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Outline

@ LFV in minimally extended SM
@ What to expect from observation of LFV

@ LFV in BSM models and its connections to other phenomena

(LFV= lepton flavor violation)
(cLFV= charged lepton flavor violation)
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Standard Model (SM)
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Global Symmetries in the SM

gSM = 5U(3)C X 5U(2)L X U(l)y
Qu ~ (3:2)41/6:  Ur ~ (3,1)423, dr, ~(3,1)-1/3
LL,— ~ (172)—1/2a gR,' ~ (17 1)—1

Ly = Lyin + Lyuk + Lig
ACYuk —0: gﬁavor = U( ) X U(3)

lep

charged 7£ 0: (%;lobal) - U(l)B X U(l)e X U(]-)u X U(l)T

fermlons flavor

® individual lepton-flavor numbers are conserved by the SM Lagrangian

B + L broken at quantum level; 't Hooft 1976
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Discovery of Neutrino Oscillations: m,, # 0

Yook 1:UQB) x UQB)y — U(1)e x U(1), x U(1),

Y, %k 1:U3)g x U(3), — U(1), x U(1) x U(1):
Y, o6 1: UB)o x U(3)y — U(1)g x U(L)s x U(1)s
[Yu, Yal #0: U(1)? — U(1)s (Vekm)
[Ye, Vo] #£0: U(1); = U(1), (Veuns)
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Neutrino oscillations: Consequences

@ Individual lepton flavor no longer conserved
(Transition between flavors) /\ aa

@ Direct consequence — cLFV

@ Total L could still be conserved

M 200 G 5 (1) x U(L),

flavor

M fiorana 7 01 GE 5 U(1)g

flavor
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cLFV with SM Particles

(lobal) 5 (1), x U(1), x U(1),

flavor
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Neutrino mass & cLFV

m, # 0 = vFV processes

vFV = cLFV (at some order in perturbation theory)

m,, mechanism depends on new physics (NP) scenario
cLFV depends completely on NP model

NP can lead to cLFV > the ones in the SM (with m, # 0)
observation of cLFV = direct implication of NP

Standard convention: processes with AL =0

Two U(1) factors:
Ul)e x U(1), x U(1); = U(1)—r x U(1) 1gr—2e
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cLFV Grouping

® Model independent expectations from observations?

\ Grouping [ Process [ Current bound | Future sensitivity |

w— ey 42x10° 13 4x10° 1%

1 — eée 1.0 x 10712 10716

Jt— e conv. 0(10712) 107

Ale—L)=2 | h—ef 35x 10~ 2% 1074

7 = efi 75%x 1077 -

had—s efi(had) | 4.7 x 1012 10712

P 33x10° 0°

T — ede 2.7 x 1078 107°

T — efifL 2.7 x 1078 10-°

-~ 7 — ehad 0(1078) 107°

Alle=Lr)=2 |} oz 6.9 x 103 5% 103

Z — eF 9.8 x 107° -

had— e7(had) 0(1079) -

T — 1y 4.4 %1078 10~°

T — pée 1.8 x 1078 10°°

T — Qi 2.1 x 1078 107°

- 7 — phad 0(1078) 107°

ALy~ L) =2 h— u7 12x1072 5x 1073

Z =t 1.2 x 1075 -

had—s 7 (had) 0(10-9) -
[A(L,+ L —2L) =6 7 eef [ 165x10°] 107
[A(Lr +Le—2L,)=6] 7 — ppé [ 1.7 x107F ] 1077 ]
\ \

[A(Le+ L, —2L,) =6 \ -

Heeck 2016
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cLFV grouping: U(1). x U(1), x U(1);

@ observation of 1 process (1 linear combination is violated) = all
other processes within that group (rates: model dependent)

@ it does not violate the other groups

@ two unequal vectors [quantum number] need to be observed to
know that all cLFV (typically)

’ Representative \ (e, u,7) | Vector (e + p+ 7 =0)
’ i — ey 1,-1,0) minimal

’ T — ey 1,0,-1) minimal

’ T — Wy 0,1

next to minimal

’ T — Jju€ next to minimal

|

_1)
2,-1,-1)
2,-1)
1,2)

| ) |
| |
| |
‘ minimal ‘
) | |
) | |
‘ next to minimal ‘

[
[
[
| T — een | (
(12
(1

1T
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cLFV on the Hexagonal Grid

| Representative | A(e, 1, 7) | Vector (e + p+ 7 = 0)

) |
|1 — ey | (1-1,0) | minimal |
T ey | (1,0-1) | minimal |
| 7 — py (0,1,-1) | minimal |

Each Hexagon preserves L number (cube coordinates)

Saad
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cLFV on the Hexagonal Grid

| Representative | A(e, p, 7) | Vector (e + p+ 7 =0) |
| T — eell | (2,-1,-1) | next to minimal |
|
|

| 7 — ppe | (-1,2,-1) | next to minimal

| pe — 77 | (-1-1,2) | next to minimal
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cLFV on the Hexagonal Grid

Beyond Next to Minimal Vectors

dim=6

examples: (1,-1,0):v2;  (2,-1,-1):v6;  (2,-2,0):2v/2;  (3,-2,-1):v/14;

Saad
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cLFV on the Hexagonal Grid

no tau no electron



cLFV on the Hexagonal Grid

Oe

le
3e 2€

(similar for muon, tau)



cLFV on the Hexagonal Grid

o If 4 — ey and 7 — uy are observed: all other cLFV must occur
@ Any other cLFV= x(1,-1,0) + y(0,1,-1); x,y €Z
o x=-2y=1= cLFV =(-2,3,-1) = 7 — puuee
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cLFV: Orthogonal

| — ey | (1-1,0) | minimal

| Representative | A(e, 1, 7) | Vector (e + p+ 7 =0) |

|
‘ T — ey ‘ (1,0,-1) ‘ minimal ‘
‘ T = pry ‘ (0,1,-1) ‘ minimal ‘
‘ T — eeji ‘ (2,-1,-1) ‘ next to minimal ‘
‘ T — JUUE ‘ (-1,2,-1) ‘ next to minimal ‘
‘ ‘ (-1,-1,2) ‘ next to minimal ‘

3b=0 :

(n—ey) L (ne—77)
(1= ev) L (7 — ppe)
(1 — py) L (7 — een)
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cLFV on the Hexagonal Grid

(T = py) L (7 = een)

Leftover Z5  (further observation required ...)  (no solution with x,y € Z)



cLFV on the Hexagonal Grid

(= ev) L (ne —77)

even taus

Leftover Z7  (further observation required ...)
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New Physics Models for Neutrino Mass
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cLFV in BSM: Simplest Dirac Scenario

o NP states: singlets vg, L=+1
e LD Y,LHug
em,=Y,~1071

@ cLFV highly suppressed

In the presence of other BSM states, one can achieve unsuppressed
cLFV with Dirac neutrinos (next page)
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Radiative Dirac schemes

Topology | SU(2). x U(L)y x U(1)p_1 Topology | SU(2)L x U(L)y x U(1)p-1
°(1,0,3) °(1,0,3)
T-L-F-i S+(1,1,5) S*(1,1.5)
£(1L2) T-I1-S-i x*H(1,2,2)
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Saad 2019
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Tree Level Majorana Scheme

o |AL|=2
2
e LD %LLHH —m, ~ C5X Weinberg 1979
H + H H~ H
N . N
Ngr & Y
} ) b |

Ng ~ (1,1,0)%,, A~ (1,3,1)5,,

Minkowski 1977; ...

(see talk by Enrique Fernandez Martinez)
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cLFV in Type-ll Seesaw

e A~ (1,3,1)5%, D (AT AT AY)
o tree-level y — eee, ...
@ loop-level yp — ey, ...

L uHTeAH + LeeYaAL

Lo my~ Yaulo 016V -5 Yo~ 1025 = 1
> v A ma ' A ma(TeV)

YiYa . Y}
AmQA (Ly,L) (Ly"L) — Br(p — eee) ~ o AGz — saturatesexp:
A AYF

~ 107°

Les D

Abada et. al. 2007; Dinh et. al. 2012; UV completion— Antusch, Hinze, Saad 2023
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Radiative Majorana Scheme

R

2HDM+h*(1,1,1)

Zee 1980

Saad
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Babu 1988
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cLFV and its connection to other phenomena
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my, (g —2),, cLFV in the Zee model

SM
Dol 80478 + 83 e "
CDF | 80432 + 79 ———
& BNL DELPHI 80336 + 67 ———
L3 80270 + 55 ——eo——
SN OPAL 80415 + 52 —
+
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DO Il 80376 + 23 —o—
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Phys. Rev. Lett. 131, 161802 ~To
Science 376 no. 6589, (2022) 170-176
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mw, (& — 2),, cLFV in the Zee model
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Asadi et.
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Grimus et. al. 2008

Coupling of the 2nd Higgs
Doublet:

0 Yep 0 * 0 x 0 = 0
¥ 0 x|, |0y, Of, |* 0 yur
0 = = 0 % 0 0 Yrp *
Heeck, Saad et. al. 2022
28 /46



my, (g —2),, cLFV in the Zee model
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cLFV in Zee Model + sub-GeV Singlet DM

Light mediator from two-Higgs-doublet model
DM mass~ lepton mass

Natural resolution to (g — 2),

MEG-II will fully test ;1 — ey

DM

DM

Scalar DM Scalar DM

¥ 5
my [GeV] my [GeV] my [GeV]

Herms, Jana, Vishnu, Saad 2022
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sub-GeV DM & cLFV in Scotogenic Framework

\ ’
Hx W H
SU(Z)L X U(l)y X 33 —\A,_I‘
NR,L ~ (17 O;Ld), ,” \\
ot 1 ol ’y \\¢z
= (rﬁ?) ~ (25w ! |
+ 1 o n
2
(M, ms,) = (20,100) x 1072 GeV, ; ,
-
(msz,mﬁ,mé;) = (110,110, 110) GeV. |
[ —024402 ~3.31953 ) ,
vy =103 —1.76064 |, Y>=10""| 8.39950 I !
3) -3.22219 ) ¢ —— L — v 3

Herms, Jana, Vishnu, Saad 2023
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sub-GeV DM & cLFV in Scotogenic Framework

107 THR P 10°
|
105 i
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10%f  KamLANDY|
1ok
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Herms, Jana, Vishnu, Saad 2023
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Zee-Babu States at the Muon Collider

“
ANRS
ot AT ot
VIR VAR N
. ' .
vy, ¢ 'K I 14 R vy R 14 Z > vy,
v3 L &
Benchmark point BP1 BP2 BP3 BP4 BP5
Parameters

my (GeV) 1250 1250 2500 1250 3750
mg (GeV) 1250 2500 1250 3750 1250
1 (GeV) 1903.01 1957.01 1994.75 1730.09 2067.06
Sen —0.03809 —0.06687 —0.02157 —0.1026 -0.03558
Ser 0.02037 0.03577 0.02918 0.05487 0.01925
Sur 0.06297 0.11052 0.05291 0.16973 0.05893
Gee —0.19669 —0.02474 —0.02499 —0.01731 -0.00269
Yep 9.89 x 1076 —5.05x 1074 —0.00237 -0.00160 0.00132
Ger 0.00462 0.00289 0.04409 0.02005 -0.00699
up 0.48 0.487 0.99 0.488 1.0 )
Iur 0.02542 0.02579 0.05029 0.02582 0.05270
Jrr 0.00222 0.00225 0.00420 0.00225 0.00457

Saad et. al. 2023
Saad
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Unsuppressed cLFV

K \\ " / -
\
/
s
p s vet e
Benchmark point BP1 BP2 BP3 BP4 BP5
BR(L — £7)
BR(p — ev) (2.93 x 10713 2.15 x 10712 3.73 x 10713 3.06 x 10713 2.29 X 10*13)
BR(7 — e7) 5.19 x 1013 9.77 x 1014 6.62 x 10~ 1.56 x 10~ 1.22 x 10°18
BR(1 — 117) 6.51 x 1071 6.90 x 10711 6.74 x 10711 6.91 x 1071 1.50 x 1071
BR(l; — (L)

( BR(u~ — ete” e’)) Lz.ss x 1071 1.17 x 10713 1.65 x 10713 5.78 x 10713 1.18 x 10-15J
BR(r™ — eteeT) 1.11 x 10710 6.88 x 10712 1.02 x 10711 1.62 x 1071 5.87 x 10716
BR(7~ = ete ) 5.06 x 10719 5.74 x 10716 1.84 x 10713 2.67 x 10713 2.84 x 10716
BR(T —etup) 6.59 x 10710 2.66 x 10710 (159 x 1078 1.28 X 10-%) 8.11 x 1071
BR(T — ptee) (3.26 x 10-9) 5.32 x 101 1.29 x 10~ 2.61 x 101 3.24 x 10714
BR(r™ = pte p7) 1.65 x 10717 4.44 x 1071 2.32 x 10712 4.46 x 10713 1.57 x 1071
BR =) ) (1.94x 1078 2.06 x 10~8 2.02 x 10~° 2.07 x 10~° 4.48 x 10° )

Saad et. al. 2023
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Muon Collider Probes

" 6 _ -

- Tl R S

1

Saad et. al. 2023
Saad
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Muon Collider Probes

JEPE o T B

000 5000
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Saad et. al. 2023
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= e 3
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—J BP1
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— BP5
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Zee-Babu Model: Colored version

Leptoquark: S; ~ (3,1,1/3) Di-quark: w ~ (6,1,2/3)

vy, o dp dp

> < < 1 >

@ Cannot escape to high energies: reach collider prospect
@ Expected
@ Flavor anomalies ...

Babu, Leung 2001; Khoda et. al. 2012; Saad 2020
(see talk by Nejc Kosnik)
Saad [ NPgngretlFV |
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SU(5) grand Unification

Georgi-Glashow Model

@ Fermions
dsf 0 us  —us  up d
ds 1 —us 0 us Uy dh
Sp=|df |, 10p=—| u§ —uf 0 uz ds
e \/5 —Uup —Upy —U3 0 e
—v _dl —dz —d3 —e 0

@ Scalars
24, : SU(5) — SU(3)c x SU(2). x U(1)y
54: SU3)c x SU(2). x U(l)y = SUB)c X U(D)em

Georgi, Glashow 1974
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Limitations & Resolutions

Georgi, Jarlskog 1979

Georgi, Glashow 1974
o 5, +10% + 54 + 24, + 454

— . T
o 5p + 10} + 5 + 24y, v My 7 M,
X Mg =M X M,=0
XM, =0 v/ Gauge coupling unification

X Gauge coupling unification v Proton decay (safe)

Dorsner, Perez 2006
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Neutrino Mass: Leptoquark option

Hinze, Saad 2024

1 1
5H = Qb = ¢1(17 27 _) D ¢2(37 17 __))
2 3
1 1 -~ . 4
45H =3 = 21(1, 2, §) D 22(3, ]., —g) D 23(3, 17 5)
_ 7 1
D Z4(37 27 _6) S Z5(3’ 37 _g)
_ 1 1
D Z6(67 17 _5) D Z7(8a 27 5)
3 - 2 1
A0y =n=m(1,2,—5) ®n(3,1, —3) ®15(3,2, ¢)

= 2 1
D 774(37 37 _5) > 775(67 27 6) D 776(87 17 1)

cf. Saad 2019; llja, Saad 2019; llja, Saad 2021; Julio, Saad, Thapa 2022
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Neutrino Mass: Leptoquark option

5r 10p y 10p 5p 5r 5r 5p 4 10F 10p 5p
I (R s e % &/ > !
Ro= (1) si=8"e=| VB .. . .
(5r)/(45m) ’ <R/ ) ' (5 " (5%)/(45%)

Hinze, Saad 2024

Saad T v ey TV E— o/t



Fermion masses
—Ly = YA10F§F5L'+'YE10F10F5H
+ YC10F§F457-/ + YD]-OF]-OF45H .

MngvA—QV%Yc,
Vi V3v.
ME:§YAT+ 2\/%5\/5,
My =v2vs (Y5 + YI) + 22 (Yp = Y]) |
V3
3g2 T p gdiag diag \ T
MN:—W 2YL MU FL+ME YRFL

A —

Hinze, Saad 2024
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Neutrino Mass in SU(5)

1016.4,
1015.2,
10150,
< Hyper-K (20 yrs)
08 8
-
10 X/’fls M, Mayr 10188k Super-K
102 10* 10° 10° 10 10" 10' 10'® 10'® 10° 10t 10°
1 (GeV) M (GeV)

@ m,: masses of the leptoquarks ¢o, ¥4, 14 = Mrq < 108 GeV

e Proton decay: ¢ = Myq 2 10 GeV

o Suppression: (U (Ys + YJ)Di)1s = (DLYUE) s = O for
B=1,2

Hinze, Saad 2024
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Neutrino Mass in SU(5)

= 10 SINDRUM | SINDRUM s
[ Z 512
T 10" ' 10
Z 3 SINDRUM II
g e — SINDRUMII| 3 .,
T .| MEGII ©
o 10 iy
L @ 116
= Mu3e I3

10718 3
] Muze = BR[u~ey] T o168
o 10721 m BR[u—eee] m 10
@ CRIuN-eN] .

10* 10° 108 107" 107" 10712 10710
Mq (GeV) BRlu-ey]

@ Fermion mass+PD suppression determine the couplings
o LFV: typically M q 2 10° GeV

Hinze, Saad 2024
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Neutrino Mass in SU(5)

tp » %e*] (yrs)

i i ;i
10% 10%5 10% 107 10 10™

tlp - 1", K'7] (yrs) BRILN - eN]

Hinze, Saad 2024
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Summary

# Neutrino oscillations — cLFV

# Origin of neutrino mass = New Physics

# New Physics = unsuppressed cLFV

# Observation of cLFV = Direct signature of New Physics
# cLFV rates = Model dependent

# NP models: cLFV <= Complementary probes

THANK YOU!
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