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Hierarchy by dynamics

N. Arkani-Hamed & M. Schmaltz ‘00

Y, can be determined by an overlap integral of
wave-functions in extra dims

Wave-function
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Hierarchy by dynamics

N. Arkani-Hamed & M. Schmaltz ‘00

Y, can be determined by an overlap integral of
wave-functions in extra dims

Wave-function

Nontrivial wave-function profile can be a source of
hierarchy in 4D spacetime



A toy model

6D U(1) gauge theory M,N=0,1,2,3,4,5
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A toy model

6D U(1) gauge theory M,N=0,1,2,3,4,5
1

[ -

Fyny = 0yAy — ONApy DyA = (aM — iAM)/1

* Torus compactification x,,=(x, y,) m=45
Ym ~ Ym+ 1




Magnetic flux in T2

M = integer (Dirac quantization condition)

A,=0, A.=2nMy,




Magnetic flux in T2

B=F,.=2nM

M = integer (Dirac quantization condition)

A,=0, A.=2nMy,

Am(yél + 1, yB) — Am(yéla y5) + 8mX4
Am(yéla Ys + 1) Am(yéla y5) + am,XiS

U(ys + 1, u5)

=S
&3

mapl
|

R

(ya, ys + 1)
X4 = 2t Mys,

X5 = 0.



Properties of the zero-modes

D. Cremades, L. E. Ibanez & F. Marchesano ‘04
M chiral zero-modes =0,1,2,.. M-1

r
1RAERN © (yy.y5) = Nje V™o {J/O

(M (ya + iys). M)

i _=0: no normalizable zero-modes



Properties of the zero-modes

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

M chiral zero-modes =0,1,2,.. M-1

)
R © (1, y5) = Nje V™0 {]/0 (M (ys + iys). Mi)
<
i y_=0: no normalizable zero-modes

Wavefunction localization Y2, M=3







10D U(N) SYM theory

The action
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Periods and areas

The periods
Z_/‘Tll ~ ym. + 2

g mn




Periods and areas

The periods T; : the complex structure
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Periods and areas

The periods T; : the complex structure

Z_/‘Tll —_ ym + 2
0 0

The area of each T2 Omn = ) ¢ 0
AD = (27R;)*Im 7

: , Re 75
i=1,2,3 = (2R,

g®




Periods and areas

T, : the complex structure
The complex coordinate

| 3.49i
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4D decomposition

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

10D vector : Ay=(A,A,)=(A, A) i=1,2,3

4D vector & three complex scalars

10D Majorana-Weyl spinor : A =(A,, A))

Four 4D Weyl spinors




4D decomposition

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

10D vector : Ay=(A,A,)=(A, A) i=1,2,3

| 4D vector & three complex scalars
Ai = (Tz-* 442_;_22' — ‘-43_*_22'). A; = (Al )T

Im 7;

10D Majorana-Weyl spinor : A =(A,, A))

Four 4D Weyl spinors




4D decomposition

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

10D vector : Ay=(A,A,)=(A, A) i=1,2,3
! 4D vector & three complex scalars
A = (77 Agyoi — Azy9i), A; = (A)!

Im 7;

10D Majorana-Weyl spinor : A =(A,, A))

Four 4D Weyl spinors

B, = 4hg TO, (i=7), TON = =X (i#)),

[ : The chirality operator for 6D spacetime (x,, z))




4D decomposition

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

10D vector : Ay=(A,A,)=(A, A) i=1,2,3
! 4D vector & three complex scalars
A = (77 Agyoi — Azy9i), A; = (A)!

Im 7;

10D Majorana-Weyl spinor : A =(A,, A))
Four 4D Weyl spinors
/\1 = )\+__, /\2 — )\ + )\3 — )\__+.

B, = 4hg TO, (i=7), TON = =X (i#)),

[ : The chirality operator for 6D spacetime (x,, z))




4D decomposition

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

10D vector : Ay=(A,A,)=(A, A) i=1,2,3
10D Majorana-Weyl spinor : A =(A,, A))

N =1 supermultiplets : |V = {4, A}, ¢ = {4 AN}




4D decomposition

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

10D vector : Ay=(A,A,)=(A, A) i=1,2,3
10D Majorana-Weyl spinor : A =(A,, A))

N =1 supermultiplets : |V = {4, A}, ¢ = {4 AN}

2

N =1 § —00"0A, + 1000, — 060N, + %99950,
superfields : )

1 ‘
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Abelian Flux background

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

The Abelian flux & WL in 10D U(N) SYM

s

(MY 2 + )

Im 7;

diag(MP MY, ... M),  Magnetic fluxes

Wilson-lines




Abelian Flux background

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

The Abelian flux & WL in 10D U(N) SYM

(A) = —— (M9 5+)

Im 7;

MO = diag(MP, MP,.... M),  Magnetic fluxes

)

- Ry o N -(2
it = (-113%(@1 68 "y anmennls] Wilson-lines

We take N = 8 in the following model building




10D U(8) SYM model

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

The Abelian flux  u(8) > u@4).xu(2), x u(2),

M1,
F2+2r,3+2r = 2w :\[I(Jr)].g
M1, r=1,23




10D U(8) SYM model

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12
The Abelian flux  u(8) > u(4).xU(2) xU(2),

M1,
Fororgror = - M,
M1, r=1,23

Wilson-lines = U(3). X U(2), X U(1)c X U(1)g X U(1),




Flux-induced three generations

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

Flux ansatz

(M, MY, MY
(MS, M2, M)
(M, MP, M)
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Flux-induced three generations

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12
Flux ansatz

(M, M MY = (0,+3,-3),

Three generations of

('A'[é?).ﬂ[g).ﬂlg)) = (0,-1,0), — quarksand leptons and
(M2 M2 MDY = (0,0,+1),

six generations of Higgs




SUSY conditions

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

Flux ansatz

(A[g)" ‘MI(JI)' A[g)) = (0,+3,-3), Three generations of
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SUSY conditions

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

Flux ansatz

(A[g)' ﬂ[_él). ‘Mg)) = (0t —2) Three generations of

('J[é?). ﬂ[g). A[}?)) = (0,-1,0), — quarksand leptons and
; ' ' f Hi

(MO, MO MP) = (0,0,+1), six generations ot Higes

T

SUSY conditions (4;) (MD 5 + G)
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SUSY conditions

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

SUSY conditions

R (B5(A;) + 0;(43))
Sl e'kk‘ e L (Ap)

S A(l)/_A(Q) - A(l)/A(-‘fl) =




SUSY conditions

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

SUSY conditions

R (B5(A;) + 0;(43))
Sl e'kk‘ e L (Ap)

S A(l)/_A(Q) - A(l)/A(-‘fl) =




SUSY conditions

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

SUSY conditions

R (B5(A;) + 0;(43))
Sl e'kk‘ e L (Ap)

S A(l)/_A(Q) - A(l)/A(-‘fl) =




Matter zero-modes

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

Zero-modes in @,
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Matter zero-modes

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

Zero-modes in ¢,
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Matter zero-modes

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

Three generations of

Zero-modes in d) Six generations of left-handed quarks

Higgs (K= 1,2,...,6
iges /2,-.-/8) and leptons (/= 1,2,3)
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Three generations of
right-handed quarks
and leptons (/= 1,2,3)




Matter zero-modes

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

Three generations of
left-handed quarks
and leptons (/ =1,2,3)
o =01 ( : ; R | 0 0
#Z. M 12 o 0
0 0 0 0
0 0 | 0
0 | 0

/e ro-mod es in (I) Six generations of
! Higgs (K =1,2,...,6)

Three generations of

right-handed quarks 0N orbifold T6/Z
and leptons (/= 1,2,3)




Matter zero-modes

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

Zero-modes in ¢, on orbifold T°/Z,
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Matter zero-modes

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

Zero-modes in ¢; on orbifold T°/Z,

(D)
D o0
—(1) (1)
S O
0 0
0 0

0 0
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0

We assume the remaining exotics (as well as extra U(1) gauge bosons)
become massive due to some nonperturbative and/or higher-order
(and/or anomaly and/or Higgs) effects




4D effective action

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

(Extended to local SUSY)
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4D effective action

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

" S :dilaton

T.: Kahler moduli
from the rth T2

(r=1,2,3)

_ U, : complex structure moduli

K = KO@™ om)+ z2 (@™, o) or Q7.

v o— Q) lym J 0K

W = /\IJIC (I’m)QIQ o, Moduli dependence

£ g (a=1,2723), completely deatermined at
the leading order

& = {o" U0t N B g ). [0 = 15 T(}l




4D effective action

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

" S :dilaton

T.: Kahler moduli
from the rth T2

(r=1,2,3)

_ U, : complex structure moduli

K = K9 o™ )+Z (@) gm pm)OTQT
w = [Ser]ererer
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lll. PHENOMENOLOGICAL ASPECTS OF
MAGNETIZED D9



Sample values of parameters

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

nggs VEVs vy = vsinfB, vg = vcosPB and v = 174 GeV
tan [ 25
(HEY = ()o 0.1, 5.8, 5.8, 0.0, Ol)zd XNHd

N, = 1/4/2.7 1+ 1.32
Nig = 1/v/20 2+ 5.8




Sample values of parameters

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

nggs VEVs Uy = vsInfB, vg = vcosB and v = 174 GeV
tan (4 2
(Hy) = (
(Hg) = (

5!
)

0, 0.0, 2.7, 1.3, 0.0, 0.0) v; %X N,
0.0, 0.1, 5.8, 5.8, 0.0, 0.1) vg X Ng,,

. ) . Nu, = 1/4/2.72 +1.32
Moduli VEVs and Wilson-lines Ny = 10T B

— 6.0. 2 4n/9. =24 at Mgyt = 2.0 x 1016 GeV
(3.0, 1.0, 1.0) x 2.8 x 1078,
(4.1z, 1.0z, 1.02),
(107 1.9% 1.44,'0.7¢, 2.25; 1.77),




Quark masses and CKM mixings

as well as charged lepton masses

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

At the EW scale through 1-loop MSSM RGEs with y,

Sample values Observed
(12, M, M) (3.1:% 1072, 1.00..1.50 x10%) (2.3 x 10—=,1.28, 1.74 x 10%)
(mg, ms,mp) || (2.8 x107°,1.48 x 1071,6.46) | (4.8 x 1073,0.95 x 10~1,4.18)
(me, my, m;) || (4.68 x 107%,5.76 x 10~ 0. 107, 1.06 x 10~

0.98 021 0.0023 0.9
0.21 098 0.041 0

: 0.23 0.0035
2
0.011 0.040 1.0 0.00

-
3 097 0.041
87 0.040 1.0

e

A semi-realistic pattern from non-hierarchical paramters
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Majorana masses for N

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

Furthermore, if we assume nonperturbative
and/or higher-order effects yielding

W = MYNIN?

with

i 18
0 32 | x 102 GeV

1.8




Neutrino masses and PMNS mixings
as well as the previous charged lepton masses

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

At the EW scale through 1-loop MSSM RGEs with y,

Sample values Observed
(3.6 % 10~ 88 x 10~ 2.Fx 107)
7:50 % 1023

0.82 0.55
0.51 0.58

7.12 x 107

0.50 0.59 0.63
0.15 0.66 0.73

0.26 0.61

0.85 0.46 0.25)

A semi-realistic pattern from non-hierarchical paramters

18



Modulus mediated SUSY flavor violations

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

The most stringent bound from u—>ey on 6%,

165 L)l

Msgg=1TeV RY,=09,RT=1 —— " l@wd




Modulus & anomaly mediated SUSY flavor violations

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

The most stringent bound from u—>ey on 6%,

165 L)l

Msgg=1TeV RY,=09,RT=1 —— " l@wd




Modulus & anomaly mediated SUSY flavor violations

T. Kobayashi, H. Ohki, A. Oikawa, K. Sumita & H.A. 13

The most stringent bound from u—>ey on 6%,

|R,Y| << 1is required

Sizable SUSY breaking can
not be mediated by U,

Suitable moduli stabilization
(such as KKLT) is desired

165 L)l

Msgg=1TeV RY,=09,RT=1 —— " l@wd







MSSM from magnetized D9

The magnetic flux determines (yields) almost
everything at low energy:
o Gauge symmetries, chirality, # of generations
o Semi-realistic flavor structures
(from non-hierarchical VEVs of fields)
o Moduli-mediated superparticle spectra

20



MSSM from magnetized D9

The magnetic flux determines (yields) almost
everything at low energy:
o Gauge symmetries, chirality, # of generations
o Semi-realistic flavor structures
(from non-hierarchical VEVs of fields)
o Moduli-mediated superparticle spectra

The other choices of flux? (Flavor landscape)
T. Kobayashi, H. Ohki, K. Sumita, Y. Tatsuta & H.A., arXiv:1307.1831 [hep-th]

20



MSSM from magnetized D5-D9 or D3-D7

Generalizations are straightforward

T. Horie, K. Sumita & H.A., in preparation

e A systematic inclusion of hidden (and then
messenger) sectors

e The same (semi-realistic) flavor structure with
non-universal gaugino masses would be possible

P
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Generalizations are straightforward

T. Horie, K. Sumita & H.A., in preparation

e A systematic inclusion of hidden (and then
messenger) sectors

— Gauge mediated contribution also calculable

e The same (semi-realistic) flavor structure with
non-universal gaugino masses would be possible

P



MSSM from magnetized D5-D9 or D3-D7

Generalizations are straightforward

T. Horie, K. Sumita & H.A., in preparation

e A systematic inclusion of hidden (and then
messenger) sectors

— Gauge mediated contribution also calculable

e The same (semi-realistic) flavor structure with
non-universal gaugino masses would be possible

— Little hierarchy, 125 GeV Higgs mass, ... ?

P



Remaining issues

* Nonperturbative effects, higher-order corrections,
deviation (departure) from a toroidal geometry, ...

* Moduli stabilization, dynamical SUSY breaking, ...

* Cosmological aspects, ...

Py









Wilson-lines in magnetized T2

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

Magnetic flux with Wilson-line { ~ <A + iA,>

Zero-mode wavefunctions are just
shifted by ¢ in magnetized T?

Y(z) > P(z+0) z~y,+iys

Desired Hierarchical structures would be obtained by the shift



10D SYM theory on (T?)3

The torus compactification 72 x 12 x 172
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Superfield description of 10D SYM

N. Arkani-Hamed, T. Gregoire & J. Wacker '02

The action in the superspace

& / dOX \/—c, - Tr —EF”VFUJ %XF*’”DM/\}
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SUSY gauge background

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

The F- and D-flat directions

]

_ _ 1
F, = —h;d%. T ke (c)kAl —7 |Ag., Al])

4D Lorentz & SUSY |preserving background

(A) # 0] (A = (h)




Fluctuations around the VEVs
T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

~

V = )V, 0 = (¢i) + &, (0:) = (A:) V2

The action for the fluctuations (tildes omitted)
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Kaluza-Klein wavefunctions

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

KK mode expansion

i (i 5")]) ¥,

.9, n3) and n; € Z

We focus on the massless zero-modes in ¢; and omit n;




/ero-mode equations
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Zero-mode equations
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/ero-mode equations

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

Zero-mode equations
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These are exactly the same equations as those for the Dirac zero-
modes on T2 (in the complex coordinate)

N2

Wavefunctions are characterized by the Jacobi theta function




Magnetized orbifolds

K.S. Choi, T. Kobayashi, H. Ohki & H.A. 08 - ‘09

Orbifold by Z, projection operator P (P?=1)
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Orbifold projections
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T°/Z, orbifold

"m=4,5and "n=6,7,8,9

+PV(x. Y, +yn) P~ 3
+ P (2, Y, +yn) P71,
—Poo(Z, Ym, +yn) P71,
—P3(Z, Yy +Yn) P71,

projects out many exotic modes
without affecting MSSM contents




Orbifold projections

T. Kobayashi, H. Ohki,

] : 4 OrbifOld "m=4.5and|"n =6.7.8.9
2
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A. Oikawa, K. Sumita & H.A. ’12

2! ; =1
I-p(r")l (I- Ym, +yn)P 3
IP(DQ(I- Yms T Un )P_1 ;

j)(j)3('l’~ Ym +y'n)P—1-.
does not break SUSY preserved by the flux

projects out many exotic modes
without affecting MSSM contents




Parameterization of Wilson-lines
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Wilson-lines affecting MSSM contents are
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These shifts the position of the quasi-localization of MSSM
matter fields Q,U,D,L,N,E in extra dimensions

We search numerical values of these parameters which yield some
realistic patterns of the quark and lepton masses and mixings




Moduli VEVs

T. Kobayashi, H. Ohki, K. Sumita & H.A. '12

" S :dilaton

T.: Kahler moduli
from the rth T2

(r=1,2,3)

_ U, : complex structure moduli

(8 = 4872, ) =4 40, U) = u +6F

3
Reg = g_QHA(T). Ret, = ¢ 2A",
r=1

F°,F", FY : moduli mediated SUSY breaking




Soft SUSY breaking parameters
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SUSY breaking (reference) scale A = /Kg5FS

Ratios of F-terms

RT = VEnz F RU — vVEuo, F RO _ 1 FC/Cy

5 j\[gB ' ® .’\[5}3 ’ 7T2 A[SB

We analyzed SUSY flavor structures by varying these ratios,
especially R,Y




Comments on u-parameter
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We assume nonperturbative and/or higher-
order effects yielding W = px HXH?

with u,, satistying
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in order five of six Higgs fields to be decoupled
below the GUT scale.




