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Preface

Though all phenomena seems to be well described by the Standard Model,
it should be regarded as an effective theory of more fundamental theory

Flavor puzzle, Neutrino, Hierarchy problem, DM, BAU,,

Indirect searches are complementary to direct searches at the LHC and probe
New physics at high energy scale which is not accessible at collider

Energy frontier Intensity frontier

LHC at high-pT Flavor physics

Flavor physics play important role of probing NP

Muon g-2 anomaly provides the most longstanding hint of New Physics
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Introduction of muon g-2
New physics interpretation of muon g-2
Flavor symmetry and muon g-2

Summary
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Anomalous magnetic moment in classical description

Interaction of spin S with magnetic field B
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Anomalous magnetic moment in QFT

Scattering amplitude of fermion f and electromagnetic field A,

A
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Tree level Loop level

at lowest order (tree level), [* =y - F, =1, F;,=0

Q = — eF{(0) = charge renormalization condition, Fl(q2 =0)=1



Anomalous magnetic moment in QFT

@

Relation between g-factor « form factors I, F,
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Anomalous magnetic moment in QFT

Relation between g-factor « form factors I, F,
ge= 2 +2F0)

at leading order + QED correction  + corrections,,,
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anomalous magnetic moment

quantum loop effects



Effective Lagrangian for anomalous magnetic moment

r,

GCLf —
Lors = ot e F,,
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features of anomalous magnetic moment
Loop induced

Chirality flip 0,, dipole interaction — induces a chirality flip

Y=y Ty, — w — w
wory > Y 0T T YWY

Spontaneously breaking of EWV gauge interaction

Wi, Wp , NO gauge invariant — higgs in the SM



muon g-2 anomaly

SM
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muon g-2 anomaly?
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New physics (NP) ?
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< 2
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
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Review
PAthron, C.Baladzs,D.H.J. Jacob, W. Kotlarski, D.Stockinger, H. Stockinger-Kim 2104.0369 1

Crivellin, Hoferichter 1905.03789



https://arxiv.org/abs/2104.03691
https://arxiv.org/abs/1905.03789

New physics interpretation

Large positive NP effect is needed: deviation is larger than EWV correction

Aa, = a® — a3 = (24.9 £ 4.8) x 10710 > ¢ = 154x107
2023 world ave. White Paper

5.1 O discrepancy

No new particles have been discovered in EVV scale

— Need mechanism to enhance contribution to muon g-2

enhancement mechanism or Light NP particle




New physics interpretation

NP effect
2 2
alVP ~ SNP H gnp - NP coupling
H 1672 Mz, M,p: mass of new particle

Large gnp or Light Myp

— Need mechanism to enhance contribution to muon g-2

enhancement mechanism or Light NP particle

Heavy NP particle Light NP particle
Large coupling tiny coupling



New physics interpretation

Typical NP scale and coupling

m2

2
aVP o BN H . Ag, =249 x 10710
4 1672 Mz,

gvp ~ 0(10) gnp ~ O(107°)
Heavy NP particle Light NP particle

Large coupling tiny coupling



New physics interpretation

New physics (NP)
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Many models relevant for muon g-2



Fine tuning in the muon mass

NP on muon g-2 also contribute to muon mass in similar loops

Dipole operator

Yukawa

H

Mk /O\\ HrL

MuUuon mass mﬂ

AmBSM

- :O(CBSM) 5@(1)
m, /

To avoid fine tuning in the

muon mass, i.e., do not
exceed the actual muon mass



New physics possibility

single field extension

2HDM

Scalar
leptoquarks(LQ)

Dark photon
and dark Z

PAthron, C.Baladzs,D.H.J. Jacob, W. Kotlarski, D.
Stockinger, H. Stockinger-Kim2104.0369 1

Model | Spin | SU(3)¢c x SU(2);, x U(1)y Result for Aab™ ", Aa?0?!

1 0 (1,1,1)

2 0 (1,1,2)

3 0 (1,2,-1/2)

4 0 (1,3,—1)

5 0 (3,1,1/3) §,LQ
6 0 (3,1,4/3)

7 0 (3,3,1/3)

8 0 (3,2,7/6) R,LQ
9 0 (3,2,1/6)

10 1/2 (1,1,0)

11 1/2 (1,1,-1)

12 1/2 (1,2,—-1/2)

13 1/2 (1,2,-3/2)

14 1/2 (1,3,0)

15 1/2 (1,3,—1)

16 1 (1,1,0)

17 1 (1,2,-3/2)

18 1 (1,3,0)

19 1 (3,1,-2/3)

20 1 (3,1,—-5/3)

21 1 (3,2,-5/6)

22 1 (3,2,1/6)

23 1 (3,3,—-2/3)

Difficulty of g-2 explanation

l) negative contribution

NP

a,” < 0:corrections only decrease muon g-2

U

Il) Tension with collider experiments


https://arxiv.org/abs/2104.03691

Leptoquarks

Leptoquarks couple to both lepton and quark together

Introduced in lepton and quark unified model e.g. Pati-Salam model

Siand R, LQ have both left- and right-handed couplings = chirality flip enhancement

2
CZNP - ENP mﬂmF
K 1672 M3p

r enhancement —L ~ 1600

Wlﬂ mﬂ



Leptoquarks

Chirality flipping enhancement — can explain muon g-2 with large masses

. . Ay = 0.1
But hard to avoid fine tuning in 0.5 - L
= < <
the muon mass : 2" my
NP contribute to muon mass in 041
similar loops e
(g
9 0
BSM 03 FgiE
~
X .=
2 0.2
BSM BSM My o
A, O(Bmy, =" /m) X 3 within 10
0.1

Testable with
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pp > LQLQ Z — utpu~ Ms, [GeV]



Supersymmetry

Standard particles SUSY particles

Minimal Supersymmetric Standard Model
(MSSM) is one of attractive candidate of NP

supersymmetry m
boson <« fermion

Leplons . Force particles Squarks Q Slepton o SUSY for
rhcles

02<2“
az <z o

Aa, could be explained with chirality flip 7an/f enhancement
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Ratio of vevs of two Higgs doublets Hu,d
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Supersymmetry

SUSY contributions to the muon g—2 can be
sizable when at least three SUSY multiplets

are as light as O(100) GeV

Light Wino, Higgsino, smuon scenario

Large tan[3
WE O+ Y
e

MR

g-2 favors ~100-1000GeV
— LHC search
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2HDM

Two Higgs doublet model (2HDM) : Neutral H, A and charged H™ higgs

i . v
To avoid tight constraints form flavor observables, 7
need specific yukawa structure — Type-X, flavor aligned A ~
ML 7 MR
] 0 —p— > >
Light neutral pseudo scalar A (ran//)” enhancement HR

2 loop Barr-Zee diagram

pp — HA, H*A, H*H, Hin: —> multl—r)
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90 ! / /
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/ |
o o/ /] 1
60 / /
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- my = 250GeV sl e
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™M A [Ge\/] larger than 1 is expected to be excluded in Run2 data

excluded by flavor and collider bounds


https://arxiv.org/abs/2304.09887

Z’ new gauge boson

Additional U(1)x gauge symmetry with Z’ boson (1R i
. anomaly free X=B-L, B-3Le, B-3L;, B-3Lt, Le-Ly, Le-Lt, Lu-Lo

ML MR

for muon g-2, couple to muon 7!
& P — L, — L, model

not couple to electron
interact only with 2nd & 3rd generation leptons

TTTTTT T T TTTTT T T TTTTT T T gl TTTTT] T T TTRTTT T VAl IT

{ Z->4u@LHC }

Severely constrained by !
neutrino trident production *
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can explain muon g-2 *

10 MeV < my <200 MeV i i o i e
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https://arxiv.org/abs/1406.2332

From NP models to EFT

Effective field theory (EFT)

New physics (NP)

/\
/'
LQ A ! W[+ ,-fﬂ PL—HR ,_/"fy
ML // \\‘. HR
_H_HW— i HL b N HR ML MR,
Vy YA
leptoquarks(LQ) SUSY Z’ new gauge boson
N o v
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Heavy NP particle Light NP particle
Large coupling tiny coupling




From NP models to EFT

| /%\ Effective field theory (EFT)
New physics (NP)

No new particles have been observed

Importance of approaches in effective theory that do not rely on model details

SM Effective Field Theory (SMEFT) enables parametrization of high-scale NP
using SM fields

% for light particle study, e.g. axion and g-2 in low-energy EFT


https://arxiv.org/abs/2308.01338

Effective field theory

c.g. b—cud decay

A

Full theory

b

HEw
Effective theory

Ve (ev"b) L (dy"u) L

l Integrate heavy particle

{ M, bV, }{CWM[))L(JVMU)J
C; X O;

Wilson coefficients

Local operator (dimé6)

Hegr ~ Z C;O;



SM Effective Field Theory (SMEFT) ¢ odowsimms ..

SMEFT is a effective theory based on SU(3),. X SU(2); X U(1)y at scale ppw < gt < pnp

Complete non-redundant classification of baryon- and lepton-number conserving dimé

operators (VWarsaw basis)
A

New physics
Unp + S S N
SMEFT
_ CNP - dims CNP - dime CNP - dim7 l
geff—gSM + A—@ +ZAT@ +ZAT@ 4 e

NP ;i NP i IMNP

w/o flavor index 59 dim six operators in SMEFT X

w/ flavor index 2499 free couplings in the SMEFT

(n, =3) 1350 CP-even and 1149 CP-odd
HEw 4

Low energy effective theory (LEFT)




EFT and g-2

For g-2

New physics

HUNP A

SMEFT
ALy

ALy

HEW -

LEFT

—[Yelpr (Gper) H + C%Ij (Cpe, ) H(HH)

+Cep(lpo™er)HByy + Cew (Lpo'er)
pr pr

v I I
T HWW,

+ O (e, )en (@ ur)

lequ
prst

G

lequ
prst

—|_Cledq (Zéer) (35 qt; ) .

prst

V2

Dipole operator

(Z;awer)ejk(g’;a“’/ut)

Uv

— ELO"W/ERFILW

O,

LR

NP

Hir 13908


https://arxiv.org/abs/2111.13724
https://arxiv.org/abs/2102.08954

EFT and g-2

| loop effect study

CeB 7 _uy CeW v 1 C v
7= A2 (£ 0" eR)HB,m/ (Z’ﬂLaﬂ eR)T H W v T _(LﬂLO-M eg) € (qL
g, = (Cytmp - 25 W_SWC ! 2
a, =~ m,) — 0g— | —
o eA2 on syew g mZ 2 2

250 TeV |2
~ ( ) (€., = 0.2C;, = 0.001C;, - 0.05C,y)

A2
Connection with Muon collider

Strongly coupled NP: CL, Ci' ~ g2, /1672 < 1 implying A < few x 100 TeV,
beyond the direct productlon reach of any foreseen collider.

Weakly coupled NP: C4., C*' < 1/1672 implying A < 20 TeV maybe within the
direct production reach o’fya very h|gh energy Muon Collider
(L

m,v

AaM ~Y > CeV,T < J/J,p,—)f ~

s _
Flcev,rl2 (f =ev,eZ,qq)

lr

At high energy 0,...can compete with Aa,to test the very same NP

JUR)

Lq
CT


https://arxiv.org/abs/2012.02769

EFT and g-2

From here on, the discussion is EFT-based and focus on LEFT dipole operator

New physics
Hnp T
SMEFT _ _
ALg = —|Yelpr(per)H + CepreT)H(HTH)
+C.p (Zpa“”er)HBW + Cow (ZpO"LWGT)TIHW/{V ,
ALig = Ciogy(Gomen)ege(@o™ u) + Gy (Gper)eje(@u)
_I'Cledq(zzj;er)(asqm') .
HEw + F
LEFT 5 VS o
— —F;0
oy T NP
Kk HEr/L

Dipole operator


https://arxiv.org/abs/2111.13724
https://arxiv.org/abs/2102.08954

Lepton flavor structure from (g — 2),, LFV and EDM

Dipole operator
v 1

Fu Oy = EE 10" Brlyy  Lapoe = 33 (C/E%O% " C%JO?L)
Ep Ep

e U T
/ / /
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/ / /
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\CG'Y Ce')/ CE’Y/ T

TE T TT



Lepton flavor structure from (g — 2),, LFV and EDM

Dipole operator

U — 1% 1 / /
F,ul/ OE}; — EELO-M ERF,LU/ »Cdipole — E (ngfggZz —|—ng0§7:)
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e U T
/ / / e
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ee e er
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Lepton flavor structure from (g — 2),, LFV and EDM

Lepton flavor violation
u — ey, u —> 3e, uN - eN

(Ca) Cq Cor\ oo er

.4 T— Uy, T — 33U
o
-. tau (g —2),, EDM d.

electron (g —2),, EDM d,

ep
o _ | CL, (L
Cey = ey ey

LR 76

\"

muon (¢ —2) , EDM d,

once we introduce NP operator with flavor index, other flavor observables are
also introduced



Lepton flavor structure from (g — 2),, LFV and EDM

epton flavor violation
u — ey, u = 3e, uN — eN

electron (g — 2),;, EDM d,
(c., c., c \l
7 ey ey T— ey

=0 AN
/ /
Clefy p— Cefy Ce*‘y s.4 T >:u}/’T_)?f’t
LR pe i
/]
< i ) =

tau (g — 2)

T’,

muon (g —2) , EDM d,
once we introduce NP operator with flavor index, other flavor observables are
also introduced

diagonal elements — g-2 and.EDM
off diagonal elements — Lepton flavor violation



electron/tau g-2

In broad class of NP, contributions to a, scale as

2
Ady, iz . .
— = — Naive scaling
Aay My

A Ad, 63x10°14 A Ad, 0.7 X 107°
I DX - ~ I X
>\ 25%x10-9 “E\ 2 5%10-9

Aag® = a7 — a2 = (—8.8 £ 3.6) x 1077

(& (&

Aal’ = a2 — SMEP = (4.8 £3.0) x 10713 .

(& (&

—0.018 = 0.017

Ar


https://inspirehep.net/authors/1062475

Magnetic & Electric dipole moment

—

%:—ﬂ_f)-ﬁ— df‘f

magnetic dipole moment  electric dipole moment

— € § — e —
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Magnetic & Electric dipole moment

CP even CP odd Tlmireversal
—_— — — S -
% — — My B — dLﬂ ) B —
Time reversal — — — + E o+
magnetic dipole moment  electric dipole moment
— & ~ — e —
fe = QEQ—WS dy =n,—38

ZmLﬂ



Magnetic & Electric dipole moment

CP even CP odd Time reversal
—_— — — S -
% - — //tf . B — dLﬂ . E B —
Time reversal — — E +

-+
magnetic dipole moment
— 6 ~
fie = o9

o, dp = (e §

electric dipole moment

In QFT
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Magnetic & Electric dipole moment
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Lepton flavor violation

Highly suppressed in SM+m,, by GIM mechanism due to the smallness of m,

/

2
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[ vy Lov, e ~ O(1077)

— Good probe for NP

3
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Hir

u — ey searched by MEG, 7 — £y searched by Belle
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pt(TH)
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B(tr —ey) <33x10°%

U — ey gives tight constraint on NP



Lepton flavor structure from (g — 2),, LFV and EDM

epton flavor violation
u — ey, u = 3e, uN — eN

electron (g — 2),;, EDM d,
(c., c., c \l
7 ey ey T— ey

=0 AN
/ /
Clefy p— Cefy Ce*‘y s.4 T >:u}/’T_)?f’t
LR pe i
/]
< i ) =

tau (g — 2)

T’,

muon (g —2) , EDM d,
once we introduce NP operator with flavor index, other flavor observables are
also introduced

diagonal elements — g-2 and.EDM
off diagonal elements — Lepton flavor violation



Lepton flavor structure from (g — 2),, LFV and EDM
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Lepton flavor structure from (g — 2),, LFV and EDM

/
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Lepton flavor structure from (g — 2),, LFV and EDM

Ce,
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Lepton flavor violation
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Strong flavor alignment
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Lepton flavor structure from (g — 2),, LFV and EDM

electron (g —2),, EDM d, ~_,

/
Coy =

LR

e,

4dm,, v
. v
_ Exp .
Aau =a, o

1
- 75 o]

M — (251 £ 59) x

~

10— 11
FNAL, BNL

-~

B, — lyy) =

B(r* = 1y

1 -5 —2
— FRe-% 1.0 X 107> TeV
\_ J

mev 1
L

1
yA2|.\<27><10 TeV 2

) < 4.4 x 107® (90% CL)

BaBar

J

_

<1.6x1072%x

with natural expectation |C |/ Yr ~

|Céqf|/y/~b
pop

Isidori, Pages and Wilsch[2111.13724]




Aqg. — dm,e v C’ Two determination of the fine structure
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Lepton flavor structure from (g — 2),, LFV and EDM

Lepton flavor violation
u — ey, u —> 3e, uN - eN

/ / /
(Go % Ca) o
C/m — C_é’Y C‘/‘W -
Ik fie i
C' -
\ ng .. tau (g —2),, EDM d.

electron (g —2),, EDM d,

<« T uy, T — 3u

muon (g —2),, EDM d,

realize muon (g — 2)M anomaly

NP ( need strong flavor alignment

satisfy constraint from LFV

might be controlled by flavor symmetry



Outline




Flavor symmetry

Flavor physics play a role of

identify origin of flavor puzzle probing NP
The SM flavor problem NP flavor problem
The origin of flavor No significant NP signal N
3 generations M, ,~ — NP have highly non- " o
hierarchical structure generic flavor structure "= .

see next

Flavor symmetry

Flavor symmetry would play an important role both in the SM and NP
Connect SM mistery

— flavor symmetry




1-5IIII|IIII|IIII0IIIIIII]IIIII
NP Flavor Problem |

1.0

Theoretical arguments based on the hierarchy problem o5
— TeV scale NP

Illlllllrllllll

-0.5
The measurements of quark flavor-violating

II[I|IIII|IIII

observables show a remarkable overall success of 1.0 y & ]
the SM it s A
_1.5 L[] | L1 1 | | I | I I | I 1 1 1 IgLJ 1 1 l_

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P
New flavor-breaking sources of O(l) at the TeV scale are definitely excluded

Lo =ZLsu + e (NP)
500 TeV  : B
| Cypl ~ 1 Ayp ~ 2000 TeV  : By
10—10> TeV : KO

if we insist with the theoretical prejudice that NP has to emerge in the TeV region, we
have to conclude that NP have a highly non-generic flavor structure

Flavor symmetry



From MFV to U(2)

UQB) = U(3)QL X U(3)MR X U(3)dR X U(3)LL X U(3)6R flavor symmetry

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of U(3)> by SM Yukawa couplings

MFV virtue MFEV main problem
Naturally small effects in FCNC No explanation for Yukawa hierarchies
observables assuming TeV-scale NP (masses and mixing angles)

UQR2Y = UQ)y x UQ), xUQ2), x UQ2), x U(2), flavor symmetry

- acting on Ist & 2nd generations only

- The exact symmetry limit is good starting point for the SM quark spectrum
(m,mgm.,m;,=0 & Vygyy = 1) = we only need



U(2)° flavor symmetry

U(2)° symmetry gives “natural” explanation of why 3rd Yukawa couplings are large

lb — (¢1>¢27¢3)

acting on |st & 2nd generations only SU(2) doubl .
oublet singlet

3rd Yukawa coupling is allowed by the symmetry

The symmetry is good approximation in the SM Yukawa
exact symmetry for m,m ;,m.,m, =0 & Vg =1

= we only need

The SM flavor puzzle

Mass: 3rd > 2nd > Ist ~ Almost diagonal CKM matrix

Naturally small effects in FCNC observables assuming TeV-scale NP



U(2)° flavor symmetry

Under UQ2)® = U2)y X U(2)MR X U(2)dR symmetry

(2)

L= (@2 @) (")) + (@2

Unbroken symmetry

Yo =u

0 0 0\U(2),
00 0
0 0 1

q—3

)i

d®)
b

|

Barbieri, Isidori, Jones-Perez,
Lodone, Straub [1105.2296]

¢ — (¢1>¢27¢3)

SU(2) doublet singlet
Q(Q) - (Qla QQ)N (27 L, 1) Q3 ~ (17 L, 1)
u? = (u',u?) ~(1,2,1) t~(1,1,1)
d? = (d',d*) ~ (1,1,2) b~ (1,1,1)



U(2)° flavor symmetry

Under UQ2)* = U)o x UQ2), X UQ2),, symmetry w - (@bh 77@2’ %03)
SU(2) doublet singlet
_ (2) _ 4 QY =(Q,Q)~(211) Q@ ~(LL1
Ly = (Q(Q) Cf’) Y., (ut ) + (Q(2) Cf)) Yy ( ; ) u? = (W' u?) ~(1,2,1) tr(1,1,1)
d? = (d',d*) ~ (1,1,2) b~ (1,1,1)
Unbroken symmetry After U(2) breaking

0 0 0\U(2) v V.~ (2,11,

Yd — Yp oo0ooy | < q ~ (2,1 2)

O O 1 O O E 1 9 2 y

~(2,2,1)



Barbieri, Isidori, Jones-Perez,

5
U(Z) fl a‘vo r Sym m etry Lodone, Straub [1105.2296]

Under UQ2)’ = U)o x UQ2), X UQ2),, symmetry Qp - (wla sz’ %93)
SU(2) doublet singlet
_ (2) _ d(2) Q(Q) - (QlaQQ)N (27 L, 1) Q3 ~ (17 L, 1)
Ly = (Q(z) @3) Y. (ut ) + (Q(2) Cf’) Yd( ; ) u? = (W' u?) ~(1,2,1) tr(1,1,1)

d? = (d',d*) ~ (1,1,2) b~ (1,1,1)

Unbroken symmetry After U(2) breaking U(2) breaking (Spurion)
00 0 U(2), W 1V,I~ 1Vl ~ 6007
Ya=u |0 00 = Yal Yp
0 0 1 u :lA"|N< ys/yb>

U2), N 0(107%)
0(1072)

spurion order: 1> [l > M > = >0
o107 61072 6(1075)



NP with U(2)°

The small breaking ensures small effects in rare processes

Flavor symmetries are not necessarily fundamental symmetries of UV theory, but
this effective approach is useful way for systematic NP analysis

e.g. Classification SMEFT operators under U(3) and U(2)

2499 in SMEFT reduce number of independent parameters
flavor symmetry

U(3)° and MFV  drastic reduction : ~ 25 times smaller

UQR) reduction : ~ one order smaller

Interesting implication for phono.

e.g. B-anomalies are compatible with U(2) flavor symmetry

what about effects on lepton sector, Muon (g — 2),,?

we also discuss EDM, LFV, electron (g — 2),


https://arxiv.org/abs/2310.16325

Lepton flavor structure of LR operator in U(2)
X(Zﬂ(bz areﬂ)ﬂ " m=v, ey)
(flavor structure) x (O(1) NP coefficients)

U2);, ® U(2)g, breaking (Spurion)

= X Cl’l V) ’ V) .

V, ~ (2.0, ~ (2.7) A Cvar Cyva
o o AT 00 (T ()
cra(V)), o) oNe

[ Chc, —Cls, .0 )
s.0UCK + Chyac?)  cOACh+ Cinac)) ; Cie
\ Cya(s.€0.) Cyalc.es0.) " ) e



Numerical study

NP coefficients magnitudes are O(1), phases are random
Y oY oY oY oY oSt
Yukawa C°,Cy, Cy, Cy ., Gy iy o
2 Normal distribution
. ey ey ey ey ey = 03¢ )
dipole C°,C/,C/ . C/.C . Average | o
I - Standard deviation 0.25
0 1 2
U(2) parameters
Y . o .
— = y_ de = (5.0 —6.0) x 1072, 6’ =(2.3-3.0) x 107*
U

€, and s, are not constrained, but presume from quark sector
se = 0.01 —=0.1, ee = 0.01 —0.1

Calculation

take parameter regions which can realize (g — 2), anomaly



(& —2), &p — eyinU(2)

/
c.

oy

muon

1

~ |CV 6 L— + Ce€;

e

+ i|CZW|ceéee? (‘

2
~ | C|s,0.€;

2

(

ey
Cyva
ey
Ca

ey
CVVA

Yy 2
CVVA S

o cos (argC’f/’yVA)—| 7 C—gcos (arg
; (ot _ OXy/VA : Y _
sin (arg Cyya) cv | B (arg Cyya)

A

ey y
Cvva  Ciwa

(& —2),and u — ey

/
Ce,
——

/
Ce,

B

/ / /
(CL €L CL
ee eu et
/ / / /
C ey = Ce’y Ce’y Ce*y
y LR pe T pT
Cyya) c'c
\ €7 €7 6’7)
TE T[,L TT

CY G
strong flavor alignment froml/,t — ¢y
! —10 —2
s, C\e/K/A CX};VA 12 ’C_e,f(le)‘ < 2.1 x 107" TeV
~ e | —— — <2.1x107

C, o Cx fromlmuon (-2,

/ LsRe (€] ~ 1.0 x 107 Tev 2
€p ~ 10_1

s, = O( [m,Im,) ~ 107!
— 1073 suppression by U(2) spurions

vva  Cova
| S 1072
CA CA

tight alignment condition



(g — 2)/4 & H — ey in U(Z) /c CL, CL\

eu et

/ /

e OV | 82 Coy = 'Y Cfl Cf?

C! ~ |CV 6 —|—ce VVA | o5 (arg C VVA ¢ cos (arg OY LR !
zz ’ ’ . €£ OA ( g VVA) OZ Cg ( g VVA) \C’y Céry Céf)/)
C’ Oy T TT

+4|CX | cedes (‘ (‘j/ZYA sin (arg CihA) — ‘ g‘;A sin (argC"y/VA))
A A

3rd generation effects

_CAGr OGN (O e\ L G (G e

e
C’ ey 2 CVK/A C‘)}VA
ey = | C |S 0 A —
A e’e Cey Cy
cH A A

muon (g —2), and i — ey

- —
strong flavor alignment from /“‘ er

/ / —10 —2
2.1 x1 T
Ce, ol e yc < 21X 1070 Tey
=~
C C, C . from muon (g —2),
' FRG [Cé’y] ~ 1.0 X 10_5 TeV_2

s, = O fmm) ~ 107 €~ 107"
— 107 suppression by U(2) spurions

ey CY C
VZ/A _ V\y/A 361;1 < 1072
Ca Ca Ca

o o ‘gt 1 Ce}/ Cy
Due to G, effect, we still need alignment condition even if —% = 7
A A




(& —2), &p — eyinU(2)

/
Ce,

o

€7
ep

muon

(c ey CL\

¢ Log,,B(p — e7)

~
eu et
oo S IRE: Coy = 7 Coy | Cey
Ce’Y 5 o VVA C VVA Cy LR 12220 wT
= CF15 |+ cuet (|2 con ang €)= [ TE02] % cos ang ) \C L
+ Z.|CZY|C€5€€? (‘ Vra sin (arg Cpyp) — ‘ g«‘y/A sin (arg Oxy/VA)) + Ce5e€? Csrd
A
e Y 3rd generation effects
£|C6y|S5€2 yva _ VA +S5€ C y* vy y* e y ey
A 1Pe%% Cer o ¢ ~3rd o CACYy +CyACY (O 70y AR & Cy Soew o
A A 3rd ‘Cy|2 O \% \%4 O C‘y/ VA
(& —2),and u — ey
0.012F T -
— |d.| constraint
0.010 X B(T — py) constraint ]
ci_>)> [
= 0.008_— ]
- . ]
= 0.006_
m 0.004} -
e 0.002F :
. I . . I . . I . . I . . 1: 0,000_ """"""" Ml 1o 1 |
0.02 0.04 0.06 0.08 0.10 —16 —15 -14 -13 —12 —11 —10 -9



(g — 2)/4 & EDM de in U(2) /C%z Cé C’\

o —|c e

ey pe sz
muon (g —2), and EDM d, \Cé'y Cey CQ,Y)
Im (!
— 20" % Cvva  Cvva | Cs —8
= ~ s> =2 Im ( A T oW + wm’) < 1.8 x 10
C Mey A A A
T

~4x10™  close to the experimental upper bound

0.030F |
: (g —2), input
0.025 2, ot
@ O 020 _ |d,| con:traint
- ‘ i B(p — ev) constraint
: O i B(T — py) constraint
constraint from yt = €y moretighe =, 0.015;
\4 D |
constraint from EDM d, in U(2) = 0010
0.005 :
0000L—— e NN . '

-34 -33 -32 -31 -30 -29 -28 —27

Logy|de| € cm



(8 —2),&(g—2),in U(2)

muon (g — 2), and electron (g — 2),

. C‘/ZZ o' Me -3
U(2) relation 7 I T

y my,
/ 7

- Re €, N\ 2
Aa, = Aa,, — = ~Aa, x| — ] ~62x107"
a a, m, ReCl a, (mu> 0.2 % 10
o

naive scaling VS.

Aag® = al™® — a™™ = (—8.8£3.6) x 107"

(&

Aaft = B — gSMEP — (48 43.0) x 1071 |

e (&

/ /
(e c.,
ee e

/ /
c. (e,
pe T

\C;y C;y

TEe T

/
c..
EeET
/
c.
wT
/
c.

TT

Predicted value is small of one order compared with the present observed one at present
Wait for the precise observation of the fine structure constant to test the framework

)

/



(&§—2), &7 — py, 7 — eyinU(2) (c

LR

R e opbond | 0014 e |
g} 0015 _ B(u — evy) constraint _ 5} 8813' L] (ile_' Qci;:z:lt
% % ’ _ B(4 — evy) constraint
g 0010 =) 0.008:-
= £ 0.006;
= 0.005 0.004}

il T \H‘\ ] 0 OOO o eem bl i
0'000—10 -9 -8 —7 -6 -5 16 —14 —12 -10 -8
Log, B(T — uy) LogoB(T — €7)

— Belle Il (BR ~ 6(107))



(8 —2),inU(2)

U(2) provides partial alighment in flavor space, but not enough for

Ce%eu < Ce%/m

Third family contribution is significant because of non-negligible left-
handed 2-3 mixing €,

Predictions of LFV and EDM .
input (g — 2), anomaly

U — ey T — Uy T — ey EDM d,
BR~10""% BR~10% BR~10"" |d/e| <103 'cm

Possibly observations in the near future


https://arxiv.org/abs/2310.16325

(g —2), in Modular symmetry

Other possibility : Modular flavor symmetry

Compactification of the superstring theory .
modular transformation

T? . complex aT -+ b
@ ~ modulus T — YT =
o 1.

parameter 7 CT + d

isomorphic
Modular symmetry =~  Discrete symmetry

+ neutrino large mixing angle

Due to string ansatz, strong flavor alighment can be realized without tuning

dp s
muon (g —2), and u — ey v , o) ,e( Yukawa
strong flavor alignment q, h q,
c| - -
| Py e P | <21 %107 05 — da| < 1.4 x 107
C{e’y e e(m) 56
iz

without tuning between §, 4, 0ol < O(1077), 0] < O(1077)


https://arxiv.org/abs/2204.12325
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Summary

provides the most longstanding hint of New Physics

Possible NP :

enhancement mechanism or Light NP particle

strongly constrained by low energy physics and LHC search

NP for muon g-2 anomaly can also lead to potentially effect in leptonic
and
— need strong alignment in flavor space

Flavor symmetry ?

Intensity frontier is crucial to probe NP



