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Introduction

® String = Standard Model

e String theory
-- A candidate which describe quantum gravity and unify four forces
-- Is it possible to realize phenomenological properties of Standard Model ?

e (Supersymmetric) Standard Model
-- We have to realize all properties of Standard model
Four-dimensions,
N=1 supersymmetry,
Standard model group( SU(3)*SU(2)*U(1) ),
Three generations,
Quarks, Leptons and Higgs,

No exotics, \
Yukawa hierarchy, If we believe string theory as

Proton longevity, the fundamental theory of our nature,
R-parity, " we have to realize standard model as
Doublet-triplet splitting, ) )

Moduli stabilization, the effective theory of string theory |




Introduction

® String = Standard Model ----- String compactification : 10-dim = 4-dim

Orbifold compactification, Calabi-Yau, Intersecting D-brane, Magnetized D-brane,
F-theory, M-theory, ...

® (Symmetric) orbifold compactification Dixon, Harvey, Vafa, Witten '85,'86
Ibanez, Kim, Nilles, Quevedo '87

* SM or several GUT gauge symmetries
e N=1 supersymmetry @
e Chiral matter spectrum
® MISSM searches in symmetric orbifold vacua : Kobayashi, Raby, Zhang '04
Embedding higher dimensional GUT into string  Buchmuller, Hamaguchi, Lebedev, Ratz '06

Three generations’ Lebedey, Nilles, Baby, Rarlnos—Sanchez, Ratz,
Quarks, Leptons and Higgs, \é?nlidLi\;aen%(; Wingerter 07

No exotics,

Top Yukawa,

Proton longevity,

R-parity,

Doublet-triplet splitting,



Introduction

® Asymmetric orbifold compactification of heterotic string theory  narain, Sarmadi, vafa ‘87
Generalization of orbifold action (Non-geometric compactification)

e SM or several GUT gauge symmetries

* N=1 supersymmetry

 Chiral matter spectrum

* Increase the number of possible models (symmetric 2 asymmetric)

|:> All Yukawa hierarchies ?
» A few/no moduli fields (non-geometric)
e===) Moduli stabilization ?

However, in asymmetric orbifold construction, o
a systematic search for SUSY SM or other GUT é

extended models has not been investigated so far.

Goal : Search for SUSY SM in heterotic asymmetric orbifold vacua
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Introduction

® SUSY SM in asymmetric orbifold vacua

= First step for model building: Gauge symmetry + Three generations

Four-dimensions,

N=1 supersymmetry,

Standard model group( SU(3)xSU(2)xU(1) ),
Three generations,

Quarks, Leptons and Higgs,

No exotics,

Yukawa hierarchy, What types of gauge symmetries can be
Proton stability, derived in these vacua ?

R-parity, -SM group ?

Doublet-triplet splitting, -GUT group ?

Moduli stabilization, *Flavor symmetry ?

*Hidden sector ?



Introduction

® Flavor structure of quarks and leptons in standard model

* Hierarchical masses and mixings
= The key is flavor symmetry
 Flavor model based on non-Abelian discrete flavor symmetry

Ss,S4, Dy, Ay, A(27), A(54), - - -

- Some discrete flavor symmetries have string origin

= We consider orbifold string models at symmetry enhanced point in
moduli space

— > Gauge origin of non-Abelian discrete symmetry

= Applications to phenomenological models



Heterotic string compactification



Heterotic String Theory

® Heterotic string theory
* Heterotic string for our starting point Left O Right
* Degrees of freedom

--- Left mover 26 dim. Bosons X7,
--- Right mover 10 dim. Bosons and fermions X, Un
e Extra 16 dim. have to be compactified
* Consistency (Modular invariance) = If 10D N=1, E8 X E8 or SO(32)

Ex.) E8 Root Lattice I'gg

8
I'ps = Znia’?ﬁ (n; € Z°)

1=1

«; (1 =1~ 8):Simple roots of E8

Left-moving momentum pp, € T'gg

10dim 8dim 8dim
Left kg Eg

Right 9




Heterotic Orbifold Compactification

® 7/ heterotic orbifold compactification

* Heterotic string theory
 External 6 dim. = Assuming as Orbifold
e Strings on orbifold
--- Untwisted sector
--- Twisted sector ( Fixed points)
e Consistency condition (Modular invariance)

) Shift orbifold for E8
‘ Gauge symmetry is broken !
EgXE8—>E6XSU(3) XEg

* Project out suitable right-moving fermionic states N=4—-N=1
27 rep. chiral matters

Shift orbifold
Adim 6dim 8dim d 8dim
Right &/ U T 10




Asymmetric Orbifold Compactification

® Asymmetric orbifold compactification @(') Zs action
* Generalization of orbifold action L None
e Orbifold action 6 = (0 ,0r) (Twist, Shift) Left
Left mover : X, — 0.,.X, Right
Right mover : XR — OrXRr %D _
Up — OpUg \_ R 1/3 rotation/

Orbifold actions for left and right movers can be chosen independently

0= (0,0r) 0L 7 Or
* Starting points should be suitable (22,6)-dimensional Narain lattices ] 'y, ¢

A Left-moving twists and shifts

Left
Right

N o : . 11
Right-moving twist



Asymmetric Orbifold Compactification

® Narain lattices

* (22,6)-dimensional Narain lattices [ 4

» General flat compactification of heterotic string
--- Left : 22 dim

--- Right : 6 dim
e 4D N=4 SUSY

* Left-right combined momentum (pr,, pgr) are quantized on
some momentum lattices which are described in terms of group theory

(An, Dn, E6, E7, E8)
Mode expansion
X1, = a2 + pu(7 + o) + Oscillator
Xr = xR + pr(7 — 0) + Oscillator
4dim 22dim

Left
Right

4dim 6dim



Asymmetric Orbifold Compactification

® Asymmetric orbifold compactification
* Generalization of orbifold action
* Orbifold action 6 = (6 ,60r) (Twist, Shift)
Left mover : X7 — 6. X,
Xr — OrXgr
Ur — OrVUr

Right mover :

@(.) Z3 action \

Left
Right

N

oL None

Or 1/3 rotatio/n/

Orbifold actions for left and right movers can be chosen independently

0= (0,0r) 0L 7F0Rr

* Starting points should be suitable (22,6)-dimensional Narain lattices ] 'y, ¢

» A few/no moduli fields because of asymmetric action

* Rich source of hidden gauge symmetries

- Moduli stabilization in heterotic string theory ?
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/3 Asymmetric Orbifold Compactification

Asymmetric orbifold compactification = 4D Heterotic string theory on Narain lattice | o5 g
+ Asymmetric orbifold action

We consider Z3 Abelian orbifold action

A Z3 asymmetric orbifold model is specified by \
* 3 (22,6)-dimensional Narain lattice Fgg,g which contains a right-moving Eﬁ or A"Q
lattice (compatible with Z3 automorphism)

*aZ3shiftaction 1 = (7,0)

* a Z3 twist action (N=4 SUSY - N=1 SUSY)

. L 31
 Consistency condition: 7 cZ

P Left-moving Z3 shifts

Left
Right

N Right-moving Z3 twist



Lattice and gauge symmetry

® Qur starting point = Narain lattice

Symmetric orbifolds Asymmetric orbifolds

What types of (22,6)-dimensional
Narain lattices can be used for

Lattice ES x E8 50(3 ) |:>

I"q’u,'r Gauge Group B || & | & | 2 | Ze |No _éaug-e Group . .
) 5 o Ry [ gy ey e SUXSUX U starting points ?
1 Eyx Sl AS|AS AS|AS| 27 St SURE =1L .
2 ColEd Uy AS|AS|AS| 8§ [AS|AS| 28 SEhx SURX LHF
3 Fsx SUh AS A8 A8\ 29 SUax TP
4] ExSUxU A8 8| 8 4s]ag| 20 SUX SULX U
5 Eex U2 ’ AS| S| 5 (48| 2 SUsx SUx SUsx T
[} Shs AS|AS AS|AS| 32 SUx SUx U
7 S I ASTARIAS AS|AS| 33 Sl ST > [R* o
Gauge symmetry : slasju| s What types of gauge symmetries
H) ¥
: : Classufued Sl % m— :
breaking pattern n Sl can be realized ?
12 S0nx S T AS S AS| 38 SUx SUy= SUE = 1,
13 SOwx SUx [N AS| 8| 5 |AS| 39 SUyx SUsx SThx 17
14 SO LR AS| 5 [ 40 St Sthx UF
. 15 \J“XH AN AS S" 41 S SUR = 12 . .
10dim 16 qo)g AS _mg BN - soscstex e 4dim 22dim
Y SOaXSU XU &as 43 SLL* SEhx Oy
Stk U,
‘ng
E E e ket
Left 8 8 el
22 SUpx Th AS|AS| § |AS|AS] 48 SO Sy :l:g‘ h
. h 23 SUEx S Uh S|S |8 8|49 Sl SUE t
ng 1 u|  SsuxU A8| S| s |48 Total # of A4
25 SUx SUsx SEh A5 AS Total f of 8§

Gauge groups realized by the shift. (automm‘phism_) of Es lattice are denoted by & 4d | m 6d | m 15



(22,6)-dim lattices from 8, 16, 24-dim lattices

= We construct (22,6)-dim Narain lattices from 8, 16, 24-dim lattices
by lattice engineering technique.

22dim
Left
Right Reconstructing a lattice to
6dim new lattice with different
x dimensionality
8-dim lattice 16-dim lattice 24-dim lattice
. Niemeier ‘73
8dim 16dim 24dim

Left] E8& Left SO ( 32 ) Left

Classified
Doy, Dig X Eg, E; Ay, sz
A7 x E7, Dyg % ETQ Az X Dy, Dg

24 types of lattices . o )
yP Af_; _-41] x D7 x g, f:{: 4(; X D(;;. D{! A;:

i _ . ‘ 16
A2 x D2, AL AL x D, DS, AS A5, AL AT



Lattice Engineering Technique

® Lattice engineering technique Lerche, Schellekens, Warner ‘88

e \We can construct new Narain lattice from known one.

* We can replace one of the left-moving group factor with a suitable
right-moving group factor.

Rep|ace Extended Dynkin Diagram ( E8 )
Left-mover <——>  Right-mover E
G «—— Dual(G) =&
L ) L . )
E G <—> G
Left 8 ( Decomposition Dual
e —-GxG ) —
l 8 GXG Gy (L gn (R
Left G G’ | (Replace left b 8 A 8)’
. = L ! _D B
] > Right (= Gigya) | 0 e
. . . ‘42 (1) b(; (1)
Left aQ The resulting lattice is also modular p 1,0) = 1.2)
— invariant (modular transformation - (1,2) : (2.0)
Right G properties of (3 partand (3 part || (312 |5, 3, | &
(1/4,1/4) (¢.0)

are similar)



(22,6)-dim lattices from 8, 16, 24-dim lattices

Example :
A11 X D7 X Epg 24-dim lattice
Gauge symmetry : SU(12) x SO(14) x E6

24-dim  Left All / D7 E6
e[| A8 ui]a2 D7 E6
Left A8 Ul D7 E6
(22,6)-dim — 2
Right E6

D; x Eg x Ag x U(1) x Fg (22,6)-dim lattice
Gauge symmetry : SO(14) x E6 x SU(9) x U(1)



Gauge symmetry breaking by Z3 action

® 73 asymmetric orbifold compactification

Z3 action :

Right mover = twist action 2 N=1 SUSY
Left mover = shift action 2 Gauge symmetry breaking

=SO(14) x E6 x SU(9) x U(1) Gauge group
breaks to Several gauge symmetries.

*SM group, Flipped SO(10)xU(1),

Flipped SU(5)xU(1), Trinification SU(3)"3
group can be realized.

"Important data for model building.

== = =

left] A8 U1 D7/ E6
Right E

OO

Group || Group breaking patterns | Group breaking patterns
Shift (0,0,0,0,0) (s,1,1,1/36,0)
D Dy
Ag x U(1) Ag x U(1)
Dg x U(1) Dg x U(1)
D- Al X D5 X Lv(].) 4‘511 X _Dt; x [/?(1)
! AQ X D4 X Lv(].) 142 X D4 x [/?(1)
A2 x U(1) AZ x U(1)
As x U(1)? As x U(1)?
A2 < Ay x U(1) A? x Ay x U(1)
Eg
As < U(1)
15 Ay x Ay x As Dy x U(1)
¢ Dy x U(1)? Ay x Ay x U(1)
D5 x U(1)
A._1 x fll X [T(l)
Ag A; x U(1)
Ag x U(1)2 Ag x Ay x U(1)
4 As x Ay x U(1) As x Ay x U(1)?
o Ay x A2 x U(1)2 Ay x Ay x U(1)
A2 x U(1)2 Ay x Ay x U(1)?
A3 < U(1)2 Ay x Ag x Ap x U(1)?
U(1) U(l) U(1)




Result: Lattice and gauge symmetry

® Qur starting point = Narain lattice

Symmetric orbifolds

Beye, Kobayashi, Kuwakino
arXiv:1304.5621 [hep-th]

Asymmetric orbifolds

Left

Right

. .
Lattice E8 x E8, SO(32) = 90 lattices
I\u Gauge Group B || & | & | 2 | Ze |No _éaug-e Group
0 Ei ¥ | % | % | % | % | * |26 SUX SUSX Uy ( 1 i - i - i
1| Exst AS|A8| |As|as| 2 SUXSUEX U, Wlth rlght mOVIng non Abellan
2| Bxw As|48|4s| s |a5|as| s SU SUX U q . .
3| ExSt |4s| |as 48| » SUX U faCtor, from 24 dimensional Iatt|Ce5)
4| ExSUXU, 48| § | 5 |as|as| %0 SUX ST U,
5 EX U2 AS| S| s |as| a|  suxstxsUX U
6 SO AS5|as]  |as|as| SUsX SUX U
7 Sl Ih ASIASIAS AS|AS| 33 SUs» ST = LF
Gauge symmetry s S|AS| | SUx Sl oL
g Classnfued rel o I dssirtie
Q 10 AS‘ 3 SUFX SUx Th
breaking pattern " il od I
12| S0.xSUIx UL as| |slas|s| suxsuxsuxo,
13| SOwx SUx U AS| 5|8 (48| 30|  SUXSUXSUX TR
1 S0 LR AS| 8 | 40 SULx SUyx U
. 15 Hl’ﬁxh’ AS AS|AS] 41 S SUE= 2 . .
10dim 16 qo§ AS _453 BN suxcsuex o 4dim 22dim
271 soxsuz xu aslas] SU SUX U7t
ST,
sy [
E8 E8 Ui Left
SUEX U
2 ST T As|as| 5 |as|as| 4 SUsXSUx:]%‘ h
23| SUxSUX U s|s|s|s|4o SULX ST t
24 Sihx 07 A8| 8§ | 8 |48 Total # of 4
25 | SUXSUsX St AS AS Total £ of §

Gauge groups realized by the shift. (automorphism_) of Es lattice are denoted by & 4d i m 6d | m 20



Gauge group patterns of models

SM or GUT group patterns of Z3 asymmetric orbifold models
from 90 Narain lattices

| Group | SM | Flipped SO(10) | Flipped SU(5) | Pati-Salam I Left-right symmetric

#1 v v

#2 v v v v
#3 v v v

Z1

#5 v v

#6 v v v ' v
#7 v v v v
#8 v v v v
#9 v v v v v
#10 v v v v v
#11 v v v v v
#12 v v v v v
#13 v v v v v
#14 v v v v
#15 v v v v v
#16 v v v v v
#17 v v v v v
#8 [V v v v

+ also for the other lattices.

21
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/3 three generation left-right symmetric model

Z3 asymmetric orbifold compactification Beye, Kobayashi, Kuwakino
arXiv: 1311.4687 [hep-th]

* Narain lattice: A2 x A} x U(1)? x Zg lattice @ A, x A, lattice

- . ‘ . ‘ —2
AS — 5 (A x Ay x U(1))° x A —— A2 x A x U(1)? x 4,
* LET: decompose replace a
Fg ——— FEg x Ay —— Ay X Ay
decompose replace
. I/_r _ 01&/‘.‘-41‘2(‘0;44 _1_&/':44 . 3@_."-1.4 . 4(1—11 . 2@_:'-14 . a—h _(.U'A.i _|_ QTJLI + O'A_l + OI:'—'\.; + O;_h
- Z3 shift vector: (001, i i : ? ’ t \/l_ \/1_ ’ ’ t
__ _. L _ . _ 30 3v30
— Wit — 2wl 200wt + 2w — 208 — 20", 15000 /3

* Group breaking: ST/(5)1x SU(3)x SU(2)*xU(1)* — SU(4)*x SU(3)*x SU(2)* x U(1)"

7.3 shift action

e [A2| A4 | A4 | Aa [ A4 [uiful
ight |A2 |A2 (A2

WIS
WIS
WINo

T thWist action tR = (07 ) “



/3 three generation left-right symmetric model

Massless spectrum ( SU(3)¢ x SU(2)y, x SU(2)g x SU(2)p x SU(3)* x SU(4)?)

QB L

o« O

o O

< 0

rerg

o %+

+

)

D o = o o o o o o = = = o o o o o = o
a

(.

SO OO OO o _ _2_3_4_31_3_1_31

Irrep.

™
™
™
o o o o)
R ST
o o o
ahahehaReRhe el R e N

e e e M S S M S e M M e M e e e S M S

S — — — — — — — p— — p— — p— — p— — — — — —

v v v v v S v v e
e i s B B B
R S S

1
o
{ o o
= H = -
IR R
NN o

UJT

~

S N N N O O S O ) O O O ) N N

%_331111111111111111
a
~
| o] — | — | — | —| — |
M _ _1_6 _ —|Oo—Hl0SD O —|m™ i — || _ | [ _ 1_2_
<
v v v v v v v v v v S v v v = O
o e e o o o e o O o e o <f [
e e R e e IR IR e I EE = IR R N RS T
Sl ]ed o A e
Bl o o= A A o oo oo N
Py - - - - - - -~ - -~ - -~ - -~ - - -
[ I o B I IR B o B ot IR o B e T i o R o B [ B (R B |
L A B I o e ey ey B ey oy oy B e IR IR R R
o ~— e o O o o o =
S e e e e e e e e e e e e e e e e e
[ B
g 2284
<& _QQQQHH
TT:. [
(S N S N N N N N Y
~

- Three-generation SU(S)G X SU(Q)L X SU(Q)R X U(I)B_L model
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/3 three generation left-right symmetric model

Massless spectrum ( SU(3)¢ x SU(2)y, x SU(2)g x SU(2)p x SU(3)* x SU(4)*)

+ other

u/T Irrep. Qp_r | Deg. .

U Qr | (3.1,2,1:1.1,1,1) —% 3 fields

U (1,2,1,1;3,1,1,1) —1 3

T Qr | (3.1,2,1:1,1,1,1) 1 1

T | Qr | (3,1.2,1;1,1,1,1) | —¢ 1 . _

T | Qe | (3,2,1,2:1,1,1,1) % 1 Three-generation fields of

T | Qui | (3,2,1,1;:1,1,1,1) L 1 :

T i 1221111 g ! LR symmetric model

T H | (1,2,2,1;1.1,1.1) 0 1 +

T (1,2.1,1;3,1,1,1) 1 1 g

T 12118111 | b . Vector-like fields

T (1,2.1,1:1.1,6,1) 1 1

T (1,2,1,1:1.1,1.4) % 1

T (1,2,1,1:1.1,1,4) —1 1

T (1,1,2,2:3.1,1,1) 1 1

T (1,1,2,1:3.1,1.1) I 1 ) )

T (1,1,2,1:1,1,4,1) —2% 1 Higgs fields for SU(Q)R X U(l)B—L 2 U(l)Y

T (1,1,2,1:1,1,4,1) 1 1

T (1,1,2,1:1.1,1,6) —2 1

- Three-generation SU(S)G X SU(Q)L X SU(Q)R X U(I)B_L model
= Additional fields are vector-like
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/3 three generation left-right symmetric model

+ other

fields

Deg.

b T s T o TR o R o TR o R o R o O o R s T o R o B o TR e I e B o TR o TR o R o B |

QB L

= |0 |7 [ag] [ 1as] —
coccococoo __ __2_31_4_31_3_1_31_ |

Irrep.

11111111111111_41111_4
S S S S S S

111111111_31113111111
22222221111111111222
11111111111111122111

Rl e e T I I I I P e R R R R Tl e B R
e e e e - A - A e R R e e e e ]

e e e M S S M S e M M e M e e e S M S

S — — — — — — — p— — p— — p— — p— — — — — —

UJT

S S N O O ) ) V) ) O O O O O N

Massless spectrum ( SU(3)¢ x SU(2)y, x SU(2)g x SU(2)p x SU(3)* x SU(4)?)
1

\ J

==

Vector-like fields

- Three-generation SU(S)G X SU(Q)L X SU(Q)R X U(I)B_L model

= Additional fields are vector-like
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/3 three generation left-right symmetric model

Massless spectrum ( SU(3)¢ x SU(2)y, x SU(2)g x SU(2)p x SU(3)* x SU(4)?)

| -
)
e
)
o
+

Deg.

fields
SU(2)F
flavon

I e T o TR o TR o TR o TR o R o R o R

I e T o TR o TR o O o R o R o TR o B

QB L

=f e (e

SCoocooooT _2_31_4_31_3_1_31 T

Irrep.

S N S
S P N
NN A -

11111111
11111113

P S D

—

— |

—

R S A P )
-

MM

et e e e T e e e

S — — — — — — — p— — p— — p— — p— — — — — —

- = = <t
P S S

—
—

T T T e g g
o - - AN A
o o N
L i oo
3

oo NN -
o9 o9 [0 v v o

e e e e e e e e

UJT

S ) ) O V) S

SRV U O N N

[ I o TR T Lo B o B o TR o I

Deg.

Hlo—ler e
_ _ — |0 _ —o-le o o e

QB_L

Irrep.

e R Rl o T2 R N

et et M et [ e e e

U/T

oo NN NBNRRNE

The first two-generation is unified into

SU(2)F doublet.

- Three-generation SU(S)G X SU(Q)L X SU(Q)R X U(I)B_L model

= Additional fields are vector-like
* Gauge flavor symmetry SU(2)p
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/3 three generation left-right symmetric model

+ other

fields

Massless spectrum ( SU(3)¢ x SU(2)y, x SU(2)g x SU(2)p x SU(3)* x SU(4)?)

Deg.

b T s T o TR o R o TR o R o R o O o R s T o R o B o TR e I e B o TR o TR o R o B |

QB L

Irrep.

e e e M S S M S e M M e M e e e S M S

coococoo U4__31__32_31_34_31_32_31_31 I__ I__ -
))))))))))))))))))))
B I T e T T T RN QR Ry
S O P S O g (R S
S S S S S S
N T i Ry N N S N p R
AR B RS ARSI A S
S O S P 5 (S S S S T R
e e e e - A - A e R R e e e e ]

~
T S S N N S N L LS
—
%_331111111111111111
a
~
| o] — | — | — | —| — |
M _ _1_6_1_61_60 Ul_n/.il_nél_n/._l_ﬂél._n/._l_n/._
<
}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}}
v v v v v v v v v v S v v v = O
N P R | N e R e e I I L
e e R e e IR IR e I EE = IR R N RS T
Sl ]ed o A e
Bl o o= A A o oo oo N
Py - - - -~ - - - - -~ - - " -~ - -~ - - -
[ TR i B o B B R SR R R B B e o |
o B IR T o B B B B B (et I B I R R o R o TR o TR
o ~— e o O o o o =
g 2284
Q _QQQQHH
TT:T:
R IS S W U S S S N N
~

* Three-generation SU(S)G X SU(Q)L X SU(Q)R X U(I)B_L model

= Additional fields are vector-like

28

 No Top Yukawa by three point coupling( H Q1,1 r) =2 higher dim. coupling

= Gauge flavor symmetry SU(Q)F.



/3 three generation SU(3)xSU(2)xU(1) model

Z3 asymmetric orbifold compactification

- Narain lattice: Al x Eg x U(1) lattice

* LET: A8—>A!XA2XU(1)—>A7XE()XU()

3 decompose replace

- Z3shiftvector: V= (0% + 205", a7 + 205, —ap® — 205°,05°,0,05°, 05*,0,0) /3

JJJJJJJJJ

- Group breaking: SU(4)" x U(1) — SU(4) x SU(3)? x SU(2)3 X U(l)w

7.3 shift action

/

left| A3 | A3 | A3 | A3 | A3 | A3 | A3 |U1
Right E6

|
—~
=
wiro
Wino
wiro

) 29

- Zi3 twist action {R



/3 three generation SU(3)xSU(2)xU(1) model

Massless spectrum (SU(3)¢ x SU(2)1, x SU(2)* x SU(3)* x SU(4) )

Uu/r Irrep. Qv | Deg. + other fields
U ol (1L,2:1,1,1,1,1) | —5 3
U | (1,2:1,1,1,1,1) % 3
U d | (3.1;1,1,1,1,1) | 1 3
. 1
? i; giiiiii% B 2 Three-generation fields of
T Z | (3.1:1,1,1.1,1) %2 3 SUSY SM model
T | @ | 31;1,1,1,1,1) | -2 3 +
1
T (1,2:1,1,1,1,1) | —1 3 0 g
T (1.2.2.1.1.1.1) %2 5 Vector-like fields
T (1,2;1,1,3,1,1) | —1 3
T ¢ | (3.2:1,1,1,1,1) | 1 3
T | (3,1;1,1,1,1,1) | -2 3
T ho | (1,2,1,1,1,1,1) | 4 3

" Three-generation SU(3)c x SU(2), x U(1)y model
- "3"-generation comes from a degeneracy "3“

- Additional fields are vector-like

= Top Yukawa from twisted sector
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/6 three generation SU(3)xSU(2)xU(1) model

Z6 asymmetric orbifold compactification

- Narain lattice: Al x Eg x U(1) lattice

FLET: A ———— AT x Ay x U(1) —— AL x Fg x U(1)

decompose replace

 Z6 shift vector: 7 —(0, 0, —4wi®, 4wi®, 2w, WS + 5wl — afls — afls,

wit? 42w 4+ Wi 0,0)/6

+ Group breaking: SU(4)" x U(1) — SU(4)? x SU(3)? x SU(2)* x U(1)®

Zi shift action

/

left| A3 | A3 | A3 | A3 | A3 | A3 | A3 |U1
Right E6

Wi

) 31

@I BN
S| =

— Zg twist action tr = (0,



/6 three generation SU(3)xSU(2)xU(1) model

Massless spectrum ( SU (3)c x SU(2)L, x SU(4)? x SU(3) x SU(2)> x U(1)?)

/cf - Z3 model

(3,2):3 (3,2):3
(3,1):7 (3,1): 6
(3,1):13 (3,1) : 12
(1,2):13 (1,2) : 27
others : 39 others : 99

all : 75 o alliiar

* Three-generation SU(3)c x SU(2)L, x U(1) model
 Number of massless states : fewer than Z3 cases
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SUSY SM in asymmetric orbifold vacua

- At this stage, we performed model buildings from several lattices of 90
lattices, and get models with

| S—

Four-dimensions,

N=1 supersymmetry,

Standard model group( SU(3)*SU(2)*U(1) ), LR symmetric group
Three generations, ™ Realized
Quarks, Leptons and Higgs,
No exotics (vector-like)
Top quark mass

Other quark masses (Charm quark mass)

Proton stability, Need further model building
R-parity, .. from other Narain lattices and
Doublet-triplet splitting, effective theory analysis
Moduli stabilization, (26,212,72x72, ...)
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SUSY SM in asymmetric orbifold vacua

® Toward moduli stabilization in heterotic string theory

*In asymmetric orbifolds, number of geometrical moduli is small

3-generation model with a dilaton field

=Strong dynamics in hidden sector (enhancement point)

SUB)e x SUQ2)1 x U(L)y x U(1)" x SU(N,) x SU(Ny)

- Potential for a dilaton field
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Flavor symmetry at symmetry enhanced point



Discrete flavor symmetry in string model

* In heterotic orbifold models, non-Abelian discrete symmetries arise from

xtra-dimensional .
extra-dimensiona Spaces Kobayashi, Nilles, Ploger, Raby, Ratz '07

St/Zy — D, symmetry
T%/Z3 — A(54) symmetry

* Closed string on orbifold is specified by boundary condition

-- Untwisted string (Bulk modes)
-- Twisted string (localized modes on brane)

51 $1/722

= (>

X ~-=X
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Discrete flavor symmetry in string model

= Two strings are connected and become a string if boundary conditions fit each other.

S O

3 —

= String selection rule can be described by 74 symmetry

* Fixed points of S1/Z2 are equivalent. These is a permutation symmetry (Z2) of
fixed points

O————")

- String model has 74 symmetry from interaction, and S1/Z2 orbifold has
geometrical Z2 symmetry, which is a permutation symmetry of fixed points.

— > Non-Abelian discrete symmetry D4 = Z4 X ZQ 37



Discrete flavor symmetry in string model

B 1 dimensional orbifold : S1/72

— D4§Z4><]Z2

B 2 dimensional orbifold : T2/Z3

- A(54) = (Zg X Zg) X 83

* Non-Abelian discrete symmetries have a stringy origin, which are determined by
the geometrical structure of the extra dimension space
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Gauge origin of discrete flavor symmetry

€ symmetry enhance point in moduli space
Beye, Kobayashi, Kuwakino

arXiv:1406.4660 [hep-th]

S1
enhance
U(1) gauge symmetry SU(2) gauge symmetry
orbifold orbifold
S1/72
enhance
O ) O
D4 discrete symmetry U(1) gauge symmetry

* D4 non-Abelian discrete symmetry is enhanced to U(1) continuous gauge symmetry



Gauge origin of discrete flavor symmetry

€ 1-dimensional orbifold model at symmetry enhance point

-- Massless spectrum of U(1) orbifold theory

Sector | Field | U(1) charge | Z4 charge
U U 0 1
U U 1 1
U U, —1 1 @
T M, - i
T Mo — % —1

-- This model has symmetry : U(l) X Lo
0 1
Z2 symmetry can be described by ¢ — —¢q or ( 10 )

-- Non zero VEV of Kahler moduli field (radion) T breaks the U(1) symmetry to
Z4 Abelian discrete symmetry

T%(Ulwg U) = (Us) —— (T) #0

0 —2

Z4 symmetry can be described by ( o0 ) U(l) x Za — Dy = Zy % 52



Gauge origin of discrete flavor symmetry

€ symmetry enhance point in moduli space
S1

U(1) gauge symmetry SU(2) gauge symmetry

l orbifold
S1/72 move away from
enhance point

O ) O

D4 discrete symmetry U(1) gauge symmetry

-- Symmetry breaking patterns are summarized as

SU(Q) >U(1)>422 4>D4PZVZ4><]ZQ4

orbifolding (T)




Gauge origin of discrete flavor symmetry

¥ symmetry enhance point in moduli space (2-dim)

U(1)"2 gauge symmetry SU(3) gauge symmetry

orbifold orbifold
T2/Z3

12

enhance

A(54) discrete symmetry U(1)"2 gauge symmetry

= A(54) non-Abelian discrete symmetry is enhanced to U(1)*2 continuous
gauge symmetry



Gauge origin of discrete flavor symmetry

€ 2-dimensional orbifold model at symmetry enhance point

-- Massless spectrum of U(1)"2 orbifold theory

Sector | Field | U(1)? charge | Z3 charge
U U 0 0,0)
U U1 —€] (0, 0)
U U2 — €9 (0, 0)
U Ug —€3 (0, 0)
T M, & (1,1)
T My Z (2,0)
T M;y 2 (0,2)

-- This model has symmetry : U(l)g X S

€; : Simple roots of SU(3)
€2

€1

-- Non zero VEV of Kahler moduli field (radion) T breaks the U(1)*2 symmetry to

Z3 x Z3 Abelian discrete symmetry

T= LUt Uh+Us)  (U) = (Us) = (Us) — (T) #0

V3

U(1)2 X Sg — A(54) = (Zg X Zg) X Sg 43




Gauge origin of discrete flavor symmetry

€ symmetry enhance point in moduli space

T\ ©

U(1)"2 gauge symmetry SU(3) gauge symmetry

T2/73 i orbifold
; move away from

enhance point

A(54) discrete symmetry U(1)"2 gauge symmetry

-- Symmetry breaking patterns are summarized as

\ 2 ~/
SU(B) Orbifolding/ U(].) X Sg W A(54) = (Z3 X ZS) X 5}:’




Field-theoretical application

. . . Beye, Kobayashi, Kuwakino
» The previous result in string models arXiv: 1502.00789 [hep-ph]

U(l)NZ2—>D4§Z4><]Z2
U(1)? x S5 — A(54) = (Z3 x Z3) x Sq

suggests that [/ (1)"x.S,, theory or U(1)™x Z,, theory can be an origin of
non-Abelian discrete symmetries

-- Generalization of denominator of U(1) charge to N

1 Z4—>ZN
~ Ta X Ja — IN X IN

» Gauge extensions of phenomenologically interesting non-Abelian discrete symmetries

83a84:D4;A4:A(27):'A(54)?" ] a5



S, non-Abelian discrete symmetry

> U(1)* x S3model (N = 2)

€; : Simple roots

Field U(1)? charge Z% charge Sy rep. of SU(3)
Uy, Us, Us —e1, —eg,—e3 | (0,0),(0,0),(0,0) - ;
My, My, M3 555 (1,1),(1,0),(0,1) 3 e
M 0 (0, 0) 1
N1, Na, N3 €1, €2, €3 ( ),(0,0),( ) 1542 €3
* VEV relation (U;) = (U,) = (U;) maintains S3, but breaks U(1)A2 - Z2/2.

= Resulting symmetry is U(1)2 X S3 — 84 ~ (ZQ X ZQ) X 53
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> U(l)g X /3 model (N = 2)

Field U(1)? charge Z3 charge Ay rep.
Ul,UQ,Ug —€1, —€2, —€3 (0,0)? (010)’ (0,0) —
My, Ms, Ms &+ 2,9 (1,1),(1,0),(0,1) 3
] 0 (0,0) 1
N1,N2,N3 €1,€2,€3 (0,0), (0,0),(0,0) 1D 1’@1”
A, Ag, A | 292,202,588 | (1,0),(0,1),(1,1) 3

* Field A_i breaks S35 — /3

A4 non-Abelian discrete symmetry

€; :Simple roots
of SU(3)

W; : Fundamental weights
of SU(3)

€2

wo wq

€1

w3
€3

« VEV relation (U1) = (Uy) = (Us) maintains Z3, but breaks U(1)72 = 7212,

- Resulting symmetryis U(1)? x Z3 — Ay =2 (Zy X Zo) % Z3
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U(1) flavor model



U(1)* % S3 lepton flavor model

> U(1)? x S3 x Z model

= Gauge extension of A(54) discrete lepton flavor model

Field U(1)2 Chajrge Zy charge | A(54) rep. €; : Simple roots
(Le: L#, L‘T) 251’ 252’ 3§3) 0 31(2) of SU(3)
("%, 7) | (—3e1,—Bes,—3es) | 1 162 |

o, 0 0 1y

Hy, 0 0 1+ "
(A1, Az, A3) 9 22z 0 31(2)
(Bi, By, By) | (— %1, — 12 o 0 31(2) “
(C1,C3,Cs) (3. 3. 3 0 S1(1)
(D1, Da, D3) et fa) 1 31(1)
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U(1)* % S3 lepton flavor model

= Superpotential for neutrinos and charged leptons ( U(l)2 X S3 X Zo invariance )

W, =y{ (BiL¢L + B2L, L, + BsL,L.;) H,H,/A*
+ yé/ (Al (L[,LLT + LTL/,L) + AQ (LELT + LTLe) + AS(LeLp, + L,uLe)) HuHu/A2
+y§ (CH(LpuLr + LrLy) + C3(Le Ly + LrLe) + C5(Le Ly + Ly Le)) HyHy /AP

We =y{ (D1Lee® + DoL,pu + D3sL.7°) Hg/A

* Mass matrices

2 9

p2 [ vibi yia3 ysaz oy 02 0 3 o

u U 2 2

My =53 | vas wibz yhor | +=57 | 3 0 o
2 2

ysaz ysa1  yybs 2 2 0

eo, [ 0 0
Me = yl d 0 dQ 0
0 0 ds

- Flavon superpotential
Wi =AM A;AgAs + Ao B1 BaBs + A\3C102C5 + Ay (A1By + A3By + A3B3)
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U(1)* % S3 lepton flavor model

* By solving vacuum structure, neutrino mass matrix becomes

v A1 asag

N s> viarn ygag Ys a2 2 0 0 02
My B A_g yIQ/a?; _ylyﬁa;jg y%/\ala a + A—?’u 0 02 1
Y5 a2 Ys a1 -—y{§fz—§;2 0 ¢ O
Babal, aéf a’ -~ . ~
2
a: v ai
a’, 1+C B p=_ WM g
ys 2y A3 = a_l
oo Y8
o da J
= We consider the case of real mass matrix and inverted hierarchy for simplicity.
5 real parameters Oscillation parameters
/ / 2 2
A: Ba Ca Ao, g g Alea Am?)la 9127 9231 t913

fitting
0 = 31 = By = 0° «—— forsimplicity

ms prediction 51



U(1)* % S3 lepton flavor model

= Choosing suitable parameters, we can fix experimental values

—

— —

- Prediction of our model : 7113 against angles 023 and 613

. f ] 913:82
023 05" / « 013=8.7
19.0 | -:';::: o 913:9.1

:: . nj] T 02 o 0.3 04 mg

This solution is consistent with 2o range of recent fits from neutrinoless
double beta decay

A =0.00197¢V, - AmZ, = 7.60 x 107 eV?
B =304, Am2, = —2.38 x 1073 eV~
- Ci'z —5.93, T 6y = 35.26°
ay = —1.08, Several values for angles 023 and 643
ay = —1.06,
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YV V

Summary

Z3 asymmetric orbifold compactification of heterotic string

Our starting point : Narain lattice

90 lattices with right-moving non-Abelian factor can be constructed from 24
dimensional lattices

We calculate group breaking patterns of Z3 models

Three generation SUSY SM / left-right symmetric model

Z6 three-generation model

Outlook: Search for a realistic model
-- Search for Z3 models from other lattices

-- Other orbifolds 76, Z12, Z3xZ3...
-- Yukawa hierarchy
-- (Gauge or discrete) Flavor symmetry,

-- Moduli stabilization, etc.
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Summary

» (Non-)Abelian gauge origin of non-Abelian discrete flavor symmetry

» This can be understood naturally in orbifold string models

» Phenomenologically interesting non-Abelian discrete symmetries can be
realized from U(1) theories with a permutation (rotation) symmetry

- U(1) % Zy — S3,Ds, -+ -

— U(1)? 4 S3 — Sy, A(54), - - -
CU(1)? % Z3 — Ay, A(27), -

» We apply this mechanism to lepton flavor model

» Outlook : Realization in string theory
Higher dimensional gauge theory
Z’ boson(s) from U(1) breaking may relate to origin of Yukawa hierarchy

[ U(1) theory]

- N\

Flavor structure
. Z’ boson
(discrete flavor symmetry) <:>

Z' bosons as a probe of flavor structure ?
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