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= Lepton sector (Large mixing):
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* CP violation
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Finite subgroups of modular group

Modular group T

2

(S, T|S?=1,(ST)3 = 1}

Finite subgroups . = [/T(N) ['(N): congruence subgroup
[y = {S,T|S%=1,(5T)® =1,TVN = 1}

Non-abelian discrete groups :

F3 = 53, F4_ = A4_, Fsz 54_, F6 = AS’
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Finite subgroups . = [/T(N) ['(N): congruence subgroup

I3 = A, : Tetrahedral symmetry

Generators: Sand T
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Yi(r) = L (1;’(7/'3) R ' ((7+1)/3) R 7 ((7 + 2)/3) B 211/’(37))
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n : Dedekind eta-function
F. Feruglio, 1706.08749
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E.g., A4 triplet with modular weight k = 2
Yi(t) = 1+ 12 + 36¢° +12¢° + - - - . q = it
Yo(T) = —6¢/°(14+7q+8¢*+---).
EoS 16.913 . _ 9 . ImT >> 1
Y3(7) = —18¢°(1+2q+5q°+---).

n : Dedekind eta-function
F. Feruglio, 1706.08749
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ULy || -3 L 7 | =3

Ay 3 {1,1,1'} 1 1

Tk | =2 1=2 44| 2| 0 | o

Table 1. Charge assignments under SU(2)p x U(1)y x Ay in the lepton and Higgs sectors, where
kr denotes the modular weight of matter superfields ®;.

n : Dedekind eta-function
F. Feruglio, 1706.08749
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62X 3¢ Calabi-Yau (CY) threefolds

TI'

BREE R (D1a<EH0(10°) F77E)
Sp(Zh + 2 Z) symplectic modular symmetry

A. Strominger (‘90),
P. Candelas, X. de la Ossa (91)

i 1-cycle

Sp(2,7) ~ SL(2,7)

Sp(2h +2,7) h=EJ151180H

Sp(2h + 2,7) : 3-cycle®(dual) BEEARIRIL {a!, B, D ZE #h



4D SUSY E, GUT from Heterotic string on 6D CY

Candelas-Horowitz-Strominger-Witten (‘85)
= 4D ‘7 —U X FRTE -
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- MBS (E. : 27 0r27)~ 354

27t =~ BS54 1!
(3-cycle volumeZ iR 5E)

- ZREE (277)

W = F;;,27'27727"

Fijx = 0.:0_j0 xF (F(T) : prepotential)

—Modular symmetry(t = y1)D FTTUVILERE

Calabi-YauZE & @ Symplectic modular symmetry
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(X%, X1): projective coordinates
with the gauge X% =1
(i=12,..,h)

— Sp(2h + 2, 2)DIEEBALRIR

— TL—/\—%F % : Gaavor € Sp(2h + 2,7)

e.g., 54 )'?:7‘ ﬁf /5_‘5 Ishiguro-Kobayashi-Otsuka, 2107.00487



= S, flavor symmetr

W = 271272273

Fi>3 = 1, otherwise O

— Invariant under two generators

P: 271 5273 272 5271 273 5 277
Q: 27Y - =271 27% - =273 273 - 277

— S, triplet : {271, 2772, 273}

— S, cSp(2%x3+2,Z) =[Sp(8,Z) (2‘) - (i Z) (g)

realized in some classes of 6D Calabi-Yaus and toroidal orbifolds
Ishiguro-Kobayashi-Otsuka, 2107.00487
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— Sp(2h + 2, 2)DIEEBALRIR

(X%, X1): projective coordinates
with the gauge X% =1
(i=12,..,h)

— TL—/\—%F % : Gaavor € Sp(2h + 2,7)

e.g., 54 )'?:7‘ ﬁf /5_‘5 Ishiguro-Kobayashi-Otsuka, 2107.00487

—  CPX#RfE (27 - 27%): Sp(2h + 2,7Z) X CP =~ GSp(2h + 2,7)

Ishiguro-Kobayashi-Otsuka, 2010.10782



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 rlty Choi-Kaplan-Nelson (‘92)

— 6D orientation reversing : z; - —Zz; (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,) & (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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Assumption : 10D = 4D + 6D Calabi-Yau (CY)

— 4D parity

Consider simultaneous transformations of

— 6D orientation reversing : z; - —Zz; (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 = 277

Tt - —T!

* Such transformations correspond to 4D CP (axion-> — axion)




4D CP and modular symmetry

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

T, 2 —T;

4D CP is unbroken at Ret; = 0, i%

Z\ *rA30 — d 1 1 1 1
(D ECEHZAAY6 = n TCPAZE) ReT; = :|:5 AL :|:§ SN Ret; = :|:§

CP as an outer automorphism of SL(2,7Z) (y)

H. P. Nilles, M. Ratz, A. Trautner, P. K. S. Vaudrevange (‘18),

CP B "y p7__z _|_ q CP 1 . pTz _ q P .P. Novichkov, J. T. Penedo, S. T. Petcov, A. V. Titov (‘19)
Ti —T; —7 ——— >
sT; +1 —s7; + 1

_ 1 0
fy:(]; Z)%u(w):CPqCP_lz(_pS tq) CP(O _1)
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71 35X
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(X%, X1): projective coordinates
with the gauge X% =1
(i=12,..,h)
— Sp(2h + 2, 2)DIEEBHLFRIR

— TL—/\—%F % : Gaavor € Sp(2h + 2,7)

e.g., 54 )';":7‘ ﬁf /_{t Ishiguro-Kobayashi-Otsuka, 2107.00487

—  CPX#RfE (27 - 27%): Sp(2h + 2,7Z) X CP =~ GSp(2h + 2,7)

Ishiguro-Kobayashi-Otsuka, 2010.10782
Kobayashi-Nishimura-Otsuka, Working in progress
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From hep -th/9309140
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Bershadsky-Cecotti-Ooguri-Vafa (93)
Dimension-5

] k
F.. M’Ll
l/]\kl27i27j27k27l (JJJV iﬁi + perm.
Massive mode
)
Dimension-6

Fl]le %L”L ;
A?

27;27,27,27,27 M%L + perm.
Masswe mode

. From hep-th/9309140
Prepotential : F = Fypic polynomial T Finstanton

E.8., Fijki = aiajakal Finstanton |&, exp(2rit) DEAB(t=E> 151
-> FlavorM B [EImT >»> 1 THIZ 5N 5
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Let us consider higher-dimensional Maxwell’s theory on RY3 x M,

j Fp A\ % Fp
RL3xM
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 Flux compactification is useful to stabilize the moduli fields.

Let us consider higher-dimensional Maxwell’s theory on RY3 x M,

j Fp A\ * Fp \
RIZXM < >

When there exists a magnetic flux F, in a cycle X, of M V

J E,=neZ
2p
induces the moduli potential through “x”, depending on the metric

- Type |IB 5% I8 :
Vscalar — f Fp N* Fp v "
M

Three-forms F; and Hy




Introduction — 7YX /\J ML

 Flux compactification is useful to stabilize the moduli fields.

Let us consider higher-dimensional Maxwell’s theory on RY3 x M,

J Fp A\ * Fp
RIZXM < >

When there exists a magnetic flux F, in a cycle X, of M V

J Fp=nEZ
>

p

4D N=1 effective superpotential on T®/(Z, X Z,) :

Wauyx = a7t — 3at? — 3bt — by — S(c%73 — 3¢1? — 3dt — d)

Flux quanta : {a® a,b, by, c% ¢, d,dy}



SUSY stable vacua on (Ret, Imt)-plane
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SUSY stable vacua on (Ret, Imt)-plane
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SUSY stable vacua on (Ret, Imt)-plane
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MSSM-like string models on T®/(Z, X Z,) orientifold

Ishiguro-Okada-Otsuka., working in progress
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SMEFT (Standard Model Effective Field Theory)
— FEDIKIZZIESEEEBottom-up approach
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(i) Minimal Flavor Violation (MFV) hypothesis(1/2)

* SM®Flavorxt FRf4E (@iy“Dutp)
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(i) Minimal Flavor Violation (MFV) hypothesis(2/2)
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(ii) SMEFT with ®> 2 5—Xt FRi4(1/2)

SMEFT(Standard Model Effective Field Theory)
— D IKIEZIESHEE % Bottom-up approach
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(ii) SMEFT with E> 2 5—Xt FR14(2/2)

Lepton Flavor Violations~MD ¥ &
= U(2) case
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2204.12325, 2112.00493
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(iii) Baryon/Lepton#1 &1 5 EEH F(1/2)

Kobayashi-Nishimura-Otsuka-Tanimoto-Yamamoto, 2207.14014
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(iii) Baryon/Lepton# & 5 ;EH F(1/2)

Kobayashi-Nishimura-Otsuka-Tanimoto-Yamamoto, 2207.14014
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(iii) Baryon/Lepton# & 5 EH F(2/2)

Kobayashi-Nishimura-Otsuka-Tanimoto-Yamamoto, 2207.14014
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Conclusion
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