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• Not yet observed


• Forbidden in the Standard Model :  


• Majorana nature of 
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If  mediated by the exchange of a light-Majorana  : 0νββ ν

• Does not require any extension of the SM in terms of particle content


• Directly connected to neutrino masses and neutrino mass ordering 

Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 mββ× ×

∑
j

U2
ej mj

||

MASS MECHANISM

Effective Majorana mass



Xe136 Ge76

High-purity Ge-detectors 


GERDA
GERDA (2020)

T0ν
1/2 > 1.8 × 1026 yr

MAJORANA
Majorana (2022) 

T0ν
1/2 > 0.83 × 1026 yr

Te130

Cryogenic calorimeter 


CUORE
CUORE (2022)

T0ν
1/2 > 0.22 × 1026 yr

Loaded liquid scintillator 


KamLAND-Zen (2024)

T0ν
1/2 > 3.8 × 1026 yr

Xe-TPC

EXO-200 (2019) 

 T0ν
1/2 > 0.35 × 1026 yr

EXO-200

STATE-OF-THE-ART IN  SEARCHES : MASS MECHANISM0νββ

KAMLAND-ZEN
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LOWER LIMITS ON THE DECAYING ISOTOPE HALF-LIFE …

https://arxiv.org/abs/2406.11438
https://www.nature.com/articles/s41586-022-04497-4
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161802
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High-purity Ge-detectors 
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EXO-200 (2019) 

 mββ < 93 − 286 meV

EXO-200

KAMLAND-ZEN

6STATE-OF-THE-ART IN  SEARCHES : MASS MECHANISM0νββ

… TRANSLATED INTO UPPER BOUNDS ON mββ

https://www.nature.com/articles/s41586-022-04497-4
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
https://arxiv.org/abs/2406.11438
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501


Xe136 Ge76

High-purity Ge-detectors 


GERDA
GERDA (2020)

mββ < 79 − 180 meV

MAJORANA
Majorana (2022) 

mββ < 113 − 269 meV

Te130

Cryogenic calorimeter 


CUORE
CUORE (2022)

mββ < 90 − 305 meV

Loaded liquid scintillator 


KamLAND-Zen (2024)

mββ < 28 − 122 meV

Xe-TPC

EXO-200 (2019) 

 mββ < 93 − 286 meV

EXO-200

KAMLAND-ZEN

6STATE-OF-THE-ART IN  SEARCHES : MASS MECHANISM0νββ

… TRANSLATED INTO UPPER BOUNDS ON mββ

https://www.nature.com/articles/s41586-022-04497-4
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
https://arxiv.org/abs/2406.11438
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501


FUTURE PROSPECTS : MASS MECHANISM 
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T0ν
1/2 > 1028 yr

F.Pompa, T.Schwetz, J-Y.Zhu(JHEP 06 (2023) 104 )

https://link.springer.com/article/10.1007/JHEP06(2023)104
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Assuming a future  signal detection, 
would it be possible to discriminate the 

dominant LNV mechanism driving the decay?

0νββ
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Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 εBMS× × Mass mechanism (d = 5)

Left-Right Symmetric Models (d > 5)

Leptoquark Models (d > 5){
Assuming a future  signal detection, 
would it be possible to discriminate the 

dominant LNV mechanism driving the decay?

0νββ
Kinematic observables!
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Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 εBMS× × ⟨mββ⟩

LNV OPERATOR DISCRIMINATION



Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 εBMS× ×

VL(6)

VR(6){⟨mββ⟩

LNV OPERATOR DISCRIMINATION 10



KINEMATIC OBSERVABLES :

Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 εBMS× ×

VL(6)

VR(6){⟨mββ⟩

LNV OPERATOR DISCRIMINATION
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Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 εBMS× ×

VL(6)
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KINEMATIC OBSERVABLES : Opening angle distribution

12

Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 εBMS× ×

VL(6)

VR(6){⟨mββ⟩
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O.Scholer, J.de Vries, L.Gráf (JHEP 08 (2023) 043)

Γα(mββ, Mαi) = G0ν ( g2
A |Mαi | )2 εBMS× ×

VL(6)

VR(6){⟨mββ⟩

LNV OPERATOR DISCRIMINATION

https://inspirehep.net/literature/2650779
http://J.de


14LOCALIZE THE DECAY VERTEX
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Topological studies of  signal require 

precise localization of the decay vertex 

good electron track reconstruction

0νββ
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LOCALIZE THE DECAY VERTEX



136Xe ⟶ 136Ba++ + 2e−

BARIUM-TAGGING FOR XENON-GAS TPC DETECTORS Topological studies of  signal require 

precise localization of the decay vertex 

good electron track reconstruction

0νββ

NEXT Collaboration (Phys.Rev.Lett.120)

Single-Molecule Fluorescence Imaging techniques 

Currently under investigation and planned to be 
employed in the future upgrade of the NEXT detector
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LOCALIZE THE DECAY VERTEX

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.132504
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IN A XENON-GAS TPC DETECTOR WITH VERTEX-TAGGING CAPABILITY
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Generation ( DoBe)ν
Theoretical prediction for electron kinetic 
energy and opening angle distributions 

of different LNV contributions.

G
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EVENT GENERATION AND RECONSTRUCTION

IN A XENON-GAS TPC DETECTOR WITH VERTEX-TAGGING CAPABILITY

https://github.com/OScholer/nudobe


°10
0

10
20

0

20

40

°20

0

20

x (mm)

y (
mm)

z (
m

m
)

17

Generation ( DoBe)ν
Theoretical prediction for electron kinetic 
energy and opening angle distributions 

of different LNV contributions.
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(GEANT4-nexus)

EVENT GENERATION AND RECONSTRUCTION

IN A XENON-GAS TPC DETECTOR WITH VERTEX-TAGGING CAPABILITY
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Generation ( DoBe)ν
Theoretical prediction for electron kinetic 
energy and opening angle distributions 

of different LNV contributions.
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Propagation in the detector 

(GEANT4-nexus)

Barium-tagging for vertex localization.

EVENT GENERATION AND RECONSTRUCTION

IN A XENON-GAS TPC DETECTOR WITH VERTEX-TAGGING CAPABILITY

https://github.com/OScholer/nudobe
https://github.com/next-exp/nexus


Generation ( DoBe)ν
Theoretical prediction for electron kinetic 
energy and opening angle distributions 

of different LNV contributions.

Reconstruction
Algorithm to sort GEANT4 hits based 
on the minimum-distance criterium. 
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Propagation in the detector 

(GEANT4-nexus)

Barium-tagging for vertex localization.

EVENT GENERATION AND RECONSTRUCTION

Figure 4. Two-dimensional projection in the XY plane of one simulated 0⌫�� decay assuming the
neutrino mass mechanism and 10 bar xenon gas pressure with a 4 mm bin size. The left panel shows
the entire event, while the right panel shows a zoomed-in portion near the event vertex, indicated
by a cross. The markers show the smeared and binned energy deposits, with colors indicating the
assigned electron. The arrows in the right panel show the directions of the decay electrons’ initial
momenta projected onto the XY plane.

track-building algorithms, when applied to tracks with realistic detector effects such as
diffusion and assessing sensitivities to specific models.

4 Event-by-Event Reconstruction Performance

Figure 5 shows the performance for T1,reco reconstruction at a fixed voxelization size of
4 mm for each pressure, while figure 6 shows the performance for angular reconstruction
at a pressure of 10 bar for each voxelization. For the energy reconstruction, we note little
dependence on pressure and voxelization. The event-by-event standard deviations of the
difference between reconstructed and generated single electron energies range from 225 to
273 keV for all gas pressures and voxelizations studied. Such resolutions largely exceed
the energy resolution on the T1 + T2 kinetic energy sum due to the NEXT technology
itself, approximately 1% FWHM or ⇠10 keV sigma. This justifies our approximation of
not introducing any additional energy smearing effect to our analysis. For the cos ✓reco
reconstruction performance, we note a stronger dependence on both the voxelization size and
pressure with event-by-event reconstructed minus generated standard deviations ranging
from 0.18 to 0.68. The best performance is achieved at the lowest pressure and the smallest
voxelization. This is due to the improved spatial resolution and fewer scatters in a given
voxel size. As can be seen in fig. 6, smaller voxels (at a fixed pressure) tend to improve
reconstruction performance. By using a 10 mm voxel size at 10 bar, a significant amount of
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⟨mββ⟩

IN A XENON-GAS TPC DETECTOR WITH VERTEX-TAGGING CAPABILITY

https://github.com/OScholer/nudobe
https://github.com/next-exp/nexus


Figure 5. Left: reconstructed T1 for a fixed voxelization of 4 mm for different pressures (area
normalized). The black line shows the generated event distribution. Right: the distribution
of reconstructed minus generated single electron kinetic energy. At this voxelization, excellent
performance is achieved, with standard deviations for this difference ranging from 230 to 240 keV.
There is also little variation in the performance with gas pressure.

Figure 6. Left: reconstructed cos ✓ for a fixed pressure of 10 bar for different voxelizations (area
normalized). The black line shows the generated event distribution. Right: the distribution of
reconstructed minus generated for cos ✓. At this pressure, the performance starts to deviate from
the generated one when the voxelization is increased. The 10-mm distribution tends towards flat,
indicating that a significant amount of information in cos ✓ is lost.
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20RECONSTRUCTION PERFORMANCES

F.Pompa & the NEXT Collaboration (ArXiv:2502.10198)

https://arxiv.org/pdf/2502.10198
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Discrimination performances: combined sensitivity
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Assuming a future  signal detection, 
would it be possible to discriminate the 

dominant LNV mechanism driving the decay?

0νββ

CONCLUSION 22



20 40 60 80 100
Number of events

0

1

2

3

4

5

6

7

8

N
æ

hmØØi - VR(6)

5 bar

10 bar

15 bar

20 40 60 80 100
Number of events

0

1

2

3

4

5

6

7

8

N
æ

hmØØi - VL(6)

5 bar

10 bar

15 bar

∼ 19
20 40 60 80 100

Number of events

0

1

2

3

4

5

6

7

8
N

æ

hmØØi - VR(6)

5 bar

10 bar

15 bar

20 40 60 80 100
Number of events

0

1

2

3

4

5

6

7

8

N
æ

hmØØi - VL(6)

5 bar

10 bar

15 bar

∼ 30 ∼ 50 ∼ 90

Discrimination performances: combined sensitivity

Assuming a future  signal detection, 
would it be possible to discriminate the 

dominant LNV mechanism driving the decay?

0νββ

CONCLUSION

YES!
Low-density Xenon-gas TPC detector with vertex-tagging capability assure 

accurate reconstruction of kinematic observables via electron tracks 
reconstruction and precise vertex localization to discriminate LNV operators. 

Huge potential of future  detection in the neutrino landscape.0νββ
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23FUTURE OUTLOOK

The lack of knowledge on the underlying dominant LNV contribution to , 
and the complexity in describing the nuclear structure of the initial and final 

nuclei, constitute the most limiting theoretical factors in  searches.

0νββ
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23FUTURE OUTLOOK

The lack of knowledge on the underlying dominant LNV contribution to , 
and the complexity in describing the nuclear structure of the initial and final 

nuclei, constitute the most limiting theoretical factors in  searches.

0νββ

0νββ

Additional efforts to reduce theoretical uncertainties from nuclear physics 
calculations (ab-initio methods)


Rigorous theoretical approach to describe nuclear structure and reactions, without relying on empirical inputs. 

Computationally expensive and difficult to apply these universally across all nuclei.

Improved treatment of nuclear effects to improve accuracy of phenomenological 
predictions


Effective Field Theory approaches to provide a systematic framework to include and evaluate the effects of 
nuclear forces and quantifying their uncertainties.
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Nuclear Models and NME with light-Majorana neutrinos

Nuclear Shell 
Model

Quasiparticle 
Random 
Phase 

Approximation

 Energy-Density 
Functional 

theory

Interacting 
Boson Model

N1

N4

N2
N3

N5

Q1

Q4

Q2
Q3

Q5
Q6 - -

E1
E2
E3

I1
I2

76Ge 136Xe82Se 130Te100Mo

2.89

3.57

3.07
3.37

2.66

2.73

3.39

2.90
3.19

2.72

-

-

-
-

-

2.76

1.93

2.96
1.79

3.16

2.28

1.76

2.45
1.63

2.39

5.09

3.12

5.26
4.85

3.40

-

2.86

3.73
4.61

3.13

-

-

3.90
5.87

-

1.37

2.90

4.00
4.67

3.22

1.55

1.11

2.91
2.72

1.18
- 4.05 3.38

4.60
5.55
6.04

4.22
4.67
5.30

5.08
6.59
6.48

5.13
6.41
4.89

4.20
4.77
4.24

4.19
5.21

5.14
6.34

3.84
5.08

3.96
4.15

3.25
3.40

• 4 many-body nuclear models


• Calculations performed by different 
groups by assuming 


• Data not available for all the isotopes


• Variation in  of a factor 

gbare
A = 1.27

Mlong
αi ∼ 3

Mαi = Mlong
αi

Long-range contribution to the decay rate 
induced by the exchange of light-Majorana ν

M.Agostini et all. - Rev.Mod.Phys. 95 
(2023) 2, 025002 

(r ∼ 1.2 A1/3 fm)

α →i ↓

https://arxiv.org/abs/2202.01787
https://arxiv.org/abs/2202.01787


Short-range NME for light-Majorana neutrinos

30 ÷ 70
34 ÷ 77

32 ÷ 73
30 ÷ 70

49 ÷ 108

17 ÷ 47
17 ÷ 47

76Ge

130Te

82Se
100Mo

136Xe

15 ÷ 42

-

Nuclear 
Shell 
Model

Quasiparticle 
Random Phase 
Approximation

15 ÷ 42

i →
α ↓

Mαi = Mlong
αi + Mshort

αi = Mlong
αi (1 + nαi)

Correction accounting for the strong nuclear 
forces that become significant at close distances

Absolute value (%)

r < 1 − 2 fm

r ∼ 1.2 A1/3 fm
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Experimental  techniques0νββ

High-purity Germanium detectors
Excellent energy resolution (0.1% FWHM)

Source  detector medium

Good signal-to-background discrimination power

≡

Xenon Time-Projection Chambers

Ionization charge + scintillation light (background rejection)

3D electron tracking

Self-shielding power (high atomic number and density)

Easy scalability to larger isotope masses

Loaded liquid scintillators
Solar neutrino detectors loaded with  emitter

Already-proven ultra-low background environments

Limited energy resolution

0νββ

Cryogenic calorimeters
Very low temperatures and precise measurements of energy 
deposits

Source  detector medium≡

Tracking calorimeters
Multi-layers detection concept (  emitter - tracking 
chambers - calorimeter)

Kinematic observables reconstruction

0νββ



Background sources for  experiments0νββ

Intrinsic  mode2νββ

Cosmic ray induced processes

Spallation induced by high-energy 
muon flux and leading to possible 
unstable nuclei activation

Muon spallation in the rock 
surrounding that can generate 
penetrating high-energy neutrons

Radioactivity of detector materials 

Elastic Scattering or Charged-Current 
interactions of solar neutrinos within 
the active detector volume

Accurate measurement of the emitted electron energies

Constructing experiments in underground laboratories

Detector shielding and delayed time-coincidence 
with the original muon event

Embedding in the detector medium materials with 
high neutron capture cross section

Purification and selection of detector materials

Signal directionality and event topology 
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Discrimination performances


