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Introduction : Superstring theory

= [ncorporate the gravity into the elementary particles
= Quantum gravity without inconsistency
= Gauge theories (the SM?)

The most promising candidate for “the final theory”

= String phenomenology
= 4D effective theory consistent with the SM

= Hidden sector



Introduction : Extra dimensional space

= Superstrings predict 6D extra space
= 4D chiral spectrum vs Higher dimensional SUSY

= Origin of the flavor structure

Toroidal compactification with Magnetic fluxes and orbifolding

= Generations of chiral fermions

= Calculable spectrum : Hierarchical Yukawa couplings

Bachas '95

Cremades, Ibanez, Marchesano 04
Abe, Kobayashi, Ohki '04

Abe, Choi, Kobayashi, Ohki '09



Introduction : D-brane system

= D-branes in type IIB superstrings

= Effective Super-Yang-Mills (SYM) theories

- U(N) gauge group
- 4D,6D,8D,10D and their mixtures

Higher-dimensional U(N) SYM theories
compactified on Magnetized Toroidal Orbifolds

= MSSM
= SUSY Dbreaking

= Moduli stabilization



Review : 6D U(2) SYM on magnetized T?

1 MN 2 AT M
Fyn =0umAN — ONAn — i [An, AN
DA = OnA — i [Apg, A

= Torus periodicity and KK mode expansion
X = (Tps Ym), 1w:0,1,2,3, m=4,5

Ys,
Ap(zt y™) = ZSOW, m(2*) X o (y™)
T2 "
Az y™) =) xn(@) X Y (y™)
Bt

Cremades, Ibanez, Marchesano '04



Review : 6D U(2) SYM on magnetized T?

= Constant Abelian Flux on T?
Fus =20 M Gauge potential A4 =0, As =21Muyy
= Gauge symmetry breaking : U(2) — U(1) X U(1)

M = (Ma 0 ) (M, M, € Z)

0 M,
= Zero mode equation B (m)
D —

l -5 9
(04 £ 905 + 2 (Mg — My) ya] %° = 0 oYy
(04 £ 105 5" =0 (Trivial)

Cremades, Ibanez, Marchesano '04



Review : 6D U(2) SYM on magnetized T?

[84 -+ 7,85 -+ 27 (Ma — Mb) y4] lpfbl_b =0
(04 — 105 — 27 (M, — My) ya] ¥ =0

For Mo, =M, — My > 0

ab has M,, degenerate zero-modes

PP has no zero-modes
-

= Chirality projection
= Degenerate zero-modes :

generations of quarks and leptons

Cremades, Ibanez, Marchesano '04



Review : 6D U(2) SYM on magnetized T?

= Zero-mode wavefunction (Cremades, Ibanez, Marchesano '04)

jaMn,b _ N’ _Ma,bﬂ-yi 19 ]/Mab —M o . M .
S (y4,y5) = Nje ' (= Mapi (ya + iys) , Mapt)
0
g=1,..., Mg Jacobi theta function a L
9 (1/’ 7_) _ Z eﬂ'@(a+l) T€2Wa(a+l)(y+b).
b =7

= Quasi-localization : [©}'|* for M =3

~ 0(1) ~ O(10-7)

Arkani-Hamed, Schmaltz '00



Review : Magnetized T# with Z, orbifolding

1/2

= 7, orbifold : (ya,¥5) ~ (=Y, —¥y5) /‘/_\.\\
Yt (T, —Ym) = £PY+ (T, ym) P~ Ym \f ‘7
0

Projection operator : P? = 1

= Z, even and odd zero-modes

F=1L M d)gven( ) 7 (wj( ) + ¢M_j (y))
J # _
¥ (y) d W) = 7 (W (y) — ™ (y))
M 0 1 2 3 4 5 2n 2n+1
Pure T? 1 1 2 3 4 5 2n  2n+1
Even 1 1 2 2 3 3 n+1 n+1
Odd 0 0 0 1 1 2 n-1 n

Abe, Kobayashi, Ohki ‘08



SYM systems
and
Superfield description



Toroidal compactification

= Torus parameter : (R;,7:;) i : 1,2,3
= Complex coordinate : z' =
= Periodicity : z; ~ 2z, +1  z; ~ z; + T;

ds® = GyndXMaxN = n,,de’de” + 2h;dz dZ

hi; = 2(27R;)?0;;



Superfield description of D-brane systems

= Higher-dimensional SYM theory : D = 4, 6, 8, 10
= 10D SYM compactified on T? x T? x T?
= 4D N=1 decomposition of 10D fields

Ay = (A, A;) i 1,2,13
A= ()\0, )\z) A = " Tmr, (TsA2+2i — Az12)
4D N=1 vector superfield vV = —05"0A, +i000)\, — 000X\, + %099_6@
. . 1
4D N=1 chiral superfield i = ﬁ% + V20 + 00F;

K = 922 R Ty [(\/555 + qgg) eV (—\/56- aE qu) eV + %e_vajev}

1
W o= gQGUk Jekktr [\/_65@( 0K — 3\/— [Cbgaﬁbk])]

Marcus, Sagnotti, Siegel '83
Arkani-Hamed, Gregoire, Wacker 02



Superfield description of D-brane systems

= D=4,6,8 are obtained by dimensional reduction of D=10
= Some of ¢; becomes the position modulus
= Qverlap of different SYMs requires additional multiplets
= Magnetized toroidal orbifold compactification and

4D effective actions in the superfield desctirption

Abe, Kobayashi, Ohki, K.S. 12
Abe, Horie, K.S.’15



Model : MSSM sector



MSSM sector : two typical models

= Two typical models : D9 model vs D7 model
= Massless open string moduli

- D9 contans some harmful massless modes
= Association with hidden sectors

- D9 inevitably overlaps hidden D-branes



D7 model

8D U(4), SYMoONnT? xT? x T*?
and
8D U(4)s SYMoONnT? xT? x T?

= Fleld contents
Position modulus

A sector : U(4), adjoint ¢1's b5 fﬂ
B sector : U(4)g adjoint or, 95, OF

A-B sector : Bi-fundamental abgAB, ¢§3A

T

(4,%) of U(4), X U(4)g



D7 model
= Magnetized background
M — (—55 13 _04> LMY - g
1) _ (0x 1y 0 2  (0x 1, 0
MB_( 0 —12><12)’ MB_( 0 1><12)

= Gauge symmetry breaking
U4)a = U@B)c xU(1),
U(4)B — U(2)L X U(Z)R

=4D N=1 Supersymmetry

—5 5 —12 1
+ D
A, Ay TF

&) A/A=12, A A =1

FZ:DLZO DC:DEZ

A 4



D7 model

Z2 . (Z17Z27Z3) — (—le_Zz,Z?,)

Zy ¢ (21,29,23) — (21,—22,—23)

= Orbifold transformation : Pa, P,, Pg, P,
Zo @ ¢y = —Pagt,PrY, 6% — +Pags Py}
¢ry = —PpoToPgt,  ¢F — +Ppof Py}

AB AB p—1 BA BA p—1

. A r A pr—1 A / Apr—1

Zy @3 = —Pudy 3P 4, O] — +P A9 Py
B t B pr—1 B / B pr—1
¢33 = —PppysP ¢y — +P oy Py
AB ! JAB pr—1 BA / BA pr—1
5 — —Py05 Py, 30 = —Ppop3 Py

Py=Py=Pg=—Ps=1,



D7 model : zero-mode contents

qu_OH AB Qr O BA 0 0
L=—\0 0)° 2 \Lp o) 3 7 \Qr Lgp

1, 93, b5, b5, ¢5 =0
= Three generations of Qr, Lr, Qr, Lg

= Five generations of H = (H,, Hy)

. _ (Hus) (Haq) (Has) _
" Hopeful spectrum : Imn =15 Fe—o o8 =o03s g =0
Sample values Observed

(M, ey M) 104

(1.7x 107°,5.7 x 102,1)

(15 x 107°,7.5 x 1072, 1)

(1mg. mg,my) [y,

2.0x 107,68 x 102.1)

(12x 107,23 x 10 21)

(M. ),y ) 100y

27x 107550 % 102.1)

29x 10756.0 x 1072.1)

| Veru |

0.96 0.29 0.01
0.29 0.96 0.07

0.01 0.07 1.0

0.23  0.0035 )

0.97
0.23 097 0.041
0.0087 0.040 1.0

Abe, Kobayashi, Tatsuta, K.S. '14




MSSM+SUSY breaking



Dynamical Supersymmetry Breaking (DSB)

= SYM system : restricted field contents and their couplings
= Supersymmetric SU(N,) gauge theory with N fundamental flavors (Q, Q)
= For N. > Ng, the Affleck-Dine-Seiberg potential is obtained

A3Nc—Nr ) 1/(Nc—NrF)

det QQ

= The simplest DSB model with a singlet X [I. Affleck, M. Dine & N. Seiberg '85]

WADSZ(JX(

A3Nc—Np ) 1/(Nc—NF)

det QQ

<QQ> = A? Wettoctive = gXA2

W =gXQQ + ¢ X (



DSB models in Magnetized D-brane systems

= Gauge Symmetry Breaking : G - U(N;) x U(1) x U(1)
= Field contents ; Q(Ng,—1,0), Q(Ng,0,+1),  X(0,+1,—1)
= Degeneracy (Q, Q, X) = (Ng, Ng, 1)

= Global symmetries allowing the coupling of XQQ

= N- > Ny In order to get Wypg

Many successful models (without the visible sector) !

Abe, Kobayashi, K.S. 16



DSB with the MSSM sector

= Consistency with the visible D7-branes
Zy : (21,22,23) — (—21,—22,23)

Zy : (#21,22,23) — (21,—22,—23)
A1/ A = 12, A/ Az =1

= Harmful zero-modes connecting the two sectors



Additional D7 models

8D U(1): SUSY gauge thoery on T? x T x T?
and
8DU(N, + 1), SYMonT? xT? x T?

= Additional field contents
C sector : Singlet o, 65, o5
D sector : U(N¢ + 1), adjoint o7, b5, OF
C-D sector : Fundamental charged under U(1): ¢S5, ¢57

A-C,A-D,B-C,B-D sector : Bi-fundamentals and others



Configuration of a Magnetized orbifold

= Magnetized background
M =M =0

1 12x1y. O 2 —1x1yn. O
Mé):( 0 0)’ Mfg):( 0 0)

= SUSY Is preserved by A;/A; =12, A1/ Az =1

= Gauge symmetry breaking
U(l)c X U(NC + 1)D — U(Nc) X U(l)c X U(l)D

= Orbifold parity : Pc =—-P.=1 Pp=Pp=1n.41



Configuration of a Magnetized orbifold

* The essential structure of DSB Is realized
= One singlet X and five generations of (Q,Q) ; Nr =5
= Extra zero-modes are completely eliminated

- MSSM and DSB are decoupled to each other
"For N- > Nr =5, we get

Weffective — 9A2X

\

Dynamical scale of the SUSY SU(N,)



MSSM + SUSY breaking
+ Moduli stabilization



Moduli stabilization in IIB superstrings

Dilaton S
Complex structure Ui, Uz, Us
Kéahler moduli 1y, 13, 13

= 3-form fluxes to stabilize S and U
= D-term potential for T;
= Ratios of T; are stabilized at a SUSY vacuum

= One flat direction of Kahler moduli



E-brane (D-brane instanton)

= Localized at a point in the 4D spacetime

= Finite volume in the extra dimensional space

Sequestered Ajem it — Moduli stabilization

Not sequestered : A;e %10, T, ...

Blumenhage, Cvetic, Weigand '07
Ibanez, Uranga '07



E-branes in D7 brane systems
= E3-brane (wrapping a 4-cycle)
- If there is no charged zero-mode, we get
W = Wy+ Ae
K = —log(T;+1T;)
the modulus is stabilized at a SUSY vacuum
= Origin of the constant term, W,
- E(-1)-brane (completely localized at a point)
W = Age ™ = Age™™9) (stabilized by 3-form fluxes)

- The stringy fluxes can directly produce W,



Specific model in the D7-brane system

= E3-brane sequestered from D7,, D7g, D7, D7p
= A successful configuration ;
One E3-brane on T2 x T2 x T# with Py = Pz = 1
WNon—perturbative — Ae_alTl

= Interplay of the DSB and the moduli stabilization dynamics

Wtotal — WO + Ae_aTl -+ BA2X



R
F-term uplifting

= Solving the RGE for the hidden gauge coupling, we get

2m
4T35+24S
A~ McompacteNF_SNC :

= Massless direction of the D-terms : * ~ i—z”“-
Ty = ET+"'
Wtotal — WO — Ae_aT + Be_bT_C<S)X
K = -3log(T+T)

resembles a model shown in [Abe, Higaki, Kobayashi ’07]

= W, tunned to realize the Polonyi vacuum

Wo = Ae™%70 + B(1 — Xy)e bTo—<(S)




Polonyi-KKLT vacuum

= Consistent DSB and KKLT dynamics

= At the vacuum, we find

24
3Nc — Np
ms/2
T

m3/2 ~ Bexp[—47r <S>] ~ 0(10_15)MP1anck

~ O(TeV)

Mgoft ~~



Summary
= Magnetized toroidal orbifold compactification

= Superfield description of effective D-brane systems

* The MSSM-like model without massless open strings
= Dynamical SUSY breaking

= Kahler moduli stabilization due to E-branes

= Interplay of DSB and moduli stabilization

Future prospects
* Phenomenology in detall : SUSY spectrum ...

= String theoretical consistency

= Cosmology Thank you very much !!



