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1. Introduction
toward the unified theory

~ O

string  open string closed string

Superstring theory : the promising candidate for
the unified theory of our world, that is,
all of interactions including gravity
and matter such as quarks and leptons, higgs,
and all of cosmological aspects.




Introduction
Theory of Everything: Superstring theory
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Introduction
Superstring theory = F &< D4 RIThFZE
+ 61T (A /\J+) =R TE

HAZSNIZLNT 7\ S ZE R D 1= 48
The compactification scale is expected to be
much higher than the weak scale.

weak scale £ T=EYEBEL B kARG FH)F
SUSY, GUT, etc.

top-down approach + bottom-up approach
R



Introduction

compactification scale and weak scale
a huge energy scale gap.

top-down approach + bottom-up approach
MR
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Flavor mystery

FAFOEFRIENELITEZLDEET LD

Z®MD 12 flavor mystery:
the origin of the flavor structure

GE3HAK ?

ESLT. 94— 9-LITFDEEITR

N=VAN
/FE 1 \CP ’?

still a challenging issue
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Flavor mystery
S 2
ESLT. 94—0-LITDEZIBEREBY 2

N= VAN
/FE 1 sCP ’?

ZLDTATT7NRESNT=,
z® 172 non-Abelian discrete flavor symmetries
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Non-Abelian flavor symmetry

BEIL—/N\—A TR E
Bk R 7TE TR E
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scalar & flavon MOVEV T DX IEEH->T.
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Geometrical symmetries
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String theory on compact space
O /N N ZER D ZE A F R FRE
_|_
O\ RZER £ Dstring DEEEER A
= RKTIEXFEAN
Heterotic string theory on orbifolds
intersecting/magnetized D-brane models

on torus
= D4, A(27), A(54), .....

T.K. Raby, Zhang, 04
T.K. Nilles, Ploger, Raby, Ratz, '06
Abe, Choi, T.K. Ohki, ‘09



Flavor modular symmetry
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5&HEES

=&z 1. Yukawa f6 &t & #2
flavon Z2iE AL7Z<THLLY

top-down approach
bottom-up approach DM AZLLT T, #2
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2. Modular symmetry: keyword
torus compactification

modulus

Lattice vectors

copyright by my student (Tatsuishi)



Modular symmetry

change of lattice
vectors

copyright by my student (Tatsuishi)



Modular symmetry

Change of lattice vectors

w1) ad—bc=1
wWy/  a,b,c,d€EZL

H It is equivalent to

_at+b ad-be=1  Modular transformation

T = ’
crtd GhGAEL v odilar group T

copyright by my student (Tatsuishi)



Modular symmetry
Generator Sand T

infinite number of elements



Modular symmetry
Generator Sand T

trivial %% torus compact{t
+OEF—k constant
non-trivial example
magnetic flux compactification
torus and orbifolds



3. Magnetic flux compactification of
D-brane models: top-down approach
gauge boson: open string, whose two end-points
are on the same (set of) D-brane(s)
N parallel D-branes = U(N) gauge group
higher-dimensional SYM

U(1) vector
multiplet

U(2)




Magnetized D-branes

We consider torus compactification
with magnetic flux background, Fss, etc.
U(M)

U(N)
(N,M)
matter




Super YM theory

effective field theory
6D super U(N) super YM theory

2D torus compactit
U(Na) U (Nb) DL —R 7~
magnetic flux  F—5RXAMIC

10D super YM on 6D % FE#k



Fermions in bifundamentals

Breaking the gauge group HeIEYIGAETIGD
Mg, My € 7]

(Abelian flux case

A0z, y) A0P(z,y)

aa ab
The gaugino fields  NCEIES ( Aot y) A (@) )

A2 and AP Adj Ng, Adj Ny,
— (Na, Np), (Na, Np).



Zero-mode Dirac equations

[ d 4+ 2w (My, — My)ya w?g

Op2® [0 — 27 (Mg — Mp)ya] wa_b _q
[0 — 27 (M}, — Ma)ya) AP :

No effect due to magnetic flux for adjoint matter fields, pNEEETaT RPN

Total number of zero-modes of X [> [, = ‘Ma — Mb|'

: Zero-modes

U - No zero-mode

— )



Torus with magnetic flux

We solve the zero-mode Dirac equation,

1" D,y =0

e.g. for U(1) charge g=1.

Torus background with magnetic flux
leads to chiral spectra.

the number of zero-modes

= M (magnetic flux)
)il




Quantum mechanics: Chap. 15 in Landau-Lifshitz book
particle in magnetic flux(Landau)

F,.=2-M, A, =0, A =2-My,J5

H = i(Pf + (P, —27My,)?)

H =2i(|342 +47°M2(y, —k/M)?)
m

Harmonic oscillator at y=k/M M=integer

M degenerate ground states
k=0,1,2,............ ,(M-1)



Dirac equation and chiral fermion

M| independent zero mode solutions in Dirac equation.
. 2 )
O (ya,ys) = Nje M . 9 { 3/5\4 } (M (ya + tys), Mi)

/

Properties of

theta functions a
b

o

By introducing magnetic
‘Normalizable mode flux, we can obtain chiral

. theory.
:Non-normalizable y

mode




Wave functions

For the case of M=3
EXTH»1 EXR<H]

Wave function profile on toroidal background

Zero-modes wave functions are quasi-localized far away each
other in extra dimensions. Therefore the hierarchirally small
Yukawa couplings may be obtained.



Illustrating model: U(8) = Pati-Salam - SM

N,=4,N,=2,N,=2

Pati-Salam group [@ (4) xU (2) L X U (Z)R

(m, —m,) = (m, —m,) = 3for thefirst T
(m, —m,) = (m, —m,) =1for the other tori

WLs along a U(1) in U(4) and a U(1) in U(2)R
=> Standard gauge group up to U(1) factors

U (3). xU(2), xU (@)’

U(1)Y is a linear combination.




Orbifold with magnetic flux

T2/22
Y5

m

We can also embed Z2 into the gauge space.

Z5  h(Ya,V5) = (=4, —y5) = (=D T2Py(—yy4, —Vs5)




Wave functions

For the case of M=3
EXTH»1 EXR<H]

Wave function profile on toroidal background

Zero-modes wave functions are quasi-localized far away each
other in extra dimensions. Therefore the hierarchirally small
Yukawa couplings may be obtained.



/2 even and odd modes

®(z) j=01,....,(M =1)

j is related to the peak position.
Z2 transformation

Z2 even modes

(®'(2) + OM I (2))/\2

/2 odd modes

(®(2) -V 1(2))//2




Orbifold with magnetic flux

The number of even and odd zero-modes
Y5

0

6
4

Y4
We can also embed Z2 into the gauge space.

Z5  (Va,Vs5) = W(=Ya, —y5) = (=D T>P(—yq4, —Vs5)
(P =1)

Orbifolding projects out adjoint matter fields.




Modular symmetry
Generator Sand T

trivial Z& torus compactikt
£ OEF—k constant
non-trivial example
magnetic flux compactification
torus and orbifolds



Modular symmetry

Zero-modes

S LM Z p2mih/M )k M
AY :\[ Lo

T

zero-modes transform each other
flavor symmetry



Modular symmetry

W -transtormartion acts on these zero-modes as

The T-transformation acts as

/0.2
L =T
(__.-":-’1‘2 /)1

They satisty the following algebraic relations,

flavor symmetry




Modular symmetry

Example M=2

1o .
Ly )™
01

n addition, the permutation Z5 element in 14 corresponds to Sy Tiay 72,59, i.e.

o1\
( J Sy TinTizy Sz
10

T'hus, the [}y group, which includes the eight elements (A8), is subgroup of Gay =~ (Z5 >

R o
Za ] = Sa
4 ]

D4 is a subgroup.
The previous D4 is included in modular symmetry.



Modular symmetry

Example M=4
4 zero-modes decompose into 3 + 1
in orbifold basis

flavor symmetry
semi-direct product of (Z8xZ8) and A4



3-point couplings

The 3-point couplings are obtained by
overlap integral of three zero-mode w.f.’s.

Yik = Id ‘2w, (2)y (Z)(WIE/HN (Z))*

[d2z y, @i (@) =8

If they are localized far away each other,
the Yukawa coupling is suppressed.
Gaussian suppression



Yukawa couplings
yukawa coupling

= g / (/_ > 'f_'—'"-"ijf _G.:J._;\ ( _G._,Fl.__lf ] *

M+ \ /4 Ni—Mj+MNm
;;( e ) > Orissartm ¥ M (0, MNM'T).

0

WASYAVY

Yukawa couplings as well as other couplings
depend on modulus

They transform non-trivially under

Modular symmetry.



Other models

Blow-up orbifolds
T.K., Otsuka, Uchida, 1904.02867
Twisted and shifted orbifolds
Kariyazono, et. al. 1908.XXXXX

These also lead to non-trivial
(finite) modular symmetry.



4. Model building with
flavor symm. = modular symm.:
bottom-up

modular group
Generator Sand T
algebra infinite

subgroup
S3, A4, S4, A5 for N=2,3,4,5
'n = SL(2,2)/T(N) [ (N):&RE7EE
A(96), A(384) £



Field-theoretical flavor models

S N S i .9, P
SIn“ #1o ~ 0.3, SIn” Hog =~ 0.5, sin” f13 ~ 0.02

Assuming S3, A4, S4,A5 flavor symmetries,
One can explain mass matrices

Assign quarks and leptons as certain representations.
Symmetry breaking

flavon VEVs -> realistic mass matrices

Couplings are singlets.
(too) many models

flavon 22! & & # 1t



New approach: flavor models

subgroups of modular group A4
L7k Ad4®Dnon-trivial &3I8

Yukawa couplings £ A4 modular D
non-trivial &IE  Y(1)



Modular forms

Yukawa couplings £ A4 modular E®
non-trivial RIF  Y(T) modulus D4 5I%: B 241

w modular weight
rho(S), rho(T)

A4 modular D *IH
[(3) ®modular form



New approach:flavor models

subgroups of modular group A4
L7k Ad4dnon-trivial RIF
weight £7 91>
Yukawa couplings £ A4 modular D
non-trivial &I  Y(T) ['(3) modular form



New approach:flavor models

Yukawa couplings £ A4 modular o
non-trivial &I  Y(T) [(3) modular form




New approach:flavor models

L7k AddDnon-trivial &®IF weight 791>
Yukawa couplings £:A4 modular #®Dnon-trivial &I




New approach:flavor models

ZDEEI L flavon Z=FE40N
moduli VEV = A4 iEENS



New approach:flavor models

moduli VEV > A4 iAtENn5 =EERZHEIH

observable 30 range for NH 30 range for TH

(2.399 - 2.503) x 10~3eV? (—2.562 - —

(6.80 - 8.02) x 107 5eV? (6.80 - 8.02) x 10~ %\
0.418 - 0.613 0.435 - 0.616
0.272 - 0.346 0.272 - 0.346

0.01981 - 0.02436 0.02006 - 0.02452

Table 3: The 30 ranges of neutrino oscillation parameters from NuFIT 3.2 for NH and [H [35].
I




New approach:flavor models

moduli VEV > A4 iAtENn5 =EERZHEIH

(0.25-0.31), £(0.46-0.54), | 1.20 - 1. +(87-88)° | 202203
(0.66-0.75), =(1.25- 1.31), +(92 - 03)°
+(1.46 - 1.50)




Modular forms
A4 LL5+ @ modular forms (modulus 4551758 %k)

A4 Feruglio, 1706.08749

S3 T.K., Tanaka, Tatsuishi, 1803.10391

S4 Penedo, Petcov, 1806.11040

A5 Novichkov, Penedo, Petcov, Titov, 1812.02158
A(96), A(384) T.K., Tamba, 1811.11384

double covering modular group

T Liu, Ding, 1907.01488



New approach:flavor models

S3, A4, S4, A5, T' ZfE o -2 BUHE L
Lokt —
Dr—ot o7 —
SU(5)GUT
generalized CP



New approach:flavor models

B T2xT2xT2

LI oIE, first T2 94—21%. second T2

LI ETA—T DR TREDE > TTEHELLLBLVHY,
LIk A4

J94—7 S3




New approach:flavor models
T.K., Shimizu, Takagi, Tanimoto, Tatsuishi, Uchida,

1812.11072

B T2xT2xT2

LTI, first T2 O4—21%. second T2

LR EDA—D DR FREIZE > TNTHELLO L BULIDY,
LIk A4 T.K, et. al. 1808.03012
JA—7 S3

Supersymmtric SM  R-parity DX FHIZ%5




New approach:flavor models

w ~\

0.0 . f
=2.0 —15 —1[] —['5 'DD 0.5 1.0

Rel[T]

Figure 5: Allowed region on the Re[r]-Im][7]
plane. The fundamental domain of I'(4) are
shown by olive-green. Cyan-points and red-

points denote cases of NH and IH, respectively.
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Moduli stabilization
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