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Introduction

The SM New physics
The origin of flavor No significant NP signal "=~
3 i M, 4o~ - - PR
generations ud,e — NP have highly non- .~ f
hierarchical structure generic flavor structure .= . . .7

Flavor symmetry

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

e.g.  Discrete flavor symmetry Modular flavor symmetry

well studied to describe large
mixing angle in neutrino




Modular Symmetr‘y see also talk by Sin Kyu Kang

Modular group often appears in the superstring theory

Compactification of the superstring theory

¢ compactification t
10D P 4D
> >
superstring our universe 2D torus x 3

Two dimensional torus is characterized by modulus 7

2 'y
0 > 1 >
2D complex 2D lattice
modulus

parameter 7



Modular symmetry

Modular transformation does not change the lattice T =a,la,

(2D lattice)’ (2D lattice)

ag \ [ a b (Vo
al J N\ d vy

SL(2.Z) = {(Z‘ Z)

a,b,c,de Z, ad-bc= 1}

modular transformation

The modular group is defined as the transformation group ¥, generated by S
and T i

S:7-> T:-1—>17+1

T
duality Discrete shift symmetry

(0= (0) (0=

Modular group I' I~ {S T|S* =1 (ST) =1}




1
Modular symmetry S:t>——  Titot+l

T

Modular group " T~ {S,T]5* =1, (ST)* =1}

Quotient group I'y, =1/I'(N) T -= {(i Z) € SL(2,7) (Z Z) — ((1) (1)) (modN)}
[ 2 3 N
= ~ — I =LT" =1
isomorphic
Modular symmetry =~  Discrete symmetry

N=3 F3 ~ A4 + focus on in this work

N=4 Iy, ~ S,

N=>5

o
12

As



Modular symmetry

Superstring theory in |0 dimensions

Compactification

4 dimensional theory (SUSY) I’ symmetry (modular)
Expectation value of modulus T Iy and SUSY breaking
breaks the symmetry scales are not determined

Low scale phenomenology

SUSY breaking terms are invariant (covariant) under modular transformation
in moduli-mediated SUSY breaking scenario

We can consider modular invariant SMEFT by supposing modular forms
to be spurion



A4 modular symmetry

Non-Abelian discrete symmetry A, group could be adjusted to family symmetry:
The minimum group containing triplet

Irreducible representations: |, 17, I’, 3 €p s UpTp, (€1, Ui, TT)
Ly | (€%, u%, %) | Hq Y(z,) | modular form
SU2) | 2 1 2 1
A |3 (1,17, 1) | 1 3
k 2 | (0,0,0) | 0 9

Effective theories with Iy, symmetry
modular form

Lo D V(0)HpDp

chiral superfield with modular weight k transforms as
¢, f(x) :representation of 'y

I —k; (I 1
P — (ct+ ) 1pD(p)p” p(. P(r) :unitary rep. matrix
Holomorphic functions which transform under modular trans., are called
modular form with weight k

Y(z) = (ct+ d) p(y)Y(7)



A4 modular symmetry

Non-Abelian discrete symmetry A, group could be adjusted to family symmetry:
The minimum group containing triplet

Irreducible representations: |, 17, I’, 3 €p s UpTp, (€1, Ui, TT)
Ly | (€%, u%, %) | Hq Y(z,) modular form
SU2) | 2 1 2 1
A |3 (1,17, 1) | 1 3
k 2 | (0,0,0) | 0 9

Effective theories with Iy, symmetry

modular form

Lo D V(1) HpDp

Automorphy factor (€T + d)*(cr +d) " (et +d)™* = (cr +d)FFr=Fs

vanishes if lc = ki + kJ

Modular forms are explicitly given if weight k is fixed.

On the other hand, chiral superfields are not modular forms and we have no restriction on the
possible value of weight ki, a priori.



A4 modular symmetry

The holomorphic and anti-holomorphic modular forms with weight 2 compose
the A, triplet

Yi(7) Yi(r)
Y, (r) = [Yalr) | . Y32(7r) =Y (r) = | Y5(7)
Yy (T)

Yi (i=1,2,3) is a function of the modulus 7

Yi(7) 1+ 12q + 36¢* + 12¢° + . .. .
Yoa(r) | = | =6¢'3(14+7¢+8¢>+...) q=¢€

—18¢%3(1+2q+ 5¢> + ...)
Once 7 is determined, the Yukawa is fixed

Modular forms with higher weights k=4, 6 ... are constructed by them



A4 modular symmetry

Fixed point for ¢ from the view point of the vacuum stability study

!
20— -1+i/3
| //// 7 =w (ST symmetry) YT
1.5] / /
= 105- %// T =1 (5 symmetry) « focus on in this talk
R T4 . (the successful lepton & quark mass matrix
B 051 T =100 (I symmetry)  has been reproduced)
-1.0 =05 0.0 0.5 1.0
Re[tau]
— 27T
q = ¢€

T principal value

At exact fixed point, CP is not violated

— need small deviation from these point: 7 = (fixed point) +¢€
phenomenologically O(e) ~ 1072



Modular symmetry in the SMEFT

String Ansatz

String compactifications leads to 4-dim low energy field theories with
the specific structure

Through String Ansatz, higher-dimensional operators are related with
3-point couplings

SMEFT operator
(4) (3) c.g. Q(l) (gpfyuq'r)(q_s’yu%)
zgké zgm mk? Q(l) (Forals) (G qr)

m is virtual mode H



In this talk

Strategy

write down fermionic SMEFT operator so as to be invariant at
A, and modular symmetry

focus on (LR) bilinear structure in lepton sector

expand modular forms Y(7) at three fixed point, and then include

small deviation : 7 = (fixed point) +¢ ®7=0w (ST symmetry)
=1 (S symmetry)

: ® 7t =ico (T symmetry)
focus on T = i case

diagonalize the mass matrix and move to mass eigenstate basis

pheno. study

(g — 2), & Lepton flavor violation



(LR) structure in the modular symmetry

LL (6%7 :uch TE) Hd Y(Te)
SU(2) || 2 1 2 1
Ay 3| (1,1",1) | 1 3
k 2 (0, 0, 0) 0 2
%y, structure I is omitted
|LpL; ]
Ay LI} @3

not invariant both
A, and modular



(LR) structure in the modular symmetry

LL (6%7 :uch TE) Hd Y(Te)
SU2) || 2 1 2 1
A 3,11 |1 3
Eo| 2] (0,00 | o0 ;

modular form %y, structure I is omitted

(LeL;] [LgY(7,)L;]
Ay LI} @3 {1,L1"1'} ® 3@ 3

not invariant both

invariant
A, and modular



(LR) structure in the modular symmetry

LL (6%7 :uch TE) Hd Y(Te)
SU2) || 2 1 2 1
A |3 @,17,1) |1 3
Eo| 2] (0,00 | o0 2

modular form %y, structure I is omitted

[LiL;] [iRY (Tq)LL] decomposition

L1113 Q3 .
{ } =101"®1'®3s®3a ()

T —

1®l=1and1’'® 1" =1 (i)

—

The generators of A4 triplet

() @) e ; ( g ) , ( 8)
= ST . :§ . 7 - N 2 ’
YO ®L =L@ & 1L A, multiplication rule 22 - 00w
. 4
\Y3(T)) 3 L/ 3 it

= (Yiep + Yorp + Yapup )y + (Yo + Yipp + Yoep )y + (Vopp + Y7 + Yaep )y
+( )+ ()3,
(i) Lg® (YD) ®Ly)
=, @Y)Q®L,) elelelN=12] =ex ® (Yiep + Vo1, + Yapy )y
+i® V@) @ L) —2LOLOIN 2 IO o 1 ® Yoy + Yz + Ve

3 1// 1 1/ 1// 1// 1/ _
+7, @ (Y(7) ® L) elelelN-1'® +7 @ (Y37 + Yypp + Yoep)y



(LR) structure in the modular symmetry

Ly ®@ Y©) @ L1y = o, g ® (Yiep + Yor; + Yap )y +0, fig @ (Yopy + Yi7 + Yiep)y
+7, T @ (Y31, + Yy + Yoep )y
(

= (ex, flp,7p) | O /., O Y5(7) Y(r) Y;(7)

a, 0 0) (Y,(0) Y30 Yy(0) <eL>
\O 0 Ve \Y3(T) Y,(7) Yl(T))

1

Same structure with mass matrix :

(@ 0 0) (Y, Vi) Y@

Me — vd O ﬂe(m) O Yz(’f) Yl(T) Y3(T)
\ 0 0 Yem)) \Y3(T) Y,(7) Yl(’[))

a

RL

if mode m is only higgs

Qg = COlY(m), Ba = cBaim); Ya = CYVd(m)

— flavor changing like 4 — e never happen



(LR) structure in the modular symmetry

Ly ®@ Y©) @ L1y = o, g ® (Yiep + Yor; + Yap )y +0, fig @ (Yopy + Yi7 + Yiep)y
+7, T @ (Y31, + Yy + Yoep )y
(

= (ex, flp,7p) | O /., O Y5(7) Y(r) Y;(7)

a, 0 0) (Y,(0) Y30 Yy(0) <eL>
\O 0 Ve \Y3(T) Y,(7) Yl(T))

3

Same structure with mass matrix :

(@ 0 0) (Y, Vi) Y@

Me — vd O ﬂe(m) O Yz(T) Yl(T) Y3(T)
0 0 Yem)) \Y3(T) Y,(7) Yl(’[))

a

\ RL

if there are additional unknown modes (e.g. multi Higgs modes), it causes flavor violations

Suppose unknown mode contribution being small and couplings are Higgs-like

A — Qd(m) K Qg, Ba — Bam) < Ba, Yd — Vd(m) <K Vd



(LR) structure in the modular symmetry

Ly ®@ Y©) @ L1y = o, g ® (Yiep + Yor; + Yap )y +0, fig @ (Yopy + Yi7 + Yiep)y
+7, T @ (Y31, + Yy + Yoep )y

[ N n\N (v r N vV v\

~

Be _ 5e(m) =+ Cp

=1+ =P =1+,

66(7’”/) 5e(m) Be(m)
Same (e Qle(m) T Ca Ca
Cle(m) N el =1 Ole(m) =10, Q’s are very small
ﬁ/e L :}J/e(m) + Cy

= — 1+ =1+4,,
Ye(m) Ye(m) Ve(m)

if there are additional unknown modes (e.g. multi Higgs modes), it causes flavor violations

Suppose unknown mode contribution being small and couplings are Higgs-like

A — Qd(m) K Qg, Ba — Bam) < Ba, Yd — Vd(m) <K Vd



In this talk

Strategy

expand modular forms Y(7) at three fixed point, and then include

small deviation : 7 = (fixed point) +¢ ®7=0w (ST symmetry)
=1 (S symmetry)

: 7 =ioo (7 symmetry)
focus on T = i case

diagonalize the mass matrix and move to mass eigenstate basis



at 7 = I (S symmetry); Diagonalization

Results of (LR) structure in interaction basis

BL ﬁRFTL éRFTL G_BRF/LL
LR ,L_LLFTR éLFTR éLF,uR
66 Y3 (Te) Qe Y2 (7—6) Ole YS (Te)
Coeft. s » )
Ve Yo (Te) | Ve Y'(Te) | Be Yo (Te)

Insert holomorphic modular forms of weight 2 at 7 =1

| Transrate
Y(r.=1)=Y1() | 1-3 Dy — D; =Us Dy, Dy — D3 = DyUL,
—24++/3 E;, — E? =UsEL, E, — EY = E UL,

The flavor structure of the FC bilinear operators at 7 = 1

T = 1 + €, then the left-handed fields are not yet the mass eigenstate, but close to it

using approximate behaviors
Ya(7) Y3(7)
Yi(7) Yi(7)

1
~(1+6)(—2+V3), € =—-e~205ic

:(1+61)(1—\/§), 5

These approximate forms are agreement with exact numerical values within 0.1 % for |e| < 0.05

Mass eigenstate basisatt =iandt =1+ ¢€



at 7 = I (S symmetry); Diagonalization

Mass eigenstate basisatz =i1and 7 =1+ ¢€

@(5‘6 %\-/28%23%) @(56 — S1op0e + %}3%‘513 — 5%125%23)Ve) %<5€ +\f§2R5‘6)
(\/§S§3L + 8%or|€1])7e — %3%23546 (\/§ST3L + |€1]) Ve %(35%]4 - \/§5st + 2|e7|) e
e * e \/g&z(m) e \/g *
8712 =~ —|€il, Spa3 = _Tﬁf(m) ; Sp13 = _?|€1| :
e Be(m) e 1 Qe(m) e 1 Be(m)
SRi12 = —= ; SRz = T35 = ; SR13 = T 5=
(e(m) 2 Ve(m) 2 Ve(m)

&e(m) — (6 — 3\/§)Yi(z)ae(m)7 Be(m) — (6 — 3\/§>Yi(z)6e(m) and /i/e(m) — (6 - 3\/5)}/1(2)76(7%)

7,0, P, Y, : Best fit values of parameters in A4 modular invariant model
to realize lepton mass matrix, neutrino data

Qe . Be 89 x 1072, Lm o Do 50510

Ye(m) Ve Ce(m)  Cre

— predict flavor observables



In this talk

Strategy

¢ pheno. study

(g — 2), & Lepton flavor violation



(&§—2), &p—ey

Dipole operator | / Cer Céz C:w\
= / / ee (& eT
Fipole = 715 (Cfgoiﬁcg,zoﬂ) C., = | Ce Cey Co
F e pp pwT
Uv L / /
: 0, — L E & & <
e — T — o) U T TT
ER EL L% \/i . e
(g—2), Lepton flavor violation y — ey
dm, v , Bl s f.~) — m; v* 1 cl 12 e |2
AUJM — o \/_ A2 Re [C ] ( r 7 87) — 87TF€T A4 ‘ iz‘ + ’ i2/|
Aa, = a?® — ™M = (251 £59) x 107! B(p* —ety) < 4.2 x 107 (90% C.L.)
'R CL.]~ 1.0 x 107> TeV~> / O TevV—?
Fe[ )~ 1.0 % e A2|C | < 2.1 x 107" TeV
,u,u, e,u(ue)
strong flavor alignment specific flavor structure
/ c., c. C.
C ey / C?Z C(;Z C?J
T <21 %x107° TRl I g

C! c. c., c
ey T

ar



(&§—2), &p—ey

. . . : . C!
Wilson coefficients in A4 modular symmetry in mass basis / e
C/

~ d / —
¢ =3(1-VBhll, €= 01-Va., C.=v31-v3i. Ce

ee o 2 TT LR

3 ~€ ~€m
Cé7:£(1—\/§)&6(1— e 2 >> ,

\C

T 2 ’NYe(m) &6
3 = &6 ~6 m ~€ m ~€
C(’w:g(l—\@)ﬁe 14 e Detm) ot 7
4 Qe(m) [, Be Ve(m)
3 . Ve Be(m
Cé’y:_(l_\/g)/je 1 — ~@ ﬁ~( ) ;
ne 2 ae(m) /86
C’ . ) flavor alignment Be Popm +cs
ey ~ = = = =
| Pely Qe Pm| c91%1075 B
Coy| Qe | Gem) fe e _ Getm) o
L Qe(m) Qe(m)
Q B Ve _ Ye(m) T Cy
] — —¢ P 15, — Gu < 1.4 x 1073 et e
Qe(m) e

without tuning between 9, 5, 00| < 0(10_3)7 0] < 0(10_3)

/
C..
ep
/
C..
P
/
C..
T

cs

~

e(m)

Ca

~

Qle(m)

Cy

Ye(m)

cL,\

er
/
Ce,
wT
/
Ce, )

TT

El—|—5ﬁ,
=1+49,,

=149,



T> Uy &7v— ey & u — ey

: : : : . c.,  C.  C \
Wilson coefficients in A4 modular symmetry in mass basis / o a4
/ A * / 3 - / ~ / — C/ C/ C/
Ceez =3 (1 o \/§)5€’€1‘ ) Cev — 5 (1 o \/g)afﬂ Ce’y - \/g(l o \/g),ye CE}; iz 7 ZZ i?_/
o o / / /
\Cw Ce, Cw)

T TT

C., = ﬁ(l—ﬁ)&e (1— Je O‘e(m)) ,

T 2 ’NYe(m) CNye

3 A ~e ~em ~em ~e
cgvzi(l—\@ﬁe | 4 e Petm) o Pem) 5
re 2 Qe(m)  fe Be Ve(m)

/ 3 > 556 Be(m)
Ciz_(l\/g)ﬁe<1~ ~ ) ,

2 Qe(m) e

the case that the additional unknown mode of m is the Higgs-like mode (0, ~ 05~ 9,)

C, C! -

ey 1 ey 5

= — x O(1) = xO(1) ~ 1072
C%L’Z \/g Céz (e

Bt — uy):B(t = ey): By —ey) ~ 104 :1: 10

Since the present upper bounds of B(T — ey) and B(T — uy) are 3.3 x 108 and 4.4 x 1078,
respectively, we expect the experimental test of this prediction for T = [y in the future



Summary

We discuss Modular flavor symmetry in the SMEFT

predictions for (g —2), & Lepton flavor violation

we have also studied lepton EDM

We should check whether our results is model dependent

other models with

Approach to other flavor phenomena in the quark sector
b—sY ...






(LR) structure in the modular symmetry

LL (6%7 :ucRa Tﬁ) Hd Y(Te)
SU2) || 2 1 2 1
A 3,11 |1 3
Eo| 2] (0,00 | o0 ;

Representation of down-type quark and charged leptons

Left

Right

(eRa :uRa TR)

(6R7 HR, TR)

(1,17, 1)

(1, 1, 1)



Lepton flavor violation : Modular vs. U(2)
U(2) flavor symmetry

U2)° = UR)? x U(2)" x U(2)? flavor symmetry is good approximation in the SM Yukawa

acting on |st & 2nd generations only w — (wl ?7@2 wg)
cxact symmecry fo m i m, = O 02) doubler single

Yukawa in U(2) Spurions : V, ~ (2,1,1), ~(2,2,1), ~(2,1,2)

A, x.V, A, x:V, Ag xV,
Ye=y7<0 1€>, Yu:yt<0 th), deyb(od blq)

Yerpand x ,,:O(1) free complex parameters
Transformation for spurions

3 0 5, 0 5o 0 6, 0
— Z¢Q(£) — T € — T U — T d
Vq(g) e <€q(£)> , Ae Oe ( 0 5e> ) Au Uu < 0 5u) ’ Ad Ud ( 0 5d)

B ( Ce 36> 7o ( Cq Sq eiaq)
e = | _ ; g =\ _. —iog
& = O(y|Vis]) = 01071 Se  Ce Sq

Spurion order count
5@' =0 (%7 %7 y_ﬂ) — 0(10_2)
Y Y» Yr

5§=O(y“,yd,ye) — 0(107) Cl > € > 0, > 5,2 > O]
Y Yo Yr s N e




Lepton flavor violation : Modular vs. U(2)

u — ey etc.in U(2)

1= ey

T =y

T — €Y

ORL | (p15e0L)*[ero™ pur) | (o1€00e)* RO 71 ]

Orr | —p15edeléro™ g Bieelfir ot TR

(01€0860.)" [egat ]

Predictions at U(2) case

BR(7 — uy) > BR(u — ey) > BR(7z — ey)

Spurion order count

C1>>ei>>67;>>5§>0 }

B(tr — uy) :B(t = ey): Blp —ey) ~ 104 :1: 10



Class 5-7: Fermion Bilinears operators (yy)

(LR)
5: Y*H3+ h.c. 6: YV X H+ h.c.
(le) | Qe (H'H)(lpe,H) | Qe (Lpo™ e, )T HW,
QeB (b0t e.)H B,
(qu) | Qur  (H'H)(gyuw,H) | Quc (QpUWTAUT)F]GfV
Quv (G0 u.)T'H W/f,/
Qus (40" u,)HB,,
(qd) | Qan  (H'H)(Gyd, H) | Quc (ngWTAdr)HGﬁV
Qaw (gyo"d.)T'H Wlfy
QaB (gpo*”d,)HB,,




T> Uy &7v— ey & u — ey

Wilson coefficients in A4 modular symmetry in mass basis

- 3 ~ N =
Cé’yzg(l_\/g)ﬁekﬂ, Cévz§(1—\/§)o¢e, Cé,Y:\/g(l—\/g)’Ye CE,};
3 ~e ~em
c :i(l_\@)&e |- e Zetm )
i 2 ’Ye(m) Qe
3 ~ ~€ ~em ~em ~e
Cévzi(l—\/g)ﬁe 1+~a Bf)—255)~7
D) Qe(m) L Be  Ve(m)

/ 3 A &e Bem
(3{32_2(1\/§)¢3€<1~ S>>,

Qe(m) e

/
e
ee

/
Ce,
wne

/
¢

TE

/
Ce,
ep

C/

ey

BH
/
G,

T

the case is that unknown mode of m is the flavor blind one (¢, =cs =¢, =¢ )

C! C! ~ 3 _c

7 1 2. B8 Phm
/A ? ! A A C o
Ce,y 3 Cev AeOp Ol -

pe T

C/
er

C/

=
wT

/
Ce,

TT

)
/




(g o 2)8

- 3 |

Cl

;:3 = \/gd
(_(' _6 ~ —_— H — _E ~ B —2
cr = = 2= Iell 49 x 1073 =27 " 5.9 x 10

“I‘ TT

4m,. v

Aa‘(_’ —

This result is agreement with the naive mass scaling (Aay 'm%

A(l.CS - aE\p abMCb ( 84 3. G) % 10—-13

observations : e
ANa =a® —a; " (4 8£3.0) x 107 .

Wait for future measurements !



