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Introduction

The standard model of particle physics

Gauge group:SU(3) X SU(2) X U(1)
Matter content:

spinl /2 SU@3)e, SU2)L, U(1)y
quarks Q'=(ur, dp)" (3, 2,1/6)
(x3 families) u'’y (3, 2,-2/3) spinl SU(3)c,SU(2),U(1)y
dffz 3,1, 1/3) gluon qg (8,1, 0)
leptons L' =(v, ep)" (1,2,-1/2) W bosons | W+ W* (1,3, 0)
(x3 families) e’ (1,1, 1) B boson B° (1, 1, 0)
spin0
Higgs H=(H™*, H) (1,2,-1/2)




Introduction

Problem:

No gravitational interaction in the standard model

String theory

A good candidate for the unified theory of the gauge and
gravitational interactions



Superstring theory

Type IIB
M
11D SUGRA Heterotic SO(32)

Heterotic ES X E8

Where is the standard model ?
Why three generations ?



Superstring theory

Magnetized brane models
(T-dual to intersecting brane models)

11D SUGRA

Heterotic ES X E8

Heterotic SO(32)



Superstring theory

Intersecting brane models

Magnetized brane models
(T-dual to intersecting brane models)

11D SUGRA

M
Heterotic SO(32)
g Adjoint rep. :496
Heterotic ES8 X E8
Adjoint rep. :248 X 248 —

No D-branes

ii) Toroidal orbifold (singular limit of Calabi-
Torus with magnetic fluxes

i) Calabi-Yau manifold with magnetic fluxes

v,



Outline

Heterotic string

i) Decomposition of the gauge groups

iif) Chiral matters and degenerate zero-modes
iii) Three-generation models

Conclusion



OAdjoint rep. of E8 includes the spectrum of
E6, SO(10) and SU(5)GUT.



However, the adj. rep. of SO(32) does not include the spinor
rep. of SO(10).

Thus, SU(5) and SO(10) GUT cannot be realized.

50(32)950(12) x SO(ZO) H.Abe, T. Kobayas:':lE: (1)50a9n£12$1'|?a)k2ii
496->(66,1)+(12,20)+(1,190) o A



However, the adj. rep. of SO(32) does not include the spinor
rep. of SO(10).

Thus, SU(5) and SO(10) GUT cannot be realized.

50(32)950(12) x SO(ZO) H.Abe, T. KobayasfﬁTE: (1)50a9n£12$1_2k2ii
496->(66,1)+(12,20)+(1,190) o A

SO(12) >S0(8) X SO(4)
-S0(8) X SU(2) X U(1)4
>SU(3) X U(1)3 X U(1), X SU(2) X U(1)4
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SO(32)->50(12) X SO(20)
496->(66,1)+(12,20)+(1,190)

S0(12)->S0(8) X SO(4)
550(8) X SU(2) X U(1),
5SU(3) X SU(2)
XU(1)1 XU(1)2XU(1)3

ULy =U(1)3/6

66 <

—
—)
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SO(32)->50(12) X SO(20)
496->(66,1)+(12,20)+(1,190)

S0(12)->S0(8) X SO(4)
550(8) X SU(2) X U(1),
5SU(3) X SU(2)
XU(1)1 XU(1)2XU(1)3

ULy =U(1)3/6

Q- { Q1 =1(3,2)1,11
| @2=1(3,2)-11,
e { BB
df, = (3,1)o,—2.2
7 { Ly = (1,2)11,-3
| L= (1,2)11-3

66 <

.

Only right-handed leptons do not appear from the adj. rep. of SO(12).



SO(32)->50(12) X SO(20)
496->(66,1)+(12,20)+(1,190)

S0(12)->S0(8) X SO(4)
550(8) X SU(2) X U(1),
5SU(3) X SU(2)
XU(1)1 XU(1)2XU(1)3

ULy =U(1)3/6

Q- { Q1 =1(3,2)1,11
| @2=1(3,2)-11,
e { BB
df, = (3,1)o,—2.2
7 { Ly = (1,2)11,-3
| L= (1,2)11-3

Ny = (L l)z,u,ﬂ-

66 <

"
-
'—L
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=
=
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Only right-handed leptons do not appear from the adj. rep. of SO(12).



Q1= 1(3,2)1.1.1 . = (1.2
O - . . 1 =(1,2)11,-3 . . _
{ (2}3 — {-3.-__2}—1.1.1 L : { LQ _ (12}_1 {3 Ujp { URI — {3 1}{]{] i
d-r‘ ; d(jf] — li(% ]-]"DQ.E |
R - d?{g — [3 ]_}&_.zlq ny = (1,1)200

Then, we decompose SO(20) into multiple U(1)s.
SO(32)->S0(12) X SO(20)>SU(3) X SU(2) X U(1) X U(1) X === X U(1)
496->(66,1)+(12,20)+(1,190)

13
1 o
Wy == (U +33 UQ).
\/ )y = G (1)s + 2 ( })

Right-handed leptons

There are all the matter contents in the standard model.



Outline

Heterotic string

ii) Chiral matters and degenerate zero-modes
iii) Three-generation models

Conclusion

15



Heterotic string on three 2-tori

Set-up:

Effective action:10D N=1 SUGRA + SO(32) Super Yang-Mills

We consider the toroidal background with Abelian flux.

7 = dAD () « 210l

~' :coordinate of torus (77?);
SO(32) — SU(3)c @ SU(2)p @2, U(1),

13
U(l)y = % (U(1)3 +3) U(l)c)
c=4
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Chiral matters

First, we define the 10D Majorana-Weyl (MW) spinor,

A=A

[" is the 10D chirality matrix

10D MW spinor =>four 4D Weyl spinors

where the subscript indexes denote the eigenvalues of T'* with i = 1, 2. 3.
['; 2D chirality operators
+A; (i =)

Fi)\{] — )\[}. FI)\} — { _/\ (? 7& })
g \"7.
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Chiral matters

Four 4D Weyl spinors

where the subscript indexes denote the eigenvalues of I'* with ¢ = 1.2, 3.
When we insert the magnetic fluxes on three 2-tori,
one of the four 4D Weyl spinors would be chosen.

= Chiral fermions
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Zero-mode equation for the fermion
D. Cremades, L. E. Ibanez & F. Marchesano ‘04

KK decomposition for the gaugino field

A ) = T le) @ o) 0 489D @ v

Z@ — y2—|—22 s sz?;—}—QZ

Dirac equations: :coordinate of torus

P\ (=)
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Zero-mode equation for the fermion

The zero-mode equations:

D. Cremades, L. E. Ibanez & F. Marchesano ‘04

(82i
(0.

_|_

Tq'm!

2Im T;

1
a

Tqim

~ 2Im T

o2
o2

;;) b0 5
zi> P (2,

(',
(

Z') has zero-modes only if M* > 0

@9_2')( *,Z') has zero-modes only if M* < (

N

OBy introducing non-trivial fluxes, we select one of the two chiralities
of the two-dimensional spinor.
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Zero-mode equation for the fermion

D. Cremades, L. E. Ibanez & F. Marchesano ‘04
The zero-mode equations:

| V(8 ¢ i
i} “mt N s (@) i Y (<
(a | T, ) pO( s =0, | W (2) = ( by -))

¢
¢

2Im 7; P (2")
- anmfz —i | 40 (i i
0, — —=Z" | (=4 2 = 0. i -
( 2Im 7; ) (SCRED M" = g,m

(21, 7)) has zero-modes only if M? > 0

@b@(z":, Z') has zero-modes only if M* < 0

OBy introducing non-trivial fluxes, we select one of the two chiralities
of the two-dimensional spinor.
Moo= Ao, A=A . A=A . Ag=A___.

O M = |M*Y||M?||M?] independent solutions of the Dirac equations.
(The number of generation)



Outline

Heterotic string

iii) Three-generation models

Conclusion
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The fluxes for each matter: SO(32) = SU(3)e @ SU(2)r @12, U(1),
(The number of generation)

mep, = TS 1'”?"1:01 — H?:l(?n'?i + mi + mj), meq, = Hf:l m‘bg = H?:l(_ﬂli + mj + mj),

q=
mp, = rf'zl -’rin:-*’fLl = ]_[le(m'*‘] +mb — 3mb), mp, = ]_[_f:1 mig = Hf‘zl(—mi + mb — 3mj}),

TT° | 3 Loy 3 - 3 o,
Mug = ._—L‘:l m;:f{l — Hi:l(_%m%)- My, = Hi:l My, = Hf:l(znfl}?
Mg, = T, Mie = T2, (2m} + 2m3). Mmgs, = T2, -n:r.ff.:ﬁ? = I, (—2mj + 2m3,),
T i —TT° (i — ot 118 i —TT° i i
mpa = 11—, Mipa = [ [ (m] —m), mpa = I, Mipa = [[_,(—m] —m}),

Mygp = 11_; Miyca = [[_(—m, —miy —my), Myge = | mf_,ﬁ = |[_,(—m, —mi +m),),

Megr = | mf:‘jﬁ = [[i=i(=my +3m5 +my), mng =], Mpa = [Tizi (=mj + 3ms —my),

Yang-Mills fluxes should satisfy the following consistency conditions.
(DThe massless condition for U(1)y gauge boson

(@Tadpole condition

@3)D-term (SUSY) condition

@K-theory condition
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Result

The ansatz of U(1) fluxes

U(1), U(1), U(1); U(1), U(1)10
[mi ._ -m.f., -m‘?} [-m..}:,._ -m%._ m%} {:-m;_., mé. mi) {:-m.,li., m%. -nﬁ') (-m.%,:}._ -m.fﬂ._ -mr.'“lj'ﬂ}
(1,0, 3) (2,1,1) (0,0,0) (—1,-2,3) (0,1,—3)
mi‘l — n:.rglz mE :I—n'z'i} — I—mg = —r'r:.vg.
mig = Mjy = —Miy = —Mia,

OWe obtain the standard-like model.
(MSSM + extra Higgs + vector-like matters)

However, we require the Wilson lines into the internal
component of U(1)3 to break SU(4) into SU(3) X U(1)3.

OThe Yukawa couplings of quarks and leptons are allowed in terms of
the renormalizable operators.



Flavor symmetries

OThe extra U(1) symmetries determine the structure of Yukawa
couplings among matter fields.

=» Flavor structure of Yukawa couplings

Our model has SU(3)y and A(27) flavor symmetries.

Oln both models, we find that the realistic quark masses and mixing
angles can be realized. arXiv:1605.00898 [hep-ph]



Conclusion

O We have constructed the three-generation standard-like model
from the SO(32) heterotic string theory.

U(1) magnetic fluxes and Wilson lines
- *Three-generation of quarks and leptons
*Gauge symmetry breaking

SO(32) — SU(3)e @ SU(2), @2, U(1),

O Such fluxes are constrained by

(DThe massless condition for U(1)y gauge boson
(@Tadpole condition

@3)D-term (SUSY) condition

@K-theory condition



