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Introduction

Origin of flavor and CP symmetries : important issue in the SM

4D Yukawa couplings (in the higher-dimensional theory)
= Overlap integrals of zero-mode wavefunctions on the internal space

Q H

Y —

Extra-dimensional space

Geometrical symmetries (and stringy selection rule)
- Flavor structure of quarks/leptons

Yukawa couplings Y (7) depend on moduli T (geometric parameters)
— Moduli VEVs determine the flavor structure and CP violation
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T? torus : SL(2,Z) geometrical (modular) symmetry
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Lattice vectors are related under SL(2, Z) modular transformation:
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Finite subgroups of modular group

SL(2,7) {(S,T|5% =—1,5* = (ST)? =1}

Finite subgroups : |y = {S, T | S?2=(ST)3 =TN = I}
FZ = S3, F3 = A4, F4 = S4, FS = A5, e

useful to reproduce the data, in particular, the lepton sector

Matter fields and Yukawa couplings : non-trivial representations of I'y
Vi (T)Q;HU;

(developed in heterotic orbifold models, magnetized D-brane models)
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Modular symmetry on 6D Calabi-Yau threefolds ?

(Vacuum solutions in string theory)
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Calabi-Yau



h : # of moduli fields

6D CY : Sp(2h + 2,7Z) symplectic modular symmetry
Sp(2,Z) ~ SL(2,Z)
A. Strominger (‘90),

Y .
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Yy
1 P. Candelas, X. de la Ossa (‘91)

(dual) basis {a!, B;} of three cycles is related under Sp(2h + 2, 7Z)

(3= a) ()

a b . - 0 1
(C d) preserves the symplectic matrix: 2:(_1 0) 7



Eg X Eg Heterotic string on 6D CY (standard embedding)

Candelas-Horowitz-Strominger-Witten (‘85)

* 4D Gauge symmetry : . W
E, X Eg 146)

_ \% J
* Moduli = Matters (E¢ : 27 or 27

27! : Kaehler moduli
27% : Complex structure moduli

= Yukawa couplings (273

W = F;;,27'277 27"
Fijk = alajakF
F : prepotential

Symplectic modular symmetry in CY moduli space
~ Flavor symmetry




« Symplectic transf. of matters (27%) and Yukawa couplings (F; ;

.~ _ 130Xt
27t - 27t = (X° -277
(X)) =55
. 0X'oxmoxm
jie = Fijle = 5515 %7 axk | mn
(X9, Xi): projective coordinates
with the gauge X% = 1
(i =1,2,..,h)

F;

— Non-trivial representations of Sp(2h + 2,7)
— Flavor symmetry : Gavor € Sp(2h + 2,7)
— U(1)g symmetry: U(1)z € Sp(2h + 2,0C)

X0(= e?'®) : R-symmetric trf. with R-charge 2/3 for matters



= S, flavor symmetry on 6D toroidal orbifolds with h = 3

W = 271272273

Fi,3 = 1, otherwise O

— |Invariant under two generators

P:1-3,2—-1,3->2
Q:1--1,2—->-3,3 -2

— S, triplet: {271, 2772, 273}

— S, cSp(2x3+2,Z) =S5p(8,7Z)
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(permutation of three T'?)

(

a b)
c df

Some classes of 6D Calabi-Yaus have S, flavor symmetry



Geometrical origin of 4D CP

Assumption : 10D = 4D + 6D Calabi-Yau (CY)

Consider simultaneous transformations of Strominger-Witten (‘85)
. Dine-Leigh-Macintire (“92)
— 4D Pa rtly Choi-Kaplan-Nelson (‘92)

— 6D orientation reversing : z; - —z; (i = 1,2,3)

(z;: local coordinates of 6D space)

(Volume form : dV — —dV)
dV < dzy Ndzy, ANdzz Ndz; ANdZy Adz;

10D Majorana-Weyl spinor under S0(1,9) = S0(1,3) x SO(6) :

16 = (2, 4+) D (2’, A_l._) 2, 2" : left- and right-handed spinors of SL(Z2, C)
4,,4_:+ and — chirality spinors of SU(4)
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Geometrical origin of 4D CP

Assumption : 10D = 4D + 6D Calabi-Yau (CY)

Consider simultaneous transformations of

— 4D partiy

— 6D orientation reversing : z; - —z; (i = 1,2,3)

(z;: local coordinates of 6D space)

(Volume form : dV — —dV)

Strominger-Witten (‘85)
Dine-Leigh-Macintire (“92)
Choi-Kaplan-Nelson (“92)

dV < dzy Ndzy, ANdzz Ndz; ANdZy Adz;

10D Majorana-Weyl spinor under S0(1,9) = S0(1,3) x SO(6) :

16 = (2,4,) & (2',4-)

(2, 4+) - (ZIJI)

2, 2’_: left- and right-handed spinors of SL(2, C)

4,,4_:+ and — chirality spinors of SU(4)

E.g., in heterotic string, Ey :

27 > 27

* Such transformations correspond to 4D CP




Sp(2h + 2,7Z) modular transformation:

O-c90) P

CP transformation (6D orientation reversing: x; = —Xx;, Vi = V; )

CP-even basis : {dx; A dxj Adyy, dy; Ady; A dy}
CP-odd basis : {dx; A dx; Adxy,dx; Ady; A dyy}

Gl
o o op_ |0 -1 0 0
1o 0o -1 0

0 0 0 1

GSp(2h + 2,7Z) = Sp(2h + 2,7Z) x Z5*
generalized symplectic modular symmetry

Flavor sym. is enlarged to Gaayor X Z5F (e.g., S, > Z5F) 13



Conclusion

= Common origin of 4D flavor, CP, and U(1), symmetries

— Moduli = Matters (Heterotic string with standard embedding)

— Symplectic modular flavor symmetry (e.g., S4)

Gflavor C Sp(Zh + 2» Z)

— Generalized symplectic modular symmetry

Goavor X Z5F € GSp(2h + 2,7)

— R-symmetry: U(1)p € Sp(2h+2,C) € GSp(2h + 2,0)

= Stringy origin of Minimal Flavor Violation
T. Kobayashi and H.O., arXiv: 2108.XXXXX

Yijklt = Z YijmYmkl



