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® Not yet observed

® Forbidden in the Standard Model: |AL| =2

® Majorana nature of v
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Ovff : MASS MECHANISM

Effective Majorana mass

If Ov5 mediated by the exchange of a light-Majorana v : Z Uezj m
J
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Ovff : MASS MECHANISM

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

® Directly connected to neutrino masses and neutrino mass ordering

Effective Majorana mass

If Ov5 mediated by the exchange of a light-Majorana v : Z Uezj m
J

|
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STATE-OF-THE-ART IN Ovpp SEARCHES : MASS MECHANISM

LOWER LIMITS ON THE DECAYING ISOTOPE HALF-LIFE ...

136Xe 766e

Loaded liquid scintillator High-purity Ge-detectors

KAMLAND-ZEN GERDA

KamLAND-Zen (2024) GERDA (2020)

TP > 3.8 x 10°° yr Y% > 1.8 X 10°° yr
Xe-TPC MAJORANA

Majorana (2022)
Ov 26
I75 > 0.83 X 107 yr

EX0-200

EXO-200 (2019)
Ov 26
T > 0.35X 10 yr

Cryogenic calorimeter

CUORE

CUORE (2022)
Ov 26
T% > 0.22 x 10% yr



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

STATE-OF-THE-ART IN Ovpp SEARCHES : MASS MECHANISM

... TRANSLATED INTO UPPER BOUNDS ON m,
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Cryogenic calorimeter

CUORE

CUORE (2022)
Mys < 90 — 305 meV
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https://link.springer.com/article/10.1007/JHEP06(2023)104

LNV MECHANISMS

Fa(mﬁﬁa Mai) — GOy x (gi \ Mai‘ )2 x Mass mechanism (d = 5)



LNV MECHANISMS

Leptoquark Models (d > 5)
Fa(mﬁﬁa Mai) — GO,/ x (ggl \ Mai‘ )2 X Mass mechanism (d = 5)
Left-Right Symmetric Models (d > 5)



LNV MECHANISMS

Leptoquark Models (d > 5)
Fa(mﬁﬁ, Mai) — GO,/ x (ggx \ Mai‘ )2 X Mass mechanism (d = 5)
Left-Right Symmetric Models (d > 5)

Assuming a future Ov/f signal detection,
would It be possible to discriminate the
dominant LNV mechanism driving the decay?



LNV MECHANISMS

Kinematic observables!



LNV OPERATOR DISCRIMINATION
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LNV OPERATOR DISCRIMINATION
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LNV OPERATOR DISCRIMINATION
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https://inspirehep.net/literature/2650779
http://J.de

LOCALIZE THE DECAY VERTEX

14




LOCALIZE THE DECAY VERTEX

14

Topological studies of Ovff signal require

B precise localization of the decay vertex
B good electron track reconstruction



LOCALIZE THE DECAY VERTEX

14

BARIUM-TAGGING FOR XENON-GAS TPC DETECTORS Topological studies of 034 signal require

136y, 136Ba++ + 2e”

99
2

B precise localization of the decay vertex
B good electron track reconstruction

Single-Molecule Fluorescence Imaging techniques
NEXT Collaboration (Phys.Rev.lett.120)

Currently under investigation and planned to be
employed in the future upgrade of the NEXT detector


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.132504
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EVENT GENERATION AND RECONSTRUCTION 16

IN A XENON-GAS TPC DETECTOR WITH VERTEX-TAGGING CAPABILITY
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https://github.com/OScholer/nudobe

EVENT GENERATION AND RECONSTRUCTION 17

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

Generation (zDoBe)

Theoretical prediction for electron kinetic
energy and opening angle distributions
of different LNV contributions.

Propagation in the detector
(GEANT4-nexus)



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

EVENT GENERATION AND RECONSTRUCTION 18

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

Generation (zDoBe)

Theoretical prediction for electron kinetic
energy and opening angle distributions
of different LNV contributions.

Propagation in the detector
(GEANT4-nexus)

Barium-tagging for vertex localization.



https://github.com/OScholer/nudobe
https://github.com/next-exp/nexus
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https://arxiv.org/pdf/2502.10198
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CONCLUSION

22

Assuming a future O/ signal detection,
would It be possible to discriminate the
dominant LNV mechanism driving the decay?



CONCLUSION

22

Assuming a future Ovff signal detection,
would It be possible to discriminate the
dominant LNV mechanism driving the decay?

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 Ovff detection in the neutrino landscape.



FUTURE OUTLOOK

23

The lack of knowledge on the underlying dominant LNV contribution to Ovfp,
and the complexity in describing the nuclear structure of the initial and final
nuclel, constitute the most limiting theoretical factors in Ovff/ searches.



FUTURE OUTLOOK

23

The lack of knowledge on the underlying dominant LNV contribution to Ovfp,
and the complexity in describing the nuclear structure of the initial and final
nuclel, constitute the most limiting theoretical factors in Ovff/ searches.

Improved treatment of nuclear effects to improve accuracy of phenomenological
predictions

B Effective Field Theory approaches to provide a systematic framework to include and evaluate the effects of
nuclear forces and quantifying their uncertainties.

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

B Rigorous theoretical approach to describe nuclear structure and reactions, without relying on empirical inputs.
B Computationally expensive and difficult to apply these universally across all nuclei.
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Nuclear Models and NME with light-Majorana neutrinos

Long-range contribution to the decay rate
Induced by the exchange of light-Majorana v

e lon
Mai _ Mai -
(r~1.2 A" fm)

® 4 many-body nuclear models

® Calculations performed by different
groups by assuming g?*© = 1.27

® Data not available for all the isotopes

e Variation in M;?“g of a factor ~ 3

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

] l O —| %Ge | 8290 |100a4, | 1307, | 136y,

N1 289 | 2.73 - 276 | 2.28

N2 | 3.07 | 2.90 - 296 | 2.45

Nuclear Shell | 3 | 337|319 | - | 1.79 | 1.63

Model

N4 | 3.57 | 3.39 - 193 | 1.76

N5 | 2.66 | 2.72 - 3.16 | 2.39

Q1 | 5.09 - - 1.37 | 1.55

Random Q3 | 485 | 461 | 5.87 | 4.67 | 2.72

Phase Q4 | 312 | 286 | - | 290 | 1.11
Approximation

Q5 | 3.40 | 3.13 - 3.22 | 1.18

Q6 - - - 4.05 | 3.38

Energy-Density = 460 | 422 | 5.08 | 5.13 | 4.20

Functional E2 555 | 4.67 6.59 | 6.41 4.77

theory E3 | 6.04 | 530 | 6.48 | 4.89 | 4.24

Boson Model P 6.34 | 521 | 5.08 | 4.15 | 3.40



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

Short-range NME for light-Majorana neutrinos

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

I

_ pqlong hort __ 3 slong
Mai i Mai T MCSZI o= Mai (1 T nai)

@
@

r~12AY fm

Absolute value (%)

| — Nuclear Quasiparticle
Shell Random Phase
r<l-21im a l Model Approximation

6Ge | 15+42 32 =73
2S¢ | 15+42 30 +~ 70
1Mo - 49 + 108
B30Te | 17 =47 34 =77
36xe | 17 ~47 30 +~ 70







Experimental Ovff techniques

Excellent energy resolution (0.1% FWHM)

High-purity Germanium detectors Source = detector medium
Good signal-to-background discrimination power

lonization charge + scintillation light (background rejection)
: . 3D electron tracking
Xenon Time-Projection Chambers Self-shielding power (high atomic number and density)

Easy scalability to larger isotope masses

Solar neutrino detectors loaded with Ovff emitter
Loaded liquid scintillators Already-proven ultra-low background environments
Limited energy resolution

Very low temperatures and precise measurements of energy

Cryogenic calorimeters deposits
Source = detector medium

Multi-layers detection concept (Ovff emitter - tracking
Tracking calorimeters chambers - calorimeter)
Kinematic observables reconstruction




Background sources for Ovff experiments

Intrinsic 204 mode = Accurate measurement of the emitted electron energies

Cosmic ray induced processes| =—» Constructing experiments in underground laboratories

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

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

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

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

Radioactivity of detector materials | =—=» Purification and selection of detector materials

Elastic Scattering or Charged-Current

interactions of solar neutrinos within | ==» Signal directionality and event topology
the active detector volume
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