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WP1: Standard neutrino framework

The goal: Investigation of the remaining unknowns of the three-
neutrino framework (absolute masses and their ordering,
Dirac/Majorana nature, CP phases); refinement of our understanding of
neutrino oscillations in vacuum, in matter and with self-interactions;
neutrinoless double beta decay with light Majorana neutrinos:
constraints on its nuclear model uncertainties and connections with
cosmological bounds



Standard 3n framework and notation
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cij = cos ✓ij CP-violating phase “Majorana” phases 
(effective only if neutrinos are 
Majorana particles)
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Neutrino oscillations
• Oscillations are due to interference (beats) among mass eigenstates wavefunctions which 

propagates with different wavelengths

• Matter can induce an index of refraction on ne (MSW effect) affecting oscillation probability

<latexit sha1_base64="TQaiAEnFhEUVM3J849TLxuRMyh8="></latexit>

P (⌫↵ ! ⌫� ;x) = sin2 2✓ sin2
✓
�m2x

4E

◆
↵ 6= �

<latexit sha1_base64="BOjBEfEnU2WF0lSr33YP1laITMM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUAYJJ5ESKzpfNuGU89m620OKrHwDLVR0iJbPoeBfsI0LSJhqNLOrnZ0wkcKg6346S8srq2vrlY3q5tb2zm5tb79tYqs5+DyWse6GzIAUCnwUKKGbaGBRKKETTm5yv/MI2ohY3eM0gSBiYyVGgjPMJL+v7MAb1Opuwy1AF4lXkjop0RrUvvrDmNsIFHLJjOl5boJByjQKLmFW7VsDCeMTNoZeRhWLwARpEXZGj61hGNMENBWSFiL83khZZMw0CrPJiOGDmfdy8T+vZ3F0FaRCJRZB8fwQCgnFIcO1yFoAOhQaEFmeHKhQlDPNEEELyjjPRJvVUs368Oa/XyTt04Z30Ti/O6s3r8tmKuSQHJET4pFL0iS3pEV8wokgT+SZvDhT59V5c95/RpeccueA/IHz8Q04WpMK</latexit>⌫1
<latexit sha1_base64="ZAk0TQUHLxMUCuSTQnsJqp5yNPw=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrIjXmUEDWWQcBIpiaLzZRNOOZ+tuz2kyMo30EJFh2j5HAr+Bdu4gISpRjO72tkJYikMuu6nU1pZXVvfKG9WtrZ3dveq+wdtE1nNweeRjHQ3YAakUOCjQAndWAMLAwmdYHqT+Z1H0EZE6h5nMQxCNlFiLDjDVPL7yg4bw2rNrbs56DLxClIjBVrD6ld/FHEbgkIumTE9z41xkDCNgkuYV/rWQMz4lE2gl1LFQjCDJA87pyfWMIxoDJoKSXMRfm8kLDRmFgbpZMjwwSx6mfif17M4vhokQsUWQfHsEAoJ+SHDtUhbADoSGhBZlhyoUJQzzRBBC8o4T0Wb1lJJ+/AWv18m7Ubdu6if353VmtdFM2VyRI7JKfHIJWmSW9IiPuFEkCfyTF6cmfPqvDnvP6Mlp9g5JH/gfHwDOemTCw==</latexit>⌫2

<latexit sha1_base64="GTCKc+I5DnrCfVrHIYQ21CJdzYk=">AAACC3icbVC7TsNAEDyHd3gFKChoTkRINES2xatBQoKCEiQCSHlY62MTTrmzrbs1UmTlE/gKWqjoEC0fQcG/YIcUQJhqNLOr3ZkwUdKS6344pYnJqemZ2bny/MLi0nJlZfXKxqkRWBexis1NCBaVjLBOkhTeJAZBhwqvw95J4V/fo7Eyji6pn2BLQzeSHSmAcimorDdPURFw3faPdOC3/R0deG2/HFSqbs0dgo8Tb0SqbITzoPLZvI1FqjEiocDahucm1MrAkBQKB+VmajEB0YMuNnIagUbbyoYBBnwrtUAxT9BwqfhQxJ8bGWhr+zrMJzXQnf3rFeJ/XiOlzmErk1GSEkaiOERS4fCQFUbmzSC/lQaJoPgcuYy4AANEaCQHIXIxzasq+vD+ph8nV37N26/tXexWj2HUzCzbYJtsm3nsgB2zM3bO6kywAXtkT+zZeXBenFfn7Xu05Ix21tgvOO9fp/mZMQ==</latexit>

�m2 = m2
2 �m2

1



Neutrino oscillations
• For 3 generations the oscillation formula is more complicated

CP even

CP odd
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3n oscillation probabilities
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Non oscillatory data
• Tritium Beta decay • Neutrinoless double beta decay

• Cosmology<latexit sha1_base64="cB3PgWatQLTAOs67DYnvERgNh6M="></latexit>
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Known and unknown in the 3n scenario

Ø Known 

ü The mass square differences |Dm2| and dm2😊

ü The mixing angle q12 😊

ü The mixing angle q13 😊

ü The mixing angle q23 and the octant 🤔

Ø Unknown

ü The sign of Dm2 (mass hierarchy) 😑

ü The delta-CP phase 😕

ü The absolute mass scale 😩

ü The Dirac or Majorana nature of n’s 😢

ü Majorana phases 😭

ü Other crazy characteristics of n’s (sterile, NSI, 

decoherence…) 🤪



3n global 
analysis
[1] F. Capozzi, E. Di Valentino, E. Lisi, A.
Marrone, A. Melchiorri and A. Palazzo,
Unfinished fabric of the three neutrino
paradigm, Phys. Rev. D 104, no.8,
083031 (2021)
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3n global analysis – state of the art analysis

Ø Oscillatory data

ü Solar (SK, SNO, Borexino, older radiochemical experiments) + KamLand

ü Atmospheric (SK)

ü Reactor short baseline (Daya Bay, RENO, Double Chooz)

ü Long baseline accelerators (T2K, NOvA)

Ø Non oscillatory data

ü Beta decay (KATRIN)

ü Double beta decay (GERDA, CUORE, MAJORANA, KamLandZEN, EXO-200)

ü Cosmology (PLANCK + other cosmological data) 



Results on single oscillation parameters

Octant 
degeneracy

No CP-violation
not excluded @2s



Results on single oscillation parameters

⇐IO disfavoured @2.6s



Limits on mb
KATRIN 1st campaign
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Limits on mbb

Ø For the lepton flavor violation decay process (Z,A)→(Z±2,A)+2e(∓) in the 3n paradigm the 
parameter mbb is related to the half-life

with G parameter space and M nuclear matrix element

Ø Current experiments are compatible with no signal (T1/2=∞)
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Dependence of mbb to 
nuclear matrix elements
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Dependence of 
mbb to nuclear 
matrix elements
Ø KamLAND-Zen and EXO (136Xe), 

GERDA and MAJORANA (76Ge) 
and CUORE (130Te) analysed 
using different nuclear matrix 
element calculations:

ü nuclear shell model (SM)
ü quasi-particle random phase 

approximation (QRPA)
ü energy-density functional theory 

(EDF)
ü interacting boson model (IBM)
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Comparison of mbb99.7%-CL discovery and 90%-CL median exclusion sensitivities for different isotopes at
stated half-life sensitivities grouped by nuclear many-body frameworks for various matrix element. The
horizontal bands show the variation (mbb

min ) for IO under variation of the neutrino oscillation parameters
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Neutrino-
nucleus coherent 
scattering
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Astrophysics & Neutrinos

ØSolar neutrinos

ØSupernova neutrinos

ØHigh energy neutrinos

ØBlack hole evaporation

ØCosmology



Solar neutrinos
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Rate of core collapse SNs in Milky Way
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Rfull = 1.63± 0.46 (100 yr)�1



Expected n counting rate in CC SN explosion
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HE neutrinos
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MO sensitivity as function of Data-Taking time



Primordial 
Black Holes
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Background neutrinos coming from PBH’s

• n flux from BPH’s Ø Coherent scattering
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Goodbye and see you again to the Pantheon

Thanks to everybody


