) in the α continuum re-
gion. These results are a factor of 2 and 6 improvement
compared to Cuoricino, due to more rigorous copper surface

CUORE collaboration arXiv:1402.0922v2
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Potential of Particle ID
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• Containment efficiency > 80%

• Energy resolution 30 keV at 3 MeV (1%)

• Reasonable low intrinsic background 
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CUPID-0 is a modular detector ~10 kg

Commissioned in early 2017

About 60 researchers from Italy, US and France

Demonstrator for resolution and background 

Zn82Se

Ge-LD

PTFE 
Zn82SePTFE 

Ge-LD

Detector 
read-out

Column

Copper 
Frame

a

b

c d

CUPID-0
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Detector Assembly
We developed many custom tools for a radio-
pure detector assembly in underground clean-

room

Each tower begins with a Ge light detector 
(previously assembled) 

Mount copper columns
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Detector Assembly



Detector Assembly



Detector Assembly

• 24 Enriched ZnSe crystals + 2 natural ZnSe 

• 10.5 kg ZnSe (5.17 kg of 82Se) 

• CUPID-0 is a demonstrator, still it features 
3.8x1025 0nDBD emitters
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Detector Cool Down
• October 2016: end of the assembly 

• November/December  2016: cool-down   
[addressing of minor cryogenic problems] 

• January 2017: solved all cryogenic problems

• January 2017: other technical 
problems (snow + earthquake) 

• February 2017: start 
commissioning
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First Data
preliminary0.89 kg x y of exposure of ZnSe

0.47 kg x y exposure of 82Se

SW problems
8%

Tests/Refills
13%

Neutron calib
1%

γ calibration
16%

Physics
62%

Physics γ calibration Neutron calib Tests/Refills SW problems
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First Data
preliminary0.89 kg x y of exposure of ZnSe

0.47 kg x y exposure of 82Se
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What’s next

• Physics runs ongoing to increase statistics 

• Compute and improve energy resolution  

• Prove that we can reach zero background in the ROI

Thanks for the attention!
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FIG. 1. Marginalized posterior distributions for m
��

and the lightest mass eigenvalue for NO (a) and IO (b). The solid lines
show the allowed parameter space assuming 3� intervals of the neutrino oscillation observables from nu-fit [12]. The plot is
produced assuming QRPA NMEs. The probability density is normalized by the logarithm of m

��

and of the lightest mass
eigenvalue.
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FIG. 2. Top: marginalized posterior distributions of m
��

(solid line) for NO and IO, normalized by the logarithm of
m

��

. Bottom: complementary cumulative distribution func-
tions for m

��

. The band shows the deformation of the pos-
terior distribution due to di↵erent assumptions on the NME.
The data from cosmology provide a somewhat stronger con-
straint on m

��

than the current 0⌫�� decay experiments.

pact of cosmological data is still limited: the cumulative
distributions of m

��

– and ultimately also the experi-
mental discovery probabilities – change by only tens of
percent.

III. EXPERIMENTAL SENSITIVITY

The experimental search for 0⌫�� decay is a very ac-
tive field. There is a number of isotopes that can undergo
0⌫�� decay and many detection techniques have been
developed and tested in recent years [47, 48]. Examples
are: high-purity Ge detectors [49, 50], cryogenic bolome-
ters [51, 52], loaded organic liquid scintillators [27], time-
projection chambers [53, 54], and tracking chambers [55].
Various larger-scale experiments with the sensitivity to
probe the full IO parameter space are being mounted
or proposed for the near or far future. This work fo-
cuses on those projects considered recently by the U.S.
DOE/NSF Nuclear Science Advisory Committee’s Sub-
committee on Neutrinoless Double Beta Decay [56]: CU-
PID [57, 58], KamLAND-Zen [59], LEGEND [60, 61],
nEXO [62], NEXT [63], PandaX-III [64], SNO+ [65, 66],
and SuperNEMO [67, 68]. Most of these projects follow a
staged-approach in which the target mass will be progres-
sively increased. The various phases and parameters of
each project are summarized in TABLE I and discussed
in Appendix C. We would like to caution the reader, how-
ever, that many of these experiments are under rapid
development, and the parameters publicly available dur-
ing the snapshot of time during which this manuscript
was prepared will often poorly characterize their ulti-
mate reach. Our conclusions should therefore be taken
with a heavy grain of salt, and we implore the reader to
resist the urge to use our results to make comparisons
between experiments, and instead to focus on their com-
bined promise as a global, multi-isotope endeavor. We
hope that our methods are also useful as a figure-of-merit
by which individual experiments can evaluate their own
implementations. This analysis can be updated when
new information becomes available.

A primary experimental signature for 0⌫�� decay is
a mono-energetic peak in the measured energy spectrum

CUORE CUORE

CUPIDCUPID

Cryogenic Underground Observatory for Rare 
Events 
•  988 TeO2 crystals run as a bolometer array 

–  5x5x5 cm3 crystal, 750 g each 
–  19 Towers; 13 floors; 4 modules per floor 
–  741 kg total; 206 kg 130Te 
–  1027 130Te nuclei 

•  Excellent energy resolution of bolometers 
•  New pulse tube dilution refrigerator and 

cryostat  
•  Radio-pure material and clean assembly to 

achieve low background at ROI  

CUORE 
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CUPID: Cuore Upgrade with Particle IDentification

CUORE cryostat ➪ useful also for CUPID (ultimate limit in mass)

Calorimeters: energy resolution 0.1% ➪ suitable for CUPID

But expected background of ~200 events in the ROI ➪ ~0 in CUPID!

From CUORE to CUPID

20
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Result of an R&D activity of several years to suppress the background

Proved that CUORE can reach the background and resolution target

But still far from the zero background: 200 counts/ROI expected

During CUORE construction, we run a CUORE-like tower: CUORE-0

Background Study: CUORE-0


