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Particles in the Standard Model
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”Although nature commences with reason and ends in experience,
it is necessary for us to do the opposite, that is to commence with
experience and from this to proceed to investigate the reason.”
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Steven Weinberg: ““Asked what single
mystery, if he could choose, he would like to
see solved in his lifetime, Weinberg doesn’t
have to think for long: he wants to be able to
explain the observed pattern of quark and
lepton masses. ...”

PHYSICAL REVIEW D 101, 035020 (2020)

Models of lepton and quark masses

Steven Weinberg
Theory Group, Department of Physics, University of Texas, Austin, Texas 78712, USA

M| (Received 15 December 2019; accepted 27 January 2020; published 19 February 2020)

A class of models i1s considered in which the masses only of the third generation of quarks and leptons
arise in the tree approximation, while masses for the second and first generations are produced respectively
by one-loop and two-loop radiative corrections. So far, for various reasons, these models are not realistic.



Can we understand Flavor mixing?

Mixing

11 S. King 2022
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parameterf{Z 59 A=0 by symmetry? U(1)TlETE%0
Brane in extra dim.

mixing anglezF%& T4 non-invertible selection rule
Modular zeros

parameter® KEZHIR 9% B << C by symmetry?
Frogatt-Niesen

mass hierarchyz% & TZ% Modular symmetry
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Texture zeros approach

Two generations of quarks

- In the basis in which the up-type quark mass matrix is diagonal,

S. Weinberg, Trans. New York Acad. Sci. 38 (1977) 185

0 m
Mgown = (m M) 2 parameters

M > m 2

> (m /M o)z(md 0
0 M 0 my

one prediction

The Cabibbo angle is successfully predicted to be

sinf, ~tan68, = m/M = \/m,/m;

GST relation (1968) S. Weinberg (1977)
R. Gatto, G. Sartori and M. Tonin, Phys. Lett. B 28 (1968) 128.

)



14

How do we derive Yukawa interaction Y; 1y H with

=, )

- EX., let us consider U(1) or Zy symmetry
- U(1) or Zy charges for fermions and Higgs should satisfy

Qf +Qf +Qy # 0
Qf +QF+Qy =0
Q; +Qf +Qu =0
Q; +Q3 +Qu =0

No solutions!



Texture zeros approach

Three generations of quarks

- Fritzsch extended this approach to the three family case (1978)

Eritgech O a O
A PR
0O b" c

leading to various relations between masses and mixing angles

15 These textures are not viable today under the precise experimental data
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“Occam’s Razor” approach for quark mass matrices

For quark masses and CKM, Tanimoto and Yanagida arXiv:1601.04459

Three zeros of down-type quark mass matrix

Diagonal basis of up-type quarks Mu

0 ap 0 m, 0 0
Mp = ﬂ.b bDE’_w P , My = 0 m. 0
0 cp  dp 0 0 my

9 real parameters and one phase = CKM phase

Lepton sector

Successful neutrino mass matrix with 2 zeros

P.H. Frampton, S.L. Glashow and D. Marfatia, Phys. Lett. B536 (2002) 79.



RBAF Iy ITADRDOHHhBLEWNE X
WHRMSEIC LB T7 70 —FZBEHNTH S

R IESE L L

'ﬁﬁﬁu?wfﬁéem;ZJ

: ¥ 2 B IEZEF
oy IR N S
HESHEENH B BEVENH



http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Egypte_louvre_003.jpg

Subgroups of SU(3)

Ishimori,Kobayashi,Ohki,

Fa m i Iy Sy m m et ry Okada,Shimizu,Tanimoto;

Kubo, ...

Escobar, Luhn (C bt d) A (ﬂ,b)
A(6n?) =2 (Zp X Zp) % S3

by S.F King

LE(lGS)I A(96) |SO(3)

A(3n?) 2 (Zp X Zp) X Zg lé @

C.Luhn, JHEP 1103, 108(2011) arXiv:1101.2417
18 A.Merle, R. Zwicky, JHEP, 1202 128(2012) 1110.4891
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Discrete Symmetry and Cabibbo Angle, 2 generations (Doublet)
Phys. Lett. 73B (1978) 61, S.Pakvasa and H.Sugawara

S; symmetry is assumed for the Higgs interaction with the quarks and
the leptons, and for the self-coupling of the Higgs bosons.

2
S;: 1, 17, 2 '(E)L(E)L

Higgs bosons, we introduce one S5 singlet {cﬁﬂ} and one S; doublet {¢,, ¢, } bosons.

‘ {pir}s {p2r}s {nyg. nogl

(0g =£p cosael¥, (py)g=F sinae®, ()=t XM o+yY=0,

Lshe ) B @)
Md ﬁ(e-i¢ R . VZ\g e-i¢

19 [ tan 6. = tan(¢ — n/4) = mg/mg ]
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Progress of Theoretical Physics, Vol. 61, No. 5, May 1979

SU(2)r

Gauge Symmetry of Horizontal Flavour

Toshinobu MAEHARA and Tsutomu YANAGIDAX®

Department of Physics, Hiroshima University. Hiroshima 730

(Received January 19, 1979)

A detailed discussion on CP violation, the electric-dipole moment of the neutron and
several muon-number changing processes is given based on theISU(B) XU (L) X SUF(2)) gauge
model, where SUF(2) corresponds to the symmetry of horizontal flavour. The model contains
the neutral gauge bosons S,* of a new type which carry the electronic and muonic numbers.
We have obtained, from the present experimental data, the following bounds on the effective
coupling constant Gs of S, with leptons and quarks: Sx10"M<Gs/Gpr<5x 10" and, if
U/ =U, 4x107°<Gs/Gr<510"",

on the CP violation in K;"—27 decay, as Gg/Gp>3x107"
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Trn-Bn-Maxumal

Harrison, Perkins, » 2 — + 9 B
Scott (2002) sin?0 ;,=1/3 , sin?0 ,,=1/2

2 1
(V5 5 0
v~ |-+ L _ 1
V6 V3 V2
\ -+ I 1
V6 V3 V2
vo = tri-maximal mixture of ve, vy, vr

v = Di-maximal mixture of Vyy Vr
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Az symmetric

e infeger (inter—family related) matrix elements
&> non—abelian discrete flavor sym

Mixing angles are independent of mass eigenvalues

A, symmetry considered by E. Ma and G. Rajasekaran 2001

9>< [my : ..
17N\ m; Different from quark mixing angles
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3 Z2L—1n—HPhEVas5—FARAHEELS

Are Yukawa couplings (masses) modular forms ?

F. Feruglio, arXiv:1706.08749

Many challenges began in flavor physics after 2018

Large lepton mixing angles
Quark mixing angles

Lepton CP violation

Quark / Lepton mass hierarchy
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[z ILT—OEREEIDIRIZIZFEDS 15BN EEZLF/EZLD,

what does Fermat’'s Last Theorem say?  Michael Ratz
a™ + 0™ = ¢™ has no integer solutions @FLASY2026
forn > 2 Fermat (1637)

how was this theorem proven?

o if there were solutions for n > 2
this would imply the existence of
certain “weird” modular forms

e [laniyama-Shimura conjecture:
these “weird” modular forms
cannot exist proved by Wiles (1994)




Modular zeros Michael Ratz (FLASY2026)

Modular Zeros Modular Zeros

Gaps in Modular Forms for I, = T

T = (S, T | S*=(ST)) =T> =S*TS?*T ! =1)

w irreps Ss: 3-plet 3, 3 2-plets 2, 2 & 2, 3 1-plets 1, 17 & 1”

ky  VVMFs &) \ 1 1" 1" 2 27 2" 3
| S SO0 00 0 0
) e L0 00 00 ¢ 0
. REI 20 0 0 0 0 0 v
3 4322,,43?2” ) 300 0 0 v v 0
T VN AP 4 vV 000 0 v
5 Y9, Y9, p 50 0 0 v v v 0
RSOl E’f’.} 6V 00 000




Modular Feros Modular Zeros

Weinberg's Mass Texture with a Modular Zero

e assign both the quark doublet & d-type quarks the representations (17, 1)

r
under a modular T" & modular zero

w \Weinberg's mass texture can be reproduced as & Liu & MR (2025)

24)
0o Y

(4) 1 4)
VSN

A Jrlnu-{iu]ﬁr FETO —

= mass hierarchies

(AN
=t 1T

A Imp>1 0
4 erc:u:lular zero — 7

. EE‘:l'r i E:||Ir-3

27 [T FLASY 2026, 8/19,/2026



What is Modular form ?

& 1R 2 D IR 7k
[f(a:)=sin27r:1:, T:z—oz+1= flz+1) = f(x) ]

(a b) (a,b,c,d) are integer and ad — bc =1

c d
az +b z is complex
T T ez 4+ d (Modular transformation)
1 1
T:(O 1) T:z—2+1

. (0 1 | 1
5= (—1 m) >ir o

28
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Modular form f(z) is defined by imposing three conditions

Modular transformation

@ cz+d =1()

\ Modular function only constan

@) f(z) isholomorphic @ 2z — ioco

@1 f(z2) isholomorphic @ Imz>0

R
t

Automorphy factor

~

4 Dedekind eta-function )

() =q[[a-q") g =e2mim
n=1

n(=1/7)=V=irn(r), 0t +1) =e"y(7)
N\ J

flz+1)=f(2),

r(-2) -1

a=1, b=1,c=0,d=1 a=0, b=1, c=-1, d=0

t
[function

o

heta-

n=—0o0C

B(r) = Z q’”2 =1 +22q“2

o0
n=1
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Modular group

Three matrices construct ¥ ~v: z —

T:((l) D f(z+1) = f(2) z—>z+1
sz(_ol (1)) f(_iz)z(—z)kf(z) z > -1/z

I = (—01 _01); f(_—z) = (-1)*f(z) = k=even

1
ST — ——,
! 7° T :modulus S? =1, (ST)? = 1.
I''7—7+1 generate infinite discrete group

PSL(2,Z)



2.0_ T T ///': _
15) // -:
= ! /(_/ ]
< 1.01/2+I3/21% _% ]
= [ t=w S:t—-1t @ :

05‘ ST :t— -1/(t+1) _

Modular symme‘rr“r is broken i%F T is fixed.

oo—
~1.0 -0.5 0.0 0.5 1.0

Re[tau]
3. @ @ Symmetric point of T (Residual symmetry)
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Modular forms appear naturally in top-down scenarios
based on a class of string compactifications

LoD Compactification D
> | @ x@&*x@&

Torus compactification

We get 4D effective Lagrangian by integrating out over 6D.
5 = fd4xd6y Liop = | d*x Leg

- L.¢s depends on the structure of @

» 4D effective theory depends on[internal space ]

2 dim. torus has Modular symmetry
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ramn
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2D torus (T#) is equivalent to
parallelogram with |dent|f|cat|on of confronted sides. by Feruglio

[ JE

Two-dimensional torus T2 is obtalned as
T2=1R2/ A

A is two-dimensional lattice,
which is spanned by two lattice vectors

a,=2mnR and o,=2nRT
(x,y)~(x,y)+na,+n,a;

T =a, /a, is a modulus parameter (complex).

The same lattice is spanned by other bases under the transformation

ay \ [ a b (Y9 ad-bc=1
o )]\ c d 0 a,b,c.d are integer SL(2,Z)




() (o) () adbet
o) ¢ d o a,b,c.d are integer

, aT +b| Modular transformation

T =a,/a,

Modular transf. does not change the lattice (torus)

-

4D effective theory (depends on 1)
must be invariant under modular transf.

[e.g.) Lege D YV (1);,09:19;
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4D effective theory Coupling is not constant !
* depends on a modulus t

is independent under modular transformation

An example
I = FE ) f(1): coupling constant
1 =S 0¢102 - Pn ¢;: scalar fields

[ ¥ |, ar%—b]
T — T =
cT +d
¥
f(©) = (ct+ D)f (2) - Modular form with weight k

¢; — (ct +d) ™ g, Automorphy factor (REEF)

When k = }; k;, L, is modular invariant.



Generate finite modular group

Modular group o
[~ {S,T|S2 = ,(ST)3 = I} infinite discrete group

Modular group has subgroups

[

Impose tion T(N) = { a b SL2. 7 a b\ (10 (mod )}
congruence condition I'(N)={ g €S20 . 2= 1 mod |

called principal congruence subgroups (normal subgroup)

'v= I'/T(N) quotient group finite group of level N

My = {S,TIS? =1,(ST)3 = 11

[ ‘_2 253 ‘_32A4 r4 ’154 '_5 2A5}

36 isomorphic
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B LR)L N=3 DED15—kHK

Consider simple case of mass matrix in A, symmetry N=3

A, assignments: left-handed doublet 3 right-handed singlets 1, 17, 1°

Even permutation group of four objects (1234)
12 elements (order 12) are generated by
Sand T: S2=T3=(ST)3=1: S=(14)(23), T=(123)

t

Irreducible representations: 1,1, 1", 3

Symmetry of tetrahedron



F. Feruglio, arXiv:1706.08749
A, triplet of modular forms with weight 2

4 C(3)  f(r1)/3) (23 2B )
nirn = o (?'F(T/?’) T+ 0/3) (T +2)/3) 0BG )
) = ('?2’(?/3) :*J((’r+1)/<3)+ ((T+2)/3J)

2 T \n(r/3) " (r+1)/3) " T anl(r+2)/3)
() T i+ 2B)Y
T (n('r/3) TGN R (CEIYE >)3’2”}1"3)’
n(t) = ¢*/** ﬁ(l —¢") Dedekind eta-function

n=1
Yi(7) 14+ 12g + 36¢% + 12¢° + . .. |
Y=|Ya(r)| =| —6¢"3(1+Tg+84*+...) q = e*™T
) —18¢**(1 + 2 +5¢* + ...)

(-1 2 2
9(5)3(2 —1 2): p(T)(
2 2 -1

U 2
0|, w=exp(izm)

I:A.-JQ 3

o O =
o O
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S HYS(7) Qg+ Bu o HYP (1) Qs +7, 15 HYI (1) Q4

A
Quark mass matrix Aﬂavour (M)
CP broken
a, 0 0 ASUSY 1
. mediator scale
M,=10 5, 0 |
0 0 ~, /i Mgsusy -
sparticle masses
\ UVEW |

The modulus 1 ) B%X
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Modulus T (& YCP xFF#ri%EITEEN S

CP transformation in modular invariant theory

P.P.Novichkoy, ).T.Penedo, S.T.Petcov,A.V.Titov, JHEP 07(2019)165 [arXiv:1905.11970].

( )
CP ; ,. cP — CP . .
r— =", ) — dzp), Y)Y (=) = Y{(7)

L bar denotes hermitian conjugation )

We can construct CP invariant mass matrices
in modular invariant flavor theory.

ﬂfE(—T*) = f'rfE(T)* \ ﬂfu(—’}f‘*j — ﬂffu(’r)*

CP violation could be realized by fixing T.
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CP invariance in Lepton model

H.Okada, M.Tanimoto, JHEP 03(2021),010 [arXiv:2012.01688 [hep-ph]]

L | (e,p79) | Ho | Hi | Y&, Y
SU@) | 2 1 2 | 2 1
A 3], 1y 1] 13 {311
—k | €| ([(0.0.0) | 0] 0 |2 4
a. 0 0 Yi V3 Y (k) ¢
My=v,10 B 0l[v vi v Y™ (t) E°L H,
0 0 7 Ys Yo Yi/ 3 x1”7x3 x1
1
w, = —E(HHHBLLYE,k))l Weinberg operator by using weight 4 modular forms

3 real parameters + T

, 2Y1(4] _1,?3(4} _Y(4) 10 0

v

0 1 0

2 01
M, =20 oy @ | gy (0 0 1 @Yy (1o
0 0

_1/2(4] _Yl(‘i) 21/3(4)

3x3x3(l,I")
L L Y




( )
Parametes are 8; Input of observed values:

me, mp. y My, eI2 ’ e23 ’ eI3 ’ ArnzsoI ’ Arnzatm
OUtPUt : 6CP ’ <mee>’ Zmi

dcp is predicted clearly in [98°.110°] and [250°,262°] at 3o confidence level.

NH for neutrinos NH for neutrinos
0.105
350
300 0.100
NuFIT 6.1 s s

5 230 —— < 0.095

3, 200 2,
lo& 150 E 0.090
1 00 YT e 0085
52 0.080

0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.40 0.45 0.50 0.55 0.60
ZmijleV] sin2623

& i hiE

42



Symmetric point IR THEY 25 —FXH Smass hierarchyHh EIRT 3

T:t— t+1

2.0

Fundamental Domain of T
1.5

— Z

.ﬂ B

= 1.0 -1/2+/3/2
= ! T=Ww

ST :t

-

> =1/(t+1)

0.0 ——— L —
~1.0 —0.5

0.0

Re[tau]
23 @ @ Symmetric point of T

0.5

1.0



Consider A, triplet modular forms with weigh k=2

Yi(r) = l+12{}—|—e36q2—|—12q3—|— q = Eﬁﬂ'i?‘ _ EQ?TE'RE
—6¢"*(1+Tq+8¢> +---),

Yis(7) = —18{}2;’3(1—1—2q+5q2+...)_ c=6 |q|1/3

.
G)
||

T>%  (Y,,Y,,Y) > (1, -¢-12€2) > (1,0,0)"

A, triplet |£|<<1
4 )
= (4) _ y-2 (4) 12 (4) 1 0 0
k=4 Ya=w Yi=to,  Yu=0,r—fow o
0 0 w?
g J
k=6 YE”):}“& Yé*}: ; Y:LL}: o s Z; symmetry

o k=8 v®_y YO =0, Y®=v! Y®=0, Y®=0

s B B s N s B S S e R e
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We can construct the mass matrix with hierarchical masses
by using the hierarchical modular forms towards t=c0{ and v

€ €
€ [ | BRI £=6 |q|1/3

This hierarchical structure is not accidental.

Thanks to Residual symmetry Z; (N=3)

Challenge
Mass hierarchy IR LED D T ICK>TCPZE S F<WHENSZD



4 7L —/\—hNon-invertible selection rules EHH&S

R AF DERE

ARELIBAR
H. Otsuka
FHTMEFDHERE2026 %

¢’a % % 9511

SFREICESCLRRA LY BEEROBARNSRESNS.
(ﬁ]ili\ %ﬁmﬁﬁﬂu Cf)a + f-i)b = ff)c: ':':J"a = 4y = '-Tc} }

BERAE FRECH R T H5:2RE (RERD (SRS 5h TUL=AL.
EEFEDOBEN—ezh ., FEAEEHIECESGERAIAERLTS

¢c
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Non-invertible selection rules &l

/ H53E Group theory \

Closure

If aand b are elements of group 6, c=a . b is also its element.

C is unique

each field corresponds to a (representation of) element of G

Inverse process is realized

\_ a b=1 -

47
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Fusion Rule

Consider set of elements {U} U,U; = Z ik Uk
!

Let us consider an example, U; U,= U3 + Us

P1+ P2 = O3 O1+ P2 = @5

Right-handed side is not unique.

Inverse operation cannot be defined !

These fusion rules may be originated from string compactification.

Ex: Type IIB magnetized D-brane models on toroidal orbifolds T.Kobayashi, H.Otsuka



Many examples in 2D CFT
. ] E.PVerlinde (1988),
= Ordina ry symm Etry . G.W.Moore and N. Seiberg (1989),

- Fusion rule of symmetry operator :

UQ1U92 = U9192 91,92 € G

Ex., U(1): plf1p102 — pi(0,+03)

U =1 |

*  Non-invertible symmetry :

- Fusion rule of symmetry operator :
EX., U91U92 — U91_|_92 + U91_92
Ug = %(eiﬂ +e7%) exceptfor = 0,7

o Torfy — —0, — 0 [ Upl_y = Us + Uy = 1+ Uy ]




Non-invertible symmetries in type |IB string theory
T? T?/Z,

- Operators: eﬁﬁl H. Otlika
[~ T T
“ e @l ]

- Chiral matters:

) | &

- Representations:
Z}(\fl) M |¢]M> |l/)j+1,M> /
7.02) . eﬁﬁzwﬁm = 32”%|¢J',M> €2 /

50



Non-invertible symmetries in type |IB string theory

TZ

- Operators: ;_
emP1

eM~?

- Chiral matters:

1)

- Representations:

Z}(\fl)ﬂ . eI\—i,ID\1|l/)j,M> — |1/}j+1,M>

7.02) . e%ﬁzw}f',M) - ezﬂ%|¢j,M>

T%/Z,

Corresponding to the gauging the (outer) automorphism of each Zl(\fl) and ngz)

j - [j]:jandM—j

51



{511) Fibonacci fusion rule

11, ‘c‘]- Fibonacci category

anyon

ZaRFyFREE(T=FZE0)

(99) - [90] = [90’

190l - lg1] = 94
@- g1l = g0l © [94]
- [g1] IE ¥ TEHT=1ELY

52



— &b =R Al

T. Kobayashi, H. Otuka, M. Tanimoto, 2409.05270

- Let us start with Z,, symmetry (generators : g = e?™/M)

b - g"ip;

Transformation of fields ¢; in 4D QFT :
Charge k; under Z,,

- Let us consider the automorphism of Z,,, i.e.[ Dy = Zy x Z,

G>G f(g)f(g,)=f(g:9,) group G'=Aut(GxG %R T 5,

f=hgh' DIEE ABESZERELNS, ZhUSEAHESERENS,

53




Dy group [DM = Ty X 7, }

gM=e r?=e rgrl=g’

“conjugacy class”: set of all elements [9'1 ag forge G ]

‘=g rgri=gt

[gk] = {hgkh_l | h = e, 7"} — {gk ’gM—k} g—k _ gM_k

Z, invariant conjugacy class €d¢€ -

Example: D5 case 10 elements are classified by 4 classes

vari
C,={e} C,={g, g} C,@={g? g3 }Cs ={r, gr,gr, g°r g*r}

" Labelling fields by class Q= + Py
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In Z, basis, they have both j and M-j Zycharges.

corresponding to Z, invariant modes : D=+ Py
labelling fields by class No definite Zy charge

* ¢; is not invariant under Z2 orbifolding T?"/Z,
% @; has both charge j and M-j

That is Z, gauging of Zy; symmetry
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— i {bsn = E R A
H. Otsuka

* Suppose that FHFPEEOHEE2026

1. 15 ¢; DS hypergroup DEFRZTSNILEND

A hypergroup is an algebra [g;] - [g_,-] =D dﬁ-[gk]

Ex., 7a—2a B (df € Z)
BcOHRELE

~ SOBEEERICHIR

Hamidi-Viafa (1287), Dijkgraaf-Vafa-Verlinde-Verlinde [1989),
Heckman-McNamara-Montero-Sharon-Vafa-Valenzuela, Kaidi-Tachikawa-Zhang (2024), ...

2. BHRMGSTISVOTUOOEEERIE
BDIRNILDTa—a I CIdentity DN IRNDEEFSND



— &b S TER A

Instead of labelling fields by representations,
we label them by class:

. . Ek]’gﬁcz _ gk.l HC?, ?Jklﬁ ka _ ﬁk] .Is;g1
[g ] — {gk! g } ﬁ’—krg’kz _ﬁ_k"+k2, ﬁ_k1§_k2 :N—Jm—kz_

| [gM1lg*] = [gh+e] + [t |

Suppose that ®; is labeld by a class [g"/].
An interaction in the classical Lagrangian

LDOD D,

Is allowed when gk ... gkn = e (identity)  §% € [g"]
57
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How do we understand the Yukawa texture
without group-like structure?



M=3 (Z, gauging of Z.; X Z,)
T. Kobayashi, H.Otsuka, M. Tanimoto, 2409.05270
- Two different classes :

[9°], [9"] = {g% §°} [g¥] o g~ 53 *
- Fusion rule : [g°1[9°]=[9°]
gl = [9°11g1=[g"]

[gk1+kz] + [gM—k1+k2]

- Previous example for two generations of fermions:

Left :([g°],[9"]) v — (0 *
Right : (19°1,[9"]) *
Higgs : [g']



M=5 (Z, gauging of Zc X 7Z,)

- Three different classes :

- Yukawa couplings for 3 generations of fermions :

l9*][9*]

Fusion rules :

= =[g°]

[ k1+k2] [gM—Fatke] [9"1lg"]1=[9°] + [g°]

[9%1[9°]= [g°] + [g']

[9*1[9°]=[g'] + [g7]

a

Left :(g°] 9] [g%) 0a0
Right : (|9°],19"1,(9%]) Yigy=1060c
" Higgs : [g'] 0de
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Consider Direct product group theory
Z, gaugings of ZyXZy sSymmetries
VAY Y/ AV IR

Two multiplication rules

T f f Tf
U?UJ — E ﬂg:jkbr_:g:. [f'_ir'[)rj.r = E ﬂi’j"ﬁ:" L’
k

k!‘

(U“L‘rf Lj Lﬁ wakf .F’Lbf Uh E)rkr)
kK
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ZsxZsx Ty 3 classes [{[g][ HM}]

Fusion rules :

Qr = ([971l93], [gillga], [4V][ga]) [9°1lg%1=[g°)
Ur : ([971[93], [91]lga], [9V][g3]) g llg’1=1g 1+ 1g°]
D ]_:: 1: - Q:: E: 2 1} [ ][ ]_[g]+[g]
r o (loillea)s loillezls [9illgs [9%1[9%]= [g*] + [47]
Hu o 9% 19" . Hd : [9%]¢7]
4 )
0 ap 0 m, 0 0
i".*fg = ab bﬂf’._ié Ch \ f';-ir{,r — 0 m,. 0
0 cnp  dp 0 0 my
\_ y,

which are obtained in “Occam’s Razor” approach



Textures of dim.6 operators in SMEFT

T. Kobayashi, H. Otuka, M. Tanimoto, K. Yamamoto, arXiv 2608.21707

TsxTs XLy 3 classes | {19°]:[9']. (%]}

ld°] @ [¢"] = [g"], [I°l @ [g'] = [g'] @ [¢"] = [9"],
"1 @e’] =" ®[g"] = [¢°]. [g']®[g'] = [g°] + [a7].
dlell=lell=01+1. [Fleg]=I["+I].

/" Let us take a simple set of quark and lepton mass matrices N\
at cut of f scale (compactification scale).

—Lyukawa = Yu@iiuuj + qui'ijddj + nficbdﬁj + YW

(D, (D,
A

«00 0% 0) 0 * 0 «00
Yuo=100],Yy=]*+x]|,Ye=|x%xx],Yiw=10x%x0
\ 00 = U**) 0 * * 00 % j

63 Impose [gi| = [ti], [di] = [ei] assingnment of Class




Qr=Lr : ([dllez], [o1][g2]: [97]]02])

Ur ([91[ga]; [91]lga], [g7][g2])

Dr=-er : ([gi]lgs], [97]l3], [97]lgs])

H, 97][92] Hy : [g7][93)
Case (a)

There are other 4 independent assignments.
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4 fermi Semi-leptonic operator (LL) (LL)

(
131:1.7@{1) — 1}1:1_"[ Ty ‘Ejj }{{IL g 'E'L}

UMQ{dj = IJ-IEI[‘EJL uT e ){QL"]’#T @L)-
\_ Y,

Flavor basis

O (11021 [JF[E  [OL[L0] Ol: (110212 [R[AE [0l

@ ( [0]7[0)z  [0]1[1}1[0]2[1]2 [D]?[U]zll]z) ( O]F[0]z  [0]1[1]1[0]2[1]2 [U]ﬂﬂ]z[llz)
ikl -
O]F[0]2[1]2 [0l [1h[17  [0FQE /, \ [0][0]2[1]2  [Ol:[1:[17  [0]Z[1]3

94

/v 00lov olo o v\ 21non-zero entries
k=1 | 0 v 0|v 0 0[0 0 0
00 v 00 O0|v 00 - ) )
0 v 0|v 0 0|0 0 0 [qﬂf—fiiki(ﬁfjﬁwraikﬁﬂ+5ﬂ¢;k3']
~ k=2 | v 0 0|0V 0|0 0V
00 0[00V|0V 0
X 00 v|[00O[v 00 'J lep’rons
c=3 | 00 0|0 0 V|0V 0
\v 0 0|0 v 0|0 0 v ) k, €= quar'ks




59 dim.6 operators in Warsaw basis

MFV  U(2)
Operator class No symmetry, 3 Gen. | U(3)5, f}{}’ﬁjﬂ,‘uj (2)%, OVt ah
CP-even CP-odd [|CP-even CP-odd |CP-even CP-odd
X3 H6 HAD? X2H? 9 6 9 6 9 6
Ui H? 27 27 3 3 g 0
WIXH 72 72 : 8 24 24
W2H2D 51 30 7 19 5
(LL)(LL) 171 126 s 40 7
(LL)(RR) 360 288 s 53 21
(RR)(RR) ity 105 0 20
(LR)(RL) and (LR)(LR)| 405 405 20 20
Total 1350 1149 52 17 212 111

Our case (a) 693 953 K /
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Consider a few examples of operators

not complehensive analyses
Charged current

uka{dj = Cijkl E’L YuT Ly ){qu]e“'rfqij b—cT VvV

Flavor basis C’ﬁi = fijki (0ijOk1 + 0ikdj1 + 0itdjik)
3

Mass basis Q';‘q‘is = E | Ufivs*{fijkf (0i0k1 + 0irdj1 + 0i1djk)
i.f=1
| A Y

PMNS CKM

éIE?IE‘S qur?‘ Pq + frq:r"q U TV* + Z fE‘rrE'{ pE E é’qr

b=cuv o, WEV

b—cev Ci1s = Frioa UnViy + faron UraVi A2 suppressed
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- e‘. Neutral current
7 j = # —
131:1@ — 1}1:1_"[: iy H",LA‘E?L}(QLHI“ ';'L}s \/.
b —svyv,

uka{dj = Clijkl fL nT ' ){QL’?'”TI@’E}-
Flavor basis Cﬁ‘;ﬁ; = fijkt (0:0k1 + 0indj1 + 011dk)

MGSS bGSiS C(a) Z V..V, e.fmkl 5235kl + 52195]5 -+ 6zl5_7k)

iJrs
k4=1

Taking izj and r=2,s=3 b — sV, VJ

3

Z ,[:gla = Z fiirr VorVa + me.aﬂ Vo + Z freeetVaeVyy  —> ()

=1 t,k=1
For the case i#

b—sv,v; and b—sv;Vv, arenot Cabibbo suppressed.
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5 Summary and Outlook

Modular forms and Non-invertible selection rules
give us new aspects in flavor physics.

These are obtained by the String (Orbifold) compactification.

Especially, aplications of non-invertible selection rules are
progressive in particle physics:
(Yukawa couplings, SMEFT, Dark matter .....)

© Desired texture zeros of Yukawas are realized rather simply.
© Texture zeros in coefficients of dim.6 operators can predict

the flavor structure of the new physics, which will be
testable in the rare deacy processes of quarks and leptons.
Consider the mediators, gauge like bosons, Leptoquarks, Higgs-like...

B anomaly, LFV, g-2, EDM, Higgs decays



