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Superstring theory (10D)
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Flavor structure

Realize flavor structure from superstring theory.



1. Torus compactification
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Flux compactification model (torus + flux)

» Solutions to EOM: T'*(9, —iA,)y(z,2) =0 ( dA=M (€ integer))
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Flux compactification model (torus + flux)

Similarly, multi-Higgs appears*.

*In general, multi-Higgs appears

in the superstring theory.

Multi-Higgs

sombactificatio

Chirality, generation
The lightest Higgs

= Higgs on the SM
Flavor structure



Flux compactification model
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YrMl(z 1) = ]\G.e”T'M'ZIm 76 (|M|z, |M|1) The directions of the lightest Higgs

Yukawa coupling
Mij — Yijk(Hk> — szZ lpi,MLlpé,MR( II_CI,MH)* . (Hk>

Flavor structures



Ilntroduction

How find Higgs VEVs (the lightest Higgs direction)?

G Higgs mass term (u -term)

— Find the lightest Higgs
9 Symmetry



IlRtroduction

G Symmetry

If vacuum has a symmetry, VEVs are aligned in a symmetric direction.

(Hy) \ 4 Mass term

Ml] _ Yl]k<H >_ fdz szij MR( Z,MH)* . (Hk)

\ Can lead realistic flavor model?
/ 000 000

Mass ratios, CKM matrix, -
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zelVioaularsymmethy.

Same size, different shape on lattice — same torus
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Modular transformation for wavefunctions

S:IM(z 1) - YIM _Z —lz—r%e%iezmjﬁk kM7 1) =ip(S)*kM (2,1
Y (z,1) > Y ) (—7) N, Y (z,1) =pS) P " (z,1)

T T

T: M (z,7) > YM(z,1+ 1) = ei”%I/Jj'M(z, ) =ip(T) % "M (z, 1)

Yukawa coupling yik - pit' pli (pgk ) yi'j'k
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Modular symmetry restrict the forms of Yukawa matrices.

G S-symmetry atz =i
e ST-symmetry at T = e*%™/3

9 T-symmetry atIm 7 = o
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e lexaversurticuuies

G S-symmetryatt=1i

. ] . . 1
At T =i, Yukawa matrices are invariantas S:t = —=

vik = pit' ($)p () (pﬁk'(S)) YUk at T=i

where p(S) is given by

S:IM(z 1) - YIM _Z —lz—'c%ei?niezmjﬁk KM (7 1) =ip(S)KpkM (2,1
W) = i (2 =) = (e Py 1) = S )
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G S-symmetryatt=1i
On T#/Z, orbifold, Yukawa matrices restricted to two types:

() L)

and these matrices correspond to different S-eigenstates. Then,

- ] *\ LJ
Mij=Yijk(Hk)=z<* ' ) <Hm>+z< ) (H,)

m X

13



ST-symmetry at ¢ = et?7/3

On T*#/Z, orbifold, Yukawa matrices restricted to three types:

() ) ()

and these matrices correspond to different ST-eigenstates. Then,

* lj * Lj * L
MY = YUk(H,) = z ( *) (Hy) + z ( * ) (Hpn) + z (* > (Hp)
L * Y m \* m n */n
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seliexaurerstcures
e T-symmetry atIm 1 = o Non-realistic

On T*#/Z, orbifold, almost elements of Yukawa matrices become zero.

For example. ( ) ( : ) ( )

and these matrices correspond to different T-eigenstates. Then,

MU = YUR(H, )y = Z ( )ij (H,) + z ( } )U (H,) + Z (
'

4 m m n

tj
V o

n
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We have seen Yukawa matrices are restricted by modular symmetry.
Hereafter, we focus on textures by S-symmetry.

S-symmetry

* % L %\ UJ
Ml’f=Yifk<Hk>=zm<* : ) <Hm>+zn< ) (Hy)  (r=0)

From this mass matrix, we will see what vacuum (H,,) is favored
for realistic quark mass matrix.
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AEERAanKeone massrmatix

Quark has large hierarchy.

Quarks mass ratios Experimental Values
(m,, m,,m;)/m; (0.0000126,0.00738,1)
(mg, mg, my)/my, (0.00112,0.0222,1)

Rank one
17



Can rank one mass matrix be realized by textures?

* % Y *\ U
MU = YUk(,) = Z( : ) (Hyn) +z< ) (Hy) = Rankone (%7 = {)

m n n

Rank one is realized if mass matrix includes,

X *

1. Three or more of (* * ) Higgs VEVs leading to rank one exist inéiS—eigenstates\.:é

/

2. Besides 1, includes one or more of( *) Rank one exist inéinot S—eigenstates,i@ too.

* *

£\ e

3. Three or more of non-symmetric ( *> Rank one exist inéjS—eigenstates.ﬁé

*k *
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Three-generation fermion
models on T?/Z, orbifold

The directions of Higgs VEVs
leading to rank one

5 pair Higgs (My=38, even)
5 pair Higgs (My=9, even)
6 pair Higgs (My=10, even)
5 pair Higgs (My=11, odd)
5 pair Higgs (My=12, odd)
6 pair Higgs (My=13, odd)
8 pair Higgs (My=14, even)
8 pair Higgs (My=15, even)
9 pair Higgs (My=16, even)

S-invariant, not S-eigenstate
S-invariant, not S-eigenstate
S-invariant, not S-eigenstate
I eigenstate, not S-eigenstate
I eigenstate, not S-eigenstate
+i eigenstate, not S-eigenstate
—1 eigenstate, not S-eigenstate
S-invariant, —1 eigenstate, not S-eigenstate
—1 eigenstate, not S —eigenstate

Consistent with
S-invariant vacuum
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5 pair = 3 (S-even)
+ 2 (S-odd)
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Three-generation fermion The directions of Higgs VEVs

models on T?/Z, orbifold

leading to rank one

5 pair Higgs (My=38, even) S-invariant, not S-eigenstate

If vacuum is S-invariant, quark mass matrix can be rank one.

) . S-even
M”=Y”k<Hk>=(* : ) <Ho>+(* : ) <H1>+(* : ) (Hy)

*\ LJ
L

(invariant)

*

ij
) | S-odd
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S NUmercaliexamplesopaltlig s S iV=ao even)
-
5 pair = 3 (S-even) Three-generation fermion The directions of Higgs VEVs
+ 2 (S-0dd) models on T?/Z, orbifold leading to rank one
\ 5 pair Higgs (My=38, even) S-invariant, not S-eigenstate

If vacuum is S-invariant, quark mass matrix can be rank one.

(Hp,) > UX'(H 1) = (H.) Rank one
k k

* * ij S k ij X * ij
iy . S-even
iy (-5 Yoo D Y (D) s
0 * *

(invariant)
N, N
+< *) (H3)+< *) (Hy) S-odd
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<Best fit>

(Hp)
® Higgs VEVs

(H1), (H3),
(Hs), (Hy)

Up (H}) = 0.99995
Higgs  |(H}), (H3), (Hs), (Hy)| = 0.0097539

Higgs  |(H), (HS), (H), (Hy)| = 0.049086

Theoretical value Experimental value

(mu; mC: mt)/mt

(6.84 x 1076,7.86 x 1073,1) (5.58 x 107%,2.69 x 1073,1)

(mdi mg, mb)/mb

(1.84 x 1073,4.08 x 1072,1) (6.86 x 107%,1.37 x 1072,1)

[Vekml

0.223 0.975 0.0230 0.226 0.973  0.0405

<0.975 0.223 0.00211) <0.974 0.227 0.00361)
0.0719 0.0220 1.00 0.00854 0.0398 0.999
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Conclusion
- We could evaluate three-generation models by finding
the directions of Higgs VEVs leading to rank one mass matrix.

- S-invariant vacuum is preferred for several models.

Future work

- Realization of lepton flavors
— Neutrino mass can be induced by D-brane instanton effects.
Then, what vacuum is favored?

- Other orbifold models

22



S-symmetryatt=1i

EX) yijk =<1 . )u (1 . )JJ (1 )kk’ Yi,j,k,
—1 —1 -1

Eigenvalue 1 Higgs (k = 0) Eigenvalue -1 Higgs (k= 1)

()0 )0 )0 ) O )0 )0 )0 )
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Rank one is realized if mass matrix includes,

* k0 N\

1. Three or more of (* * ) Higgs VEVs leading to rank one exist inE:S—eigenstates.té

«/

Proof: “Higgs VEVs leading to rank one exist in S-eigenstates.”

v
“Unitary transformation for Higgs leading to rank one matrix exists.”

We should find the transformation (H,) —» U*¥ (H,+) = (H}) such that

*x ok L *x ok L * ok 9] A B
Yo - yokTylik = gyoo (* + ) + U (* * ) + U2 (* * ) = (C D ) (rank one).
* * * 0

0 1 2
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ana(y 1))=0

=« « such that AD — BC = 0.
0>1 < 0)1

This is a quadratic equation for x. Thus, the transformation such that AD — BC = 0 exists.

QLT

S S




Now, we obtain the unitary transformation,

-5 )) (e )
%/ 0/ o
UsU, Uy (* * *> = <* * 0) 3 such that AD — BC = 0.

\<* ' *)2/ \<* ' *)2’/

A B

When AD - BC =0, (C D ) is rank one. Therefore, we could find U = U3U,U, such that
0

* % i *x ok tj x ok L A B
yijo _ yok'yijk’ — (oo <* N ) 4 yo1 <* N ) 4 o2 <* « ) _ <C D ) (rank one).
*/ 0 */ 1 */ 9 0
QED.




