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Massive Neutrinos

What 1s the origin of neutrino masses ?

How do we test the theory of neutrino masses ?

% CASE WESTERN RESERVE P. Fileviez Perez
UNIV.EIR SITT Y per o

the possible’




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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Lejoums in the SM

VoLuME 19, NUMBER 21 PHYSICAL REVIEW LETTERS 20 NOVEMBER 1967

A MODEL OF LEPTONS*

Steven Weinbergt
Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with and on a right-handed singlet
the intermediate bosons that presumably me-
diate weak interactions. What could be more R=[3(1-y,)le.
natural than to unite' these spin-one bosons




S. Weinberg,1967

quwm’c Masses in the SM




S. Weinberg,1967

quwm’c Masses in the SM

Massless
Neutrinos




U(l), with / =" SE e

Leptvn Number is an accidental gfoﬁa( symmetry in the SM
broken Ey SU(2) Instantons
't Hooft, PRL1976




What 1s the origin of Neutrino Masses ?
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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

J 3

Type | Seesaw
Type Il Seesaw
- Type Il Seesaw
- /Zee’s Model
- Colored Seesaw
Witten's Model

V:C M Vi

Al
2

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

Yk y~My EE) Mrs10" GeV

Maybe Ma~1TeV Y, ~1 Ep pS1leV

w is protected by U(1)g_t
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Type 11 Seesaw

diag mdzag

_ v i T
[y =cost, on Vprns: iy =Vhuns VTR Veuns = Yo
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Bruno Pontecorvo nel 1955

C12€13 C13512

— i 1 : 1Py /2 1Po /2
VPMNS = | —c12813593€ — €a3812 Clacog — €19512813893 13523 x diag(e ,1,e )

o ) 5 o ) N
$12823 — €'9C12C23813  —C235812513€' — €125823 C13C23
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How do we test type II seesaw ?

pp. = H T IR e T @
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B R.od sHanset al,

Neutrino Spectra and Higgs Decays




Majorana Neutrinos
and
New Fermions
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Type I Seesaw




\c\-wéb\/
< 10

M, ~

..:W

Y 6a\)

b

b o~

™My

R







Dirac in 1933
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Neutrino Masses:
“Standard Paradigm”
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PHYSICAL REVIEW D VOLUME 10, NUMBER 1 1 JULY 1974

Lepton number as the fourth ““color”

Jogesh C. Pati*
Department of Physics and Astronomy, University of Maryland, College Park, Mavryland 20742

Abdus Salam
International Centve for Theovretical Physics, Trieste, Italv

and Imperial College, London, England
(Received 25 February 1974)

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

Qy,arﬁ-lle]own ‘Umﬁcau’on

SU4)e ® SU(2), ® SU(2)g O SO(10)

Up Ug Up V Ur Ug up N
d,,ndgdbeL drdgdbeR

w m'y, = my M, = mVDM]gl(mVD)T
Mp ~ 10147 1°GeV

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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P. F. P.,, M. B. Wise, Phys.Rev.D88, 057703
Low Scale anrﬁ-llejawn ’Unfﬁcau’on

SU4)c @ SU2), ®U(1)r

ﬁ X = (Xu X?%) ~ (47 1, 1/2)'

SUB)c®@SU2)@U(1)y

_ G Xﬂ:/\/§ ’
b= (s %07 )+ 718
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P. F. P, M. B. Wise, Phys.Rev.D88, 057703

Inverse Seesaw

1
—LDOY5F, xS + Q,uSS—l— h.c., S~ (1,1,0)

MDP\? D D
:> m,,z,u(MD) , Mx > M, > pu,

Low Scale Quarﬁ-.flejoron
f(lm’ﬁcation
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Tﬁeory for Neutrino ‘Masses
at the Low Scale



Lepton Number as Local Gauge Symmetry

?lnomafy Cancellation:

fLN(Z,—l/z,l) and eRN(l,—l,l),

A (SUB)EU(1),) =0,
A (SUQ)ZU(1),) = 3/2, I <
A;(U(1FU(1),) = -3/2
Ay (U(1)yU(1)7) =0,
As(U(1)3) =3, and As(U(1),) =3
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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

U(1)
=) DM

<

G

Qpah? <0.12

i} Low Scale Seesaw !
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Vector-ike L@gumg P F P, M. B. Wise

Vi —ly = =3

Fields SU(3)c SU(2); U(l)y U(l),

(w 1 -
T ( Y, )

(% 1 2 - 8
%_(%)
’7R 1 1 —1 fl
’7L 1 1 —1 fz
YR 1 1 0 £
P 1 1 0 £,

ly = —ly=—-3/2 (Majorana DM)
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P. F P, M. B. Wise

’Mag’omna DM and Dirac Neutrinos

SU3)e ® SU2), @ U(1)y ® U(1),

— LD yg VY VRS* + y,rnLS*

+ Y XRXLS™ + MXTCXLS™ + A XRCXRS + h.c.

S~ (1,1,0,3).
(- —L DO Y lricoH *vr + h.c. (Dirac Neutrinos)
- X =xr + (xz)° ==)> Dark Matter
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Lejgw]gﬁi[ic @CL?’@ ‘.Matter P. F. P, C. Murgui, A.D. Plascencia

XX = €] €, vy, ZoZy, Zohi, hihy, WW, Z Z, ..
1(’)5: S ;
0 =0, gr=0.3
';'
L
& 10t}
—
A\(ﬁ
LBF /// /
103 -
010- 10° 105

M, (GeV]

The scale for spontaneous L violation must be below the multi-TeV scale !
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H. Debnath, P.F.P., K. gonzatéz-%tesada, Tﬁysica( Review D 109, 115030 (2024)

‘Majomna, DM and Neutrinos

SUB3)e @ SU2). @ U(1)y @ U(1),
- LD yg Y VRrS* + y,rnLS*
+ Y XRXLS™ + AXECXLS™ + A XRCXRS + h.c.
S~ (1,1,0,3).
wwm>  —L, DY, lriocoH vg + ArvhCovg + h.c.

¢~ (1,1,0,-2) Majorana Neutrinos !
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H. Debnath, P.F.P., K. (jonza[ez-desaafa, CPﬁysica[ Review D 109, 115030 (2024)

Neutrino Masses
'U(% —1T
M, = ?Y,,MN Y,

AR Mz,
V2 9

[? (9’0 -+ 4’U¢)

= My = \/§ARU¢ = cos [3.

M3, =

14

Since the scale for spontaneous L violation must be
below the multi-TeV scale one has a Low Scale Seesaw !
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H. Debnath, P.F.P., K. gonza[ez-Quesaafa, ?ﬁysica[ Review ‘D 109, 115030 (2024)

Dark Matter

X "'Hi X -=-=-=H; X . "Hi th L i

_ ‘ + ‘,3‘: + -
C X S, X --o- A X * H; H,
JR— J

X =xz + (xz)
' ' 4 X Yo g X . J
ZE h7 Hz

= + X "o Hz % eeen I{2 % . " Hz X ZZ "o Hz

X € X e X € = | + ‘ e + -

P. Fileviez Perez




H. Debnath, P.F.P., K. (jonza[ez-Cwesad’a, Tﬁysica[ Review D 109, 115030 (2024)

Dark Matter

Majorana DM

20

M 7 [TeV]

0.1 20 40 60 80 100
M, [TeV]

The scale for spontaneous L violation must be below the multi-TeV scale !
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H. Debnath, P.F.P., K. gonza['ez-Quesad’a, ?ﬁysica[ Review D 109, 115030 (2024)

Dark Matter

Direct detection:

LZ(2022)
l()”":‘ I e Wetee d
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H. Debnath, P.F.P., Phys. Rev. D 108, 075009 (2023)

LNV at the LHC
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H. Debnath, P.F.P., K. Gonzalez-Quesada, Physical Review D 109, 115030 (2024)
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Minimal ‘Jﬁeory for Leyﬁm Number
and
Neutrino Masses

PHYSICAL REVIEW D 110, 035018 (2024)

Lepton and baryon numbers as local gauge symmetries

Pavel Fileviez Pérez

Physics Department and Center for Education and Research in Cosmology and Astrophysics (CERCA),
Case Western Reserve University, Cleveland, Ohio 44106, USA

® (Received 13 June 2024; accepted 22 July 2024; published 12 August 2024)

A simple theory where the total lepton number is a local gauge symmetry is proposed. In this context, the
gauge anomalies are canceled with the minimal number of extra fermionic fields and one predicts that the
neutrinos are Majorana fermions. The properties of the neutrino sector are discussed, showing that this
theory predicts a 3 + 2 light neutrino sector. We show that using the same fermionic fields one can gauge
the baryon number and define a simple theory where the lepton and baryon numbers can be spontaneously
broken at the low scale in agreement with experiments.

DOI: 10.1103/PhysRevD.110.035018




Lepton Number as Local Gauge Symmetry

?lnomafy Cancellation:

fLN(Z,—l/z,l) and eRN(l,—l,l),

A (SUB)EU(1),) =0,
A (SUQ)ZU(1),) = 3/2, I <
A;(U(1FU(1),) = -3/2
Ay (U(1)yU(1)7) =0,
As(U(1)3) =3, and As(U(1),) =3
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P.F. P, G’ﬁ_ysicaf 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 cf ﬁe(ofs to cancel all
[eja‘amic (ﬁaryonic) gauge anomalies
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P. F. P, Physical Review D 110, 035018 (2024)

s> LD ATr(plCpr)S + AgW YRS

S ~(1,1,0,3/2)
+ )“XXI]:CXLS* + H.c.

— —L D, Ae‘ilLeR¢ + ARZLVRQS
+yy?Ll.0'2H*I/R +ye?LHeR ¢ ~ (171707_1/4)

Y

A f{ldszLH¢ + H.C.

_|_
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Neutrino Masses P. F. P, Physical Review D 110, 035018 (2024)

(vyp # 0)
C— -L,D /1;3 v—d))?LI/}.g + /1)( EX{C)(L + H.c.
V2 V2
i _ A 20’ |
N 2\/5/117)5
e 1 . .
—Lm > 7 (MY)9% — —myiviT CV, + H.c. 3+2 light neutrinos

2

Here, o = 4, 5 and

()™ (Mp)" | mipm)

My M,

mY =

CASE WESTERN] RES};RV}; P. Fileviez Perez
NIVERSIT

think beyond the possil bI




P. F. P, fPﬁ_ysica[‘Review D 110, 035018 (2024)

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

Dirac vs Majorana

Rare Processes
CP-violation and EDMs

Baryogenesis
Mechanisms

Dark Matter Candidates

Signatures at
Colliders

/. CASE WESTERN RESERVE P. Fileviez Perez
UINIEVAEIRISITET R il
think beyond the possible’




