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Majorana landscape circa 2020
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy

– 5 –

3X

i=1

mi = 0.32± 0.11

GERDAII

CUORE

KZEN-600 kg

EXO-200

NEXT-100

Inverted 

Normal 

200 300 400 500
Ymi (meV)

50

100

150

m
``

 (m
eV

)
NH

IH

Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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• How do we cover the cosmo-region even for small NME?



SuperGerda

3

• Mass ~500 kg = 10 x GERDA II 
• Total running time = 15 years (!!) 
• Effective exposure = 5 ton year

• efficiency = 0.62  
• ΔE = 0.1 % at 2.6 MeV 
• B = 1. x 10-3 ckky

Majorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meV
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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SuperCuore
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• Mass (isotope) ~2 ton = 10 x CUORE 
• 3 super-towers + enriched Tl 
• Effective exposure = 20 ton year

• efficiency = 0.87  
• ΔE = 0.2 % at 2.6 MeV 
• B = 1. x 10-2 ckky
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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SuperCUORE IBM2 
mββ=21 meV

SuperCUORE ISM 
mββ=43 meV

3WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

Cryogenic Underground Observatory for Rare Events

● Search for 0vDBD in 130Te using an array of 988 natural 
TeO

2
 bolometers

Detector parameters:
● 130Te mass: 206 kg (~1027 nuclei)
● 988 TeO

2
 bolometers (741 kg)

● 19 towers
● 52 bolometers/tower

● Single bolometer:
● 5x5x5 cm3 TeO

2
 crystal

Goals:
● Resolution: 5 keV FWHM at 2.5 MeV
● Bkg: 0.01 counts/(keV kg y)

CUORE

Detector cool down at the end of 2014
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KZen-II
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• Mass (isotope) ~1 ton = 10 x KZENI 
• Improve resolution to 6% FWHM 
• Effective exposure = 10 ton year

• efficiency = 0.55 
• ΔE = 6 % at 2.5 MeV 
• B = 1. x 10-4 ckky
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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mi = 0.32± 0.11

SuperKZEN IBM2 
mββ=29 meV

SuperKZEN ISM 
mββ=58 meV

Future Plans 

6/11/2013 20 CYGNUS2013 

KamLAND2-Zen 

New mini-balloon (600kg~ 136Xe)  
start preparation in this year 

After purification ( ~ March, 2014) 

Current 
 (KamLAND-Zen + EXO-200 conbined) 

Light collection cone to 
improve energy resolution. 

Expansion of opening section 
~1000kg 136Xe balloon 

New brighter LS 



Assessment: Calorimeters
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• GERDA & CUORE: increase the mass by a factor ~10 
• Maintain or moderately improve the best expected performance 

(resolution and B index) of GERDA II and CUORE. 
• Challenge: effort & cost to scale up detectors to very large masses. 
• Advantage: clear signature if signal is observed 

• KamLAND-Zen 
• Increase the mass up to allowed load in LS (~1 ton) 
• Improve BI by a factor 6-7 wrt KamLAND-ZEN I and improve resolution by 

a factor ~2 
• Advantage: Moderate cost (xenon already in hand), feasibility 
• Challenge: Counting experiment, no clear signature, normalisation  

!

Majorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meV
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Future Plans 

6/11/2013 20 CYGNUS2013 

KamLAND2-Zen 

New mini-balloon (600kg~ 136Xe)  
start preparation in this year 

After purification ( ~ March, 2014) 

Current 
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NEXO
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• Mass ~5 ton = 20 x EXO-200 
• Effective mass: ~3 ton Effective 

exposure = 30 ton year

• efficiency = 0.85  
• ΔE = 3.6 % at 2.5 MeV 
• B = 5. x 10-4 ckky
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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3X
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mi = 0.32± 0.11

NEXO IBM2 
mββ=23 meV

NEXO ISM 
mββ=45 meV

Igor Ostrovskiy - PATRAS Workshop - 2014 27

nEXO: a 5 tonnes of enriched Xe

expect better self-shielding, tracking



NEXT-ton
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• Mass ~2 ton = 20 x NEXT-100 
• Increase pressure to 20 bar 
• Effective exposure = 20 ton year

• efficiency = 0.3  
• ΔE = 0.5 % at 2.5 MeV 
• B = 1. x 10-4 ckky
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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Assessment: TPCs
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• NEXO: increase the mass by a factor ~20 (5 ton total) 
• Maintain or moderately improve energy resolution  
• Improve BI ~10 by self-shielding (give up 2 of 5 ton) 
• Challenge: light absorption, normalisation. No striking signature 
• Advantage: excellent economy of scale 

• NEXT-TON 
• Moderately improve energy resolution (wrt projected in NEXT-100) 
• Improve BI by (at least) a factor 5 wrt NEXT (scale, improve topology) 
• Advantage: clear signature, including topological signal  
• Challenge: large TPC.   

!
!

Igor Ostrovskiy - PATRAS Workshop - 2014 27

nEXO: a 5 tonnes of enriched Xe

expect better self-shielding, tracking

NEXT-ton



Assessment: The next generation
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• Super-Gerda: 26-66 meV 
• Super-Cuore: 21-43 meV 
• KamLAND-Zen-II: 29-48 meV 
• NEXO: 23-45 meV 
• NEXT-TON: 18-37 meV 
• Cover the cosmological relevant region (inverse hierarchy) only if NME is high 
!

!
!

Igor Ostrovskiy - PATRAS Workshop - 2014 27

nEXO: a 5 tonnes of enriched Xe

expect better self-shielding, tracking

NEXT-ton

Majorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meV
3WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

Cryogenic Underground Observatory for Rare Events

● Search for 0vDBD in 130Te using an array of 988 natural 
TeO

2
 bolometers

Detector parameters:
● 130Te mass: 206 kg (~1027 nuclei)
● 988 TeO

2
 bolometers (741 kg)

● 19 towers
● 52 bolometers/tower

● Single bolometer:
● 5x5x5 cm3 TeO

2
 crystal

Goals:
● Resolution: 5 keV FWHM at 2.5 MeV
● Bkg: 0.01 counts/(keV kg y)

CUORE

Detector cool down at the end of 2014
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Future Plans 

6/11/2013 20 CYGNUS2013 

KamLAND2-Zen 

New mini-balloon (600kg~ 136Xe)  
start preparation in this year 

After purification ( ~ March, 2014) 

Current 
 (KamLAND-Zen + EXO-200 conbined) 

Light collection cone to 
improve energy resolution. 

Expansion of opening section 
~1000kg 136Xe balloon 

New brighter LS 



Exploring new ideas
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inner volume
(enriched LXe)

outer volume
(natural LXe)

cryostat

photosensors

graphene balloon ropes

Cu container

Figure 2. In the simplest version of GraXe, a graphene balloon, ⇧ 45 cm in radius and filled with
1 ton of 136Xe-enriched liquid xenon, is fixed in the center of a large LXe scintillation detector.

the total activity of the mesh would be less than 10 µBq.1 The graphene balloon would
include an inlet tube for the LXe filling and recirculation. Notice, however, that there are
no contaminants in contact with the enriched LXe, since the degassing of the balloon would
be insignificant.

The detector container would be made of radiopure copper, like in the EXO [16] and
XMASS experiments. Electro-formed copper has very low activity, about 5–10 µBq/kg.
Assuming a shell thickness of 2 cm, the total activity of the container would be about 35
mBq.

An obvious candidate photomultiplier for GraXe is the Hamamatsu R11410, a 3-inches
tube specifically designed for radiopure operation in liquid xenon. It has a quantum e⇤ciency
(QE) of ⇧ 26% at 175 nm, and a specific activity lower than 5 mBq in each one of the relevant
radioactive chains. Another candidate is the QUPID [48], a new low background photosensor
based on the hybrid avalanche photo-diode, and entirely made of ultra-clean synthetic fused
silica. The QUPID has a diameter of 3 inches, 33% quantum e⇤ciency at 175 nm, and an
activity of about 0.5 mBq in the U and Th series. If 100% of the container is covered by
3-inches photodetectors, ⇧ 4 000 will be needed. For a 70% coverage, as in the XMASS
detector, we will need ⇧ 2 800 devices. In this case and if QUPIDs are used, the overall
activity of the photosensors array would be 2.8 Bq, dominating the radioactive budget of the
detector.

1
We consider only the thorium and uranium series, the natural decay chains relevant for this experiment.

See section 5.3 for further details.

– 8 –



GrandLucifer
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• Mass ~1ton = 50 x Lucifer 
• Effective exposure = 10 ton year

• efficiency = 0.65  
• ΔE = 0.03 % at 2.9 MeV 
• B = 1. x 10-3 ckky
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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3X

i=1

mi = 0.32± 0.11

GrandLucifer IBM2 
mββ=17 meV

GrandLucifer ISM 
mββ=35 meV

Lucifer 
Lucifer will be composed by an array of  32÷36 enriched (95%)  Zn82Se crystals. 
The total 82Se nuclei will be   (6.7÷8.0) 1025 

The expected background in the ROI (2995 keV) is of the order of 1÷2 10-3 c/keV/kg/y  
The energy resolution of the single detector is expected to be  ∼ 10÷15 keV FWHM 

The mass of the single detector will be 460 g 
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• Mass ~3ton enriched in balloon, 20 ton LXe shield 
• Effective exposure = 30 ton year

• efficiency = 0.85  
• ΔE = 3.6 % at 2.5 MeV 
• B = 1. x 10-5 ckky
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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mi = 0.32± 0.11
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GraXe ISM 
mββ=18 meV

inner volume
(enriched LXe)

outer volume
(natural LXe)

cryostat

photosensors
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Figure 2. In the simplest version of GraXe, a graphene balloon, ⇧ 45 cm in radius and filled with
1 ton of 136Xe-enriched liquid xenon, is fixed in the center of a large LXe scintillation detector.

the total activity of the mesh would be less than 10 µBq.1 The graphene balloon would
include an inlet tube for the LXe filling and recirculation. Notice, however, that there are
no contaminants in contact with the enriched LXe, since the degassing of the balloon would
be insignificant.

The detector container would be made of radiopure copper, like in the EXO [16] and
XMASS experiments. Electro-formed copper has very low activity, about 5–10 µBq/kg.
Assuming a shell thickness of 2 cm, the total activity of the container would be about 35
mBq.

An obvious candidate photomultiplier for GraXe is the Hamamatsu R11410, a 3-inches
tube specifically designed for radiopure operation in liquid xenon. It has a quantum e⇤ciency
(QE) of ⇧ 26% at 175 nm, and a specific activity lower than 5 mBq in each one of the relevant
radioactive chains. Another candidate is the QUPID [48], a new low background photosensor
based on the hybrid avalanche photo-diode, and entirely made of ultra-clean synthetic fused
silica. The QUPID has a diameter of 3 inches, 33% quantum e⇤ciency at 175 nm, and an
activity of about 0.5 mBq in the U and Th series. If 100% of the container is covered by
3-inches photodetectors, ⇧ 4 000 will be needed. For a 70% coverage, as in the XMASS
detector, we will need ⇧ 2 800 devices. In this case and if QUPIDs are used, the overall
activity of the photosensors array would be 2.8 Bq, dominating the radioactive budget of the
detector.

1
We consider only the thorium and uranium series, the natural decay chains relevant for this experiment.

See section 5.3 for further details.
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• Mass ~2 ton Effective exposure = 20 ton year

• efficiency = 0.3  
• ΔE = 0.5 % at 2.5 MeV 
• B = 1. x 10-6 ckky
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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measurement the of Non Resonant Multi-Photon Ionization (NRMPI) cross section of liquid

xenon with di↵erent wavelengths of pulsed UV light is presented.

2.1 Spectroscopy

2.1.1 Ba+ Vaccuum Energy Levels

The lowest atomic energy levels of Ba+ in vacuum are shown in Figure 2.1. The ground
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Figure 2.1: Ba+ vacuum energy levels
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• The three experiments discussed essentially cover the inverse hierarchy even 
for pessimistic case of NME. 

• They are examples of ideas that require technological break-throughs (large 
graphene balloon, barium tagging, large-scale scintillation bolometers) and 
large target masses. 

• Discovering that the neutrino is a Majorana particle is possible, but requires 
a brave heart.  
!

!
!
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2P1/2 
 

2D5/2  

2S1/2 

2D3/2  

2P3/2 
 6p 

5d 

6s 

650 nm 

493 nm 

614 nm 

454 nm 

585 nm 

Figure 2.1: Ba+ vacuum energy levels

state is the 6s 2S 1
2
state. There are two strong transitions from the ground state to the exited

6p state, 2P 1
2
and 2P 3

2
, corresponding to 455nm and 493nm, with spontaneous decay rates

of 1.11⇥108 s�1 and 9.53⇥107 s�1 respectively. According to the electron dipole selection

rules, once excited to the 6p states, the ions can decay back to the ground state or to the

metastable 5d states. The ions in the excited 6p 2P 3
2
state can decay to either the 5d 2D 3

2

or 5d 2D 5
2
states, giving o↵ 585nm (A=6.00⇥106 s�1) and 614nm (A=4.12⇥107 s�1) light

respectively. The ions in the exited 6p 2P 1
2
state, can only decay to the 5d 2D 3

2
state giving

15

inner volume
(enriched LXe)

outer volume
(natural LXe)

cryostat

photosensors

graphene balloon ropes

Cu container

Figure 2. In the simplest version of GraXe, a graphene balloon, ⇧ 45 cm in radius and filled with
1 ton of 136Xe-enriched liquid xenon, is fixed in the center of a large LXe scintillation detector.

the total activity of the mesh would be less than 10 µBq.1 The graphene balloon would
include an inlet tube for the LXe filling and recirculation. Notice, however, that there are
no contaminants in contact with the enriched LXe, since the degassing of the balloon would
be insignificant.

The detector container would be made of radiopure copper, like in the EXO [16] and
XMASS experiments. Electro-formed copper has very low activity, about 5–10 µBq/kg.
Assuming a shell thickness of 2 cm, the total activity of the container would be about 35
mBq.

An obvious candidate photomultiplier for GraXe is the Hamamatsu R11410, a 3-inches
tube specifically designed for radiopure operation in liquid xenon. It has a quantum e⇤ciency
(QE) of ⇧ 26% at 175 nm, and a specific activity lower than 5 mBq in each one of the relevant
radioactive chains. Another candidate is the QUPID [48], a new low background photosensor
based on the hybrid avalanche photo-diode, and entirely made of ultra-clean synthetic fused
silica. The QUPID has a diameter of 3 inches, 33% quantum e⇤ciency at 175 nm, and an
activity of about 0.5 mBq in the U and Th series. If 100% of the container is covered by
3-inches photodetectors, ⇧ 4 000 will be needed. For a 70% coverage, as in the XMASS
detector, we will need ⇧ 2 800 devices. In this case and if QUPIDs are used, the overall
activity of the photosensors array would be 2.8 Bq, dominating the radioactive budget of the
detector.

1
We consider only the thorium and uranium series, the natural decay chains relevant for this experiment.

See section 5.3 for further details.
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Lucifer 
Lucifer will be composed by an array of  32÷36 enriched (95%)  Zn82Se crystals. 
The total 82Se nuclei will be   (6.7÷8.0) 1025 

The expected background in the ROI (2995 keV) is of the order of 1÷2 10-3 c/keV/kg/y  
The energy resolution of the single detector is expected to be  ∼ 10÷15 keV FWHM 

The mass of the single detector will be 460 g 


