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Massive Neutrinos

What 1s the origin of neutrino masses ?

How do we test the theory of neutrino masses ?
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Main Goal

Dirac vs Majorana

Rare Processes
CP-violation and EDMs

Baryogenesis
Mechanisms

Dark Matter Candidates

Signatures at
Colliders
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Massive Neutrinos
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Leyﬁms in the SM
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quwm’c Masses in the SM




quwm’c Masses in the SM

Massless
Neutrinos
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What 1s the origin of Neutrino Masses ?



Massive Neutrinos

 Majorana Fermions Lepton Number is broken !
J ) V C M Yy,

e Dirac Fermions Le]own Number is conserved. !
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Majorana

Ettore Majorana nel 1930 circa
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Mechanisms for ‘Mo}jomna Neutrino Masses
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Type | Seesaw
Type Il Seesaw
- Type Il Seesaw
- /Zee’s Model
- Colored Seesaw
Witten's Model
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Theories: B-L, Leﬁ-CRigﬁt Symmetry, Pati-Salam, g’U’fs,
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Majorana Neutrinos
and
New Scalar Bosons
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Type II Seesaw




Type II Seesaw
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Type II Seesaw
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Type 11 Seesaw

diag mdzag

_ v i T
[y =cost, on Vprns: iy =Vhuns VTR Veuns = Yo




o )
32 VY Vg

(]

Bruno Pontecorvo nel 1955
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How do we test type II seesaw ?
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Neutrino Spectra and Higgs Decays

P.F P, T Han et al,







Majorana Neutrinos
and
New Fermions
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Type I Seesaw
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Dirac in 1933
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Neutrino Masses:
“Standard Paradigm”
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Lepton number as the fourth ““color”
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Universal strong, weak, and electromagnetic interactions of leptons and hadrons are gen-
erated by gauging a non-Abelian renormalizable anomaly-free subgroup of the fundamental
symmetry structure SU(4), x SU(4)g x SU(4’), which unites three quartets of ‘“‘colored” baryonic
quarks and the quartet of known leptons into 16-folds of chiral fermionic multiplets, with
lepton number treated as the fourth “color” quantum number. Experimental consequences of
this scheme are discussed. These include (1) the emergence and effects of exotic gauge me-
sons carrying both baryonic as well as leptonic quantum numbers, particularly in semileptonic
processes, (2) the manifestation of anomalous strong interactions among leptonic and semi-
leptonic processes at high energies, (3) the independent possibility of baryon-lepton number
violation in quark and proton decays, and (4) the occurrence of (V+A) weak-current effects.




Pati, Salam, 1974
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Majorana Neutrinos and High Scale Seesaw |
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P. F. P.,, M. B. Wise, Phys.Rev.D88, 057703

Low Scale (Luarﬁ-&gmm ‘Umﬁcau’on

P. Fileviez Perez
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Low Scale anrﬁ-llejawn ’Unfﬁcau’on
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P. F P, M. B. Wise, Phys.Rev.D88, 057703
Inverse Seesaw
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Tﬁeory for Neutrino ‘Masses
at the Low Scale



P.F P, Wise

Lepton Number as Local Gauge Symmetry

?lnomafy Cancellation:
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Solutions:

- Vector-like fe}owns

P. F. P, M. B. Wise, JHEP1108, 068
M. Duerr, P. F P.,, M. B. Wise, Phys. Rev. Lett. 110, 231801

- Four rejoresenmtions

P. F. P, S. Ohmer, H. H. Patel, Phys. Lett. B735, 283

- Minimal Model

P. F. P.,, Physical Review D 110, 035018 (2024)
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Lepton Number as Local Gauge Symmetry

Anomaly
Cancellation
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Leptophilic Dark Matter
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The scale for spontaneous Legown number violation must be below the multi-TeV scale !
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Physical Review D 110, 035018 (2024)

Lepton Number as Local Gauge Symmetry

Ve ~ (1,0,1)

¥~ (1,-1,3/4),  ¥r~(1,-1,-3/4),
y.~(1,0,3/4), and p;~(3,0,=-3/4).

Minimal number of ﬁe[&fs to cancel all [ejowm’c gauge anomalies
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Physical Review D 110, 035018 (2024)

New Fermion Masses
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Neutrino Masses Physical Review D 110, 035018 (2024)
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Here, o = 4, 5 and
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Neutrino Masses vs DM

- Uy #0 == Majorana Neutrinos

==) vs=0 == Dirac Neutrinos == DM

CASE WESTERN RESERVE P. Fileviez Perez
el L e L

UNIVERSIT




S ummary
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