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What is the origin of neutrino masses ?

How do we test the theory of 

How do we test the theory of neutrino masses ?

Massive Neutrinos
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Main Goal
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Massive Neutrinos
Normal Hierarchy Inverted Hierarchy
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Leptons in the SM
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Leptonic Masses in the SM
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Massless
Neutrinos

Leptonic Masses in the SM
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Lepton Number is an accidental global symmetry in the SM  
broken by SU(2) Instantons

’t Hooft, PRL1976
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What is the origin of Neutrino Masses ?



P. Fileviez Perez 

Massive Neutrinos

• Majorana Fermions Lepton Number is broken !

• Dirac Fermions Lepton Number is conserved !
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Majorana

Ettore Majorana nel 1930 circa
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Mechanisms for Majorana Neutrino Masses 

- Type I Seesaw 
- Type II Seesaw 
- Type III Seesaw 
- Zee’s Model 
- Colored Seesaw 
- Witten’s Model 
… 
…

Theories: B-L, Left-Right Symmetry, Pati-Salam, GUTs, ….
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Majorana Neutrinos 

and 


New Scalar Bosons
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Type II Seesaw 
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Type II Seesaw 
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Type II Seesaw 

µ ⇠ M� M� . 1014 GeVY⌫ ⇠ 1if

Maybe M� ⇠ 1 TeV Y⌫ ⇠ 1 µ . 1 eV

µ is protected by U(1)B�L
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Type II Seesaw 
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Bruno Pontecorvo nel 1955
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pp ! H
++

H
�� @ LHC

How do we test type II seesaw ?
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Neutrino Spectra and Higgs Decays

P. F. P., T. Han et al,
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Majorana Neutrinos 

and 


New Fermions
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Type I Seesaw




25



26

Type II Seesaw 

Type I Seesaw 



27

Dirac

Dirac in 1933



Neutrino Masses:
“Standard Paradigm”



Quark-Lepton Unification
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Pati, Salam, 1974

Quark-Lepton Unification

<latexit sha1_base64="iwKBBOM4eQPODWSYpaw+evEd6Kk=">AAACH3icbVDLTgIxFO34RHyNunTTSExgQ2YIoksiGxcmosgjATLplAINnUfaOyZkwp+48VfcuNAY446/scAsFDxJk3PPuTe397ih4Aosa2qsrW9sbm2ndtK7e/sHh+bRcUMFkaSsTgMRyJZLFBPcZ3XgIFgrlIx4rmBNd1SZ+c0nJhUP/EcYh6zrkYHP+5wS0JJjlmr1bDHnVHAnAO4xhXVdyDm3S/UD7qgoVAxw7S5rWznHzFh5aw68SuyEZFCCqmN+d3oBjTzmAxVEqbZthdCNiQROBZukO5FiIaEjMmBtTX2id3fj+X0TfK6VHu4HUj8f8Fz9PRETT6mx5+pOj8BQLXsz8T+vHUH/qhtzP4yA+XSxqB8JDAGehYV7XDIKYqwJoZLrv2I6JJJQ0JGmdQj28smrpFHI26X8xX0xU75O4kihU3SGsshGl6iMblAV1RFFz+gVvaMP48V4Mz6Nr0XrmpHMnKA/MKY//m+fQA==</latexit>

SU(4)C ⌦ SU(2)L ⌦ SU(2)R � SO(10)

<latexit sha1_base64="CjW/3qF+MEUIg+V+M1hjC45Gz84="></latexit>✓
ur ug ub ⌫
dr dg db e

◆

L

<latexit sha1_base64="BnsCNlOdzTPaLz0kuFeHRDdQ6oQ="></latexit>✓
ur ug ub N
dr dg db e

◆

R

Majorana Neutrinos and High Scale Seesaw !
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P. F. P., M. B. Wise, Phys.Rev.D88, 057703


Low Scale Quark-Lepton Unification
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Low Scale Quark-Lepton Unification
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P. F. P., M. B. Wise, Phys.Rev.D88, 057703
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MQL � 103 TeV
Low Scale Quark-Lepton 

Unification



Theory for Neutrino Masses 
at the Low Scale
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Lepton Number as Local Gauge Symmetry

Anomaly Cancellation:

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


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


P. F. P., M. B. Wise, JHEP1108, 068


Solutions:

P. F. P., Physical Review D 110, 035018 (2024)

- Vector-like leptons

- Four representations

- Minimal Model
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Lepton Number as Local Gauge Symmetry
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⌦DMh2  0.12
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How do we test the theory of 

Leptophilic Dark Matter

The scale for spontaneous Lepton number violation must be below the multi-TeV scale ! 
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How do we test the theory of 

 Physical Review D 110, 035018 (2024)

Minimal number of fields to cancel all leptonic gauge anomalies 

Lepton Number as Local Gauge Symmetry
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How do we test the theory of 

Physical Review D 110, 035018 (2024)
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S ⇠ (1, 1, 0, 3/2)

New Fermion Masses

<latexit sha1_base64="SPgZnG6YkH1YREi3PH46zdEXG7g="></latexit>

�L � �e ̄LeR�+ �R�̄L⌫R�+H.c.

<latexit sha1_base64="eN/GsWPatGGACOkPhMOwEU2Q4xI=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKtQ6kVJdScGNywr2AZ2hZNJMG5rJDElGKGMX/oobF4q49Tfc+Tem7Sy0euDC4Zx7ufceP+ZMacf5snJLyyura/n1wsbm1vaOvbvXUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/up767XsqFYvEnR7H1AvxQLCAEayN1LMP3HjIoKtYCEuojMpO+RSdVU96dtGpODPAvwRlpAgyNHr2p9uPSBJSoQnHSnWRE2svxVIzwumk4CaKxpiM8IB2DRU4pMpLZ/dP4LFR+jCIpCmh4Uz9OZHiUKlx6JvOEOuhWvSm4n9eN9HBpZcyESeaCjJfFCQc6ghOw4B9JinRfGwIJpKZWyEZYomJNpEVTAho8eW/pHVeQbVK7bZarF9lceTBITgCJYDABaiDG9AATUDAA3gCL+DVerSerTfrfd6as7KZffAL1sc3kIKTOA==</latexit>

� ⇠ (1, 1, 0,�1/4)
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3+2 light neutrinos

<latexit sha1_base64="Gv+jjpOnRB5/ZUnVN78/y6U/y0U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC00oWy2k3bpZhN3N4VS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMWyyRCSqHVKNgktsGm4EtlOFNA4FPobD25n/OEKleSIfzDjFIKZ9ySPOqLGSP+r66YD7Ep+I2y1X3Ko7B1klXk4qkKPRLX/5vYRlMUrDBNW647mpCSZUGc4ETkt+pjGlbEj72LFU0hh1MJnfPCVnVumRKFG2pCFz9ffEhMZaj+PQdsbUDPSyNxP/8zqZia6DCZdpZlCyxaIoE8QkZBYA6XGFzIixJZQpbm8lbEAVZcbGVLIheMsvr5LWRdWrVWv3l5X6TR5HEU7gFM7Bgyuowx00oAkMUniGV3hzMufFeXc+Fq0FJ585hj9wPn8AiayRXw==</latexit>

v� 6= 0



P. Fileviez Perez 

How do we test the theory of 

Physical Review D 110, 035018 (2024)

Neutrino Masses vs DM

<latexit sha1_base64="Gv+jjpOnRB5/ZUnVN78/y6U/y0U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC00oWy2k3bpZhN3N4VS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMWyyRCSqHVKNgktsGm4EtlOFNA4FPobD25n/OEKleSIfzDjFIKZ9ySPOqLGSP+r66YD7Ep+I2y1X3Ko7B1klXk4qkKPRLX/5vYRlMUrDBNW647mpCSZUGc4ETkt+pjGlbEj72LFU0hh1MJnfPCVnVumRKFG2pCFz9ffEhMZaj+PQdsbUDPSyNxP/8zqZia6DCZdpZlCyxaIoE8QkZBYA6XGFzIixJZQpbm8lbEAVZcbGVLIheMsvr5LWRdWrVWv3l5X6TR5HEU7gFM7Bgyuowx00oAkMUniGV3hzMufFeXc+Fq0FJ585hj9wPn8AiayRXw==</latexit>

v� 6= 0

<latexit sha1_base64="Sc5QhxgStjmn+rcNa+wh3SDH46s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHCOaByRJmJ7PJkNnZZaY3EEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNUycasbrLJaxbgXUcCkUr6NAyVuJ5jQKJG8Gw7uZ3xxxbUSsHnGccD+ifSVCwSha6WnU7SQDQW6I2y2W3LI7B1klXkZKkKHWLX51ejFLI66QSWpM23MT9CdUo2CSTwud1PCEsiHt87alikbc+JP5xVNyZpUeCWNtSyGZq78nJjQyZhwFtjOiODDL3kz8z2unGF77E6GSFLlii0VhKgnGZPY+6QnNGcqxJZRpYW8lbEA1ZWhDKtgQvOWXV0njouxVypWHy1L1NosjDydwCufgwRVU4R5qUAcGCp7hFd4c47w4787HojXnZDPH8AfO5w9MdZAI</latexit>

v� = 0

Majorana Neutrinos

Dirac Neutrinos DM
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Summary


