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We investigate a simple 5D extension of the Minimal Supersymmetric (SUSY) Standard Model (SM)

that is combined with the bulk matter Randall-Sundrum (RS) model, which gives a natural explanation the

Yukawa coupling hierarchy. In this model, matter and gauge superfields reside in the 5D bulk while a

SUSY breaking sector and the Higgs doublet superfields are localized on the infrared brane. The Yukawa

coupling hierarchy in SM can be naturally explained through the wavefunction localization of the matter

superfields. While sparticles obtain their flavor-blind soft SUSY breaking masses dominantly from the

gaugino-mediated SUSY breaking, flavor-violating soft terms arise through the gravity-mediated SUSY

breaking which are controlled by the wavefunction localization of the matter superfields. This structure of

the model allows us to predict the sparticle mass spectrum including flavor-violating terms. We first

explicitly determine the 5D disposition of matter superfields from the low-energy experimental data on

SM fermion masses, CKM matrix and the neutrino oscillation parameters. Then, we calculate particle

mass spectra and estimate the effects of the flavor-violating soft terms, which should be compared with the

current experimental constraints. With gravitino being the lightest sparticle (LSP), the next-to-LSP, which

is long-lived, is predicted most likely to be either singlet smuonlike or selectronlike. The model can be

tested at collider experiments through flavor-violating processes involving sparticles. The flavor structure

among sparticle, once observed, gives us a clue to deep understanding of the origin of Yukawa coupling

hierarchy.
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I. INTRODUCTION

The gauge hierarchy problem has been the main moti-
vation for physics beyond the standard model. One notable
solution to this problem is offered by Randall-Sundrum
(RS) model [1], which connects 4D Planck scale and the
electroweak scale by means of 5D warped geometry.
The RS setup also accommodates a natural explanation
to the Yukawa coupling hierarchy in its extension with
matters in the 5D bulk [2]. This bulk matter RS model
solves the Yukawa hierarchy problem with the following
common structure. We put Higgs on the infrared (IR) brane
and fermions in the bulk. With nonhierarchical 5D Dirac
masses, we localize the heavy fermions towards the IR
brane and the light ones towards the ultraviolet (UV) brane.
The wavefunction overlaps between the Higgs field and the
fermion fields give rise to the Yukawa coupling hierarchy.
In spite of their elegant solutions to the gauge hierarchy
problem and the Yukawa hierarchy mystery, the RS models
are under severe experimental constraints concerning the
Kaluza-Klein (KK) scale due to the flavor-changing neutral
currents caused by the KK states. Apart from the proton
decay problem, the most stringent constraint comes from
the data on K0- �K0 mixing and the 1st KK gluon mass
should be * 21 TeV [3]. This constraint thus spoils their
solution to the gauge hierarchy problem as well as their
experimental accessibility at the Large Hadron Collider

(LHC). (However imposing some flavor symmetry softens
the KK scale bound, see [4].)
In this paper, we study the supersymmterization of bulk

matter RS model [5]. This model resorts to supersymmetry
(SUSY) to solve the gauge hierarchy problem while main-
taining the natural explanation of bulk matter RS model to
the Yukawa hierarchy; the KK scale can be much higher
than the electroweak scale and SUSY fills the gap between
them. We especially investigate 5D Minimal SUSY
Standard Model (MSSM) in RS spacetime, where we allow
the gauge superfields to propagate in the bulk but localize
Higgs superfields and the SUSY breaking sector on the IR
brane, and the matter superfields are laid in the bulk with
various 5D profiles.
All phenomenological SUSY models require a realistic

SUSY breaking mechanism in harmony with experimental
bounds. Our model naturally incorporates gaugino-
mediated SUSY breaking mechanism as the matter super-
fields and SUSY breaking sector are (partly) separated by
the 5th dimension while the gauge superfields couple to the
SUSY breaking sector without suppression and mediate its
effects to matter sector. At the same time, it explains the
Yukawa coupling hierarchy through 5D localization of
matter fields. Because of this structure, the sequestering
is always incomplete; the superfields of 3rd generation
particles lean towards the IR brane so that they couple to
the SUSY breaking sector with less suppression. We thus
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have a unique pattern of flavor-violating soft mass terms
that are related to the origin of the Yukawa hierarchy.
Current experimental bounds on flavor violations give
strong constraints on the model and allow us to make
predictions on the sparticle mass spectrum as well as on
its flavor-violating effects. A similar setup was proposed in
[6] as a 5D realization of ‘‘flavorful supersymmetry’’ [7].

Our model is a simple 5D extension of the MSSM in the
RS spacetime, but has the ability to simultaneously provide
a viable SUSY breaking mechanism and explain the hier-
archical structure of Yukawa couplings. Since the sparticle
mass spectrum and the Yukawa coupling hierarchy are
rooted on the same 5D setup, this model has a strong
predictive power on both of flavor-conserving and flavor-
violating soft SUSY breaking terms.

In the next section, we write down a general form of
MSSM in the bulk of RS spacetime equipped with
gaugino-mediated SUSY breaking. In Sec. III, we assume
that all couplings in 5D theory are of Oð1Þ, and any
hierarchical structure in 4D theory originates from 5D
geometry. Based on this assumption, we determine 5D
disposition of matter superfields from the observed
fermion masses, Cabibbo-Kobayashi-Maskawa (CKM)
matrix and neutrino oscillation data. In Sec. IV, we make
general remarks on the SUSY breaking mass spectrum. In
Sec. V, we discuss the difference between our model and
minimal flavor violation. In Sec. VI, we calculate a sample
of mass spectra and study experimental bounds on them. In
Sec. VII, we discuss a signature of the model, that is,
unusual next-to-lightest sparticle (NLSP) and its flavor-
violating decay. The last section is devoted for conclusion.

II. SETUP

We consider 5D warped spacetime with the metric [1]:

ds2 ¼ e�2kjyj���dx
�dx� � dy2; (1)

where y is the 5th dimension compactified on the orbifold
S1=Z2: � �R � y � �R, and k is the AdS curvature that
is of the same order as the 5D Planck scale M5. Assuming
that the warp factor, e�kR�, is much smaller than 1, we
have the following relation for k and M5:

M2� ¼ M3
5

k
ð1� e�2kR�Þ ’ M3

5

k
; (2)

where M� is the 4D reduced Planck mass. This relation
implies k�M5 �M�. We put a UV brane at y ¼ 0 and an

IR brane at y ¼ �R. The fundamental scale on the UV
brane is M5, while that on the IR brane is M5e

�kR�. Note
that in our model,M5e

�kR� is not necessarily at TeV scale,
but is at an intermediate scale between M� and TeV.
All MSSM superfields reside in the bulk. However, for

simplicity, the Higgs superfields are assumed to be local-
ized on the IR brane. We adopt Polonyi model [8] for the
SUSY breaking sector and introduce a gauge-singlet chiral
superfield X on the IR brane, whose F-component develops
VEV to break supersymmetry. We take advantage of
Giudice-Masiero mechanism [9], namely, we impose an
appropriate R-symmetry to forbid the SUSY-conserving
�-term and force the �-term to arise from SUSY breaking
effects. In this paper, we assign the following R-charges to
X and the MSSM superfields:

X:0; Hu=d:0; Qi=Ui=Di=Li=Ei:þ 1;

where Hu, Hd, Qi, Ui, Di, Li, Ei, respectively, denote the
chiral superfields of up-type Higgs doublet, down-type
Higgs doublet, SU(2) doublet quark, singlet up-type quark,
singlet down-type quark, doublet lepton, singlet charged
lepton. Note that the above assignment permits higher
dimensional superpotential for light neutrino Majorana
masses.
The 5D bulk action is described with 5D N ¼ 1 gauge

multiplets and matter hyper-multiplets. We use 4D super-
field formalism extended with the 5th dimension y, follow-
ing [5].
An off-shell 5D N ¼ 1 gauge multiplet consists of a

5D gauge field AMðM ¼ 0; 1; 2; 3; 5Þ, two 4DWeyl spinors
�1, �2, a real scalar �, a real auxiliary field D and a
complex auxiliary field F, all of which transform as the
adjoint representation of some gauge group. They are
composed into one 4D N ¼ 1 gauge superfield V and
one 4D N ¼ 1 chiral superfield � that are

V ¼ ���� ��A� � i ��2��1 þ i�2 �� ��1 þ 1

2
��2�2D;�

¼ 1ffiffiffi
2

p ð�þ iA5Þ þ
ffiffiffi
2

p
��2 þ �2F:

Under Z2 parity: y ! �y, they transform as

V ! V; � ! ��:

The action for 5D N ¼ 1 gauge multiplets is given by

S5D gauge ¼
Z

dy
Z

d4xe�4kjyj
�

1

4ðga5Þ2
Z

d2�ekjyj trfðeð3=2ÞkjyjWa	Þðeð3=2ÞkjyjWa
	Þ þ H:c:g

þ 1

ðga5Þ2
Z

d4�e2kjyj trfð ffiffiffi
2

p
@y þ �ayÞe�Vð� ffiffiffi

2
p

@y þ �aÞeV � ð@ye�VÞð@yeVÞg
�
; (3)
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where a labels gauge groups and Wa	 denotes the field
strength of Va in 4D flat spacetime. When the unitary
gauge, Aa

5 ¼ 0, is chosen, only Va has a massless mode
in 4D picture. This mode has no dependence on y and will
be written as V0ðx; �; ��Þ.

A 5D N ¼ 1 hypermultiplet is expressed in terms of
two 4D N ¼ 1 chiral superfields �, �c that are in con-
jugate representations of some gauge group. We assume
that the former is Z2-even and the latter Z2-odd. Taking the
basis of diagonal bulk mass, we have the following action
for 5D N ¼ 1 hyper-multiplets:

S5D chiral ¼
Z

dy
Z

d4xe�4kjyj

�
�Z

d4�e2kjyjð�y
i e

�V�i þ�c
i e

V�cy
i Þ

þ
Z

d2�ekjyj�c
i f@y � �=

ffiffiffi
2

p � ð3=2� ciÞkg�i

þ H:c:

�
; (4)

where i is a flavor index and ci denotes the 5D bulk mass in
unit of AdS curvature k. Only �i has a massless mode in

4D picture, which will be written as 
iðx; �Þeð3=2�ciÞkjyj.
Let us write down the low-energy 4D effective action of

the fields in the bulk, which is described with the massless
modes of 5D N ¼ 1 gauge multiplets and 5D N ¼ 1
matter hyper-multiplets. After integrating over y, we obtain
the following 4D effective action:

S4 Deff ¼
Z

d4x

�
2�R

4ga25

Z
d2�Wa	Wa

	 þ H:c:

þ
Z

d4�2
eð1�2ciÞkR� � 1

ð1� 2ciÞk 
y
i e

�V
i

�
; (5)

where the dimensionful 5D gauge coupling, ga5 , is con-

nected to 4D gauge coupling ga4 by the relation: ga5 ¼ffiffiffiffiffiffiffiffiffiffi
2�R

p
ga4 .

Next we consider the theory on the IR brane. The IR
scale, M5e

�kR�, is a free parameter of the model and is
only assumed at an intermediate scale between the 5D
Planck and the electroweak scales.

On the IR brane, we introduce Polonyi model for SUSY
breaking:

SIR �
Z

d4x

�Z
d4�e�2kR�ðXyX þ . . .Þ

þ
Z

d2��2
XX þ H:c:

�
: (6)

where the ‘‘. . .’’ term is for stabilizing the scalar potential
of X at the origin. �X satisfies

e�2kR��2
X �M5e

�kR� � TeV; (7)

which is equivalent to

�X

M5
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TeV

M5e
�kR�

s
; (8)

so that it gives rise to gaugino masses at TeV scale through
the VEVof FX. Note that the scale of�X is between the 5D
Planck and the IR scales. This scale is put in by hand, as in
tree-level SUSY breaking models, or is generated through
a dynamical SUSY breaking mechanism [10], of which the
Polonyi term (6) is the effective theory. We additionally
assume that only the SUSY breaking term explicitly breaks
the R-symmetry.
Other terms on the IR brane are listed below:
MSSM term:

SIR�
Z
d4x

�Z
d4�e�2kR�fHy

u e�VHuþHy
d e

�VHdg

þ
Z
d2�e�3kR�

�
eð3�ci�cjÞkR� ðyuÞij

M5

HuUiQj

þeð3�ck�clÞkR� ðydÞkl
M5

HdDkQl

�
þH:c:

þ
Z
d2�e�3kR�eð3�cm�cnÞkR� ðyeÞmn

M5

HdEmLnþH:c:

�
:

(9)

Gaugino mass term:

SIR �
Z

d4x

�Z
d2�da

X

M5

Wa	Wa
	 þ H:c:

�
: (10)

Higgs SUSY breaking term:

SIR�
Z
d4x

�Z
d4�e�2kR�

�
dmu

Xy

M5

HuHd

þdbmu

XyX
M2

5

HuHdþH:c:

�

þ
Z
d4�e�2kR�

�
duA

XþXy

M5

Hy
uHuþdu0

XyX
M2

5

Hy
uHu

þddA
XþXy

M5

Hy
dHdþdd0

XyX
M2

5

Hy
dHd

��
: (11)

Matter soft mass term:

SIR �
Z

d4x

�Z
d4�e�2kR�eð3�ci�cjÞkR�

�
�
dQ1ij

Xþ Xy

M2
5

Qy
i Qj þ dQ2ij

XyX
M3

5

Qy
i Qj

��

þ ðQ ! U;D; L; EÞ: (12)
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A-term-generating term:

SIR �
Z

d4x

�Z
d2�e�3kR�

�
eð3�ci�cjÞkR� ðauÞij

M2
5

XHuUiQj

þ eð3�ck�clÞkR� ðadÞkl
M2

5

XHdDkQl

þ eð3�cm�cnÞkR� ðaeÞmn

M2
5

XHdEmLn

�
þ H:c:

�
: (13)

We omitted brane kinetic terms because they only affect
the overall normalization of the fields and are irrelevant to
the point of our model.

We normalize X,Hu,Hd,Qi,Ui,Di, Li, Ei to make their
kinetic terms of the 4D effective theory canonical. This is
done by the following rescaling:

X ! ~X ¼ e�kR�X;

Hu ! ~Hu ¼ e�kR�Hu;

Hd ! ~Hd ¼ e�kR�Hd;


i ! ~
i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
eð1�2ciÞkR� � 1

ð1� 2ciÞk

s

i;

(14)

where 
i denotes Qi, Ui, Di, Li or Ei. Then the MSSM
term becomes

SIR �
Z

d4x

�Z
d4�f ~Hy

ue�V ~Hu þ ~Hy
de

�V ~Hdg þ
Z

d2�

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2ci

2f1� e�ð1�2ciÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cj

2f1� e�ð1�2cjÞkR�g

s
k

M5

ðyuÞij ~Hu
~Ui

~Qj

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2ck

2f1� e�ð1�2ckÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cl

2f1� e�ð1�2clÞkR�g

s
k

M5

ðydÞkl ~Hd
~Dk

~Ql

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2cm

2f1� e�ð1�2cmÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cn

2f1� e�ð1�2cnÞkR�g

s
k

M5

ðyeÞmn
~Hd

~Em
~Ln

�
þ H:c:

�
: (15)

The gaugino mass term will be

SIR �
Z

d4x

�Z
d2�da

~X

M5e
�kR�

Wa	Wa
	 þ H:c:

�
: (16)

The Higgs SUSY breaking term will be

SIR �
Z

d4x

�Z
d4�

�
dmu

~Xy

M5e
�kR�

~Hu
~Hd þ dbmu

~Xy ~X
M2

5e
�2kR�

~Hu
~Hd þ H:c:þ duA

~X þ ~Xy

M5e
�kR�

~Hy
u ~Hu

þ du0
~Xy ~X

M2
5e

�2kR�
~Hy
u ~Hu þ ddA

~X þ ~Xy

M5e
�kR�

~Hy
d
~Hd þ dd0

~Xy ~X
M2

5e
�2kR�

~Hy
d
~Hd

��
: (17)

The matter soft mass term will be

SIR�
Z
d4x

�Z
d4�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�2ci

2f1�e�ð1�2ciÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�2cj

2f1�e�ð1�2cjÞkR�g

s
k

M5

�
dQ1ij

~Xþ ~Xy

M5e
�kR�

~Qy
i
~QjþdQ2ij

~Xy ~X
M2

5e
�2kR�

~Qy
i
~Qj

��

þð ~Q! ~U; ~D; ~L; ~EÞ: (18)

The A-term-generating term will be

SIR �
Z

d4x

�Z
d2�

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2ci

2f1� e�ð1�2ciÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cj

2f1� e�ð1�2cjÞkR�g

s
k

M5

ðauÞij
M5e

�kR�
~X ~Hu

~Ui
~Qj

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2ck

2f1� e�ð1�2ckÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cl

2f1� e�ð1�2clÞkR�g

s
k

M5

ðadÞkl
M5e

�kR�
~X ~Hd

~Dk
~Ql

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2cm

2f1� e�ð1�2cmÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cn

2f1� e�ð1�2cnÞkR�g

s
k

M5

ðaeÞmn

M5e
�kR�

~X ~Hd
~Em

~Ln

�
þ H:c:

�
: (19)

We introduce light neutrino masses by simply writing down higher dimensional operators on the IR brane, namely,

NOBUCHIKA OKADA AND TOSHIFUMI YAMADA PHYSICAL REVIEW D 84, 035005 (2011)

035005-4



SIR �
Z

d4x
Z

d2�e�3kR�eð3�cp�cqÞkR�ðY�Þpq
LpHuLqHu

M5

þ H:c:

¼
Z

d4x
Z

d2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cp

2f1� e�ð1�2cpÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cq

2f1� e�ð1�2cqÞkR�g

s
ðY�Þpq

~Lp
~Hu

~Lq
~Hu

M5e
�kR�

þ H:c: (20)

Note that the Kaluza-Klein (KK) scale, M5e
�kR�, is related to the scale of light neutrino masses. Another possibility is to

introduce singlet neutrino superfields and adopt the seesaw mechanism [11]. In this case, the KK scale can be a free
parameter of the model.

Now the MSSM Yukawa couplings are expressed as

ðYuÞij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2ci

2f1� e�ð1�2ciÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cj

2f1� e�ð1�2cjÞkR�g

s
k

M5

ðyuÞij;

ðYdÞkl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2ck

2f1� e�ð1�2ckÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cl

2f1� e�ð1�2clÞkR�g

s
k

M5

ðydÞkl;

ðYeÞmn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2cm

2f1� e�ð1�2cmÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cn

2f1� e�ð1�2cnÞkR�g

s
k

M5

ðyeÞmn;

(21)

and the neutrino mass matrix m� is given by

ðm�Þpq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2cp

2f1� e�ð1�2cpÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cq

2f1� e�ð1�2cqÞkR�g

s
ðY�Þpq v2

u

M5e
�kR�

: (22)

The geometrical factor
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2cÞ=ð2f1� e�ð1�2cÞkR�gÞ

q
has a unique property. For c < 1=2, it is approximated byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2� c

p
and is Oð1Þ. For c > 1=2, it is approximated byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c� 1=2
p

e�ðc�1=2ÞkR� and is exponentially suppressed.
Therefore this factor can generate the large hierarchy of
the Yukawa couplings without hierarchy. In the following,
we assume that the components of 5D coupling matrices,
yu, yd, ye, Y�, are all Oð1Þ and that the hierarchical struc-
ture of MSSM Yukawa couplings and the neutrino mass
matrix arises from the following terms:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2ci

2f1� e�ð1�2ciÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cj

2f1� e�ð1�2cjÞkR�g

s
:

We define geometrical factors 	i as

	i �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2cqi

2f1� e�ð1�2cqiÞkR�g

s
with i ¼ 1; 2; 3 (23)

for the i-th generation of SU(2) doublet quark superfields.
Similarly, we define �i, �i, i, �i for SU(2) singlet up-type
quark, singlet down-type quark, doublet lepton, singlet
neutrino and singlet charged lepton, respectively. Thus,
the up-type quark Yukawa matrix Yu, the down-type
Yukawa matrix Yd and the charged lepton Yukawa matrix
Ye (in the basis of diagonal 5D bulk mass) are given by

ðYuÞij ��i	j; ðYdÞij ��i	j; ðYeÞij � �ij; (24)

and the neutrino mass matrix m� is given by

ðm�Þij � ij

v2
u

M5e
�kR�

; (25)

with VEVof the up-type Higgs doublet vu.

III. YUKAWA COUPLING HIERARCHY
FROM GEOMETRY

In this section, we determine the order of the geometrical
factors,	i,�i, �i, i, �i, from the experimental data on SM
fermion masses, CKM matrix and the neutrino oscillation
parameters. Note that the geometrical factors must be eval-
uated at the KK scale, ke�kR�, where the 5D theory is
connected to the 4D effective theory. However, as is seen
from [12], the renormalization group (RG) running changes
theYukawa couplings by atmost a factor 2 andCKMmatrix
components by at most 1.2 through the RG running from
�1015 GeV to electroweak scale. Also the neutrino mass
matrix is affected only by Oð1Þ through the RG running
[13]. Thereforewe can estimate the order of	i,�i,�i,i, �i
directly from the experimental data at low energies.
We first show the model’s predictions on Yukawa eigen-

values and CKM matrix. Let us diagonalize the Yukawa
matrices:

VuYuU
y
u ¼ diag;

VdYdU
y
d ¼ diag;

VeYeU
y
e ¼ diag:
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For successful diagonalization of the hierarchical Yukawa
matrices, the unitary matrices,Uu,Ud, Vu, Vd,Ue, Ve, need
to have the following structure:

Uu�Ud�
1 0 0

	1=	2 1 0

	1=	3 	2=	3 1

0
BB@

1
CCA; Vu�ð	!�Þ;

Vd�ð	!�Þ; Ue�ð	!Þ; Ve�ð	!�Þ
(26)

which leads to

VuYuU
y
u � diagð�1	1; �2	2; �3	3Þ;

VdYdU
y
d � diagð�1	1; �2	2; �3	3Þ;

VeYeU
y
e � diagð�11; �22; �33Þ:

(27)

The hierarchical structure of CKM matrix UCKM is
given by

UCKM ¼ UuU
y
d �

1 	1=	2 	1=	3

	1=	2 1 	2=	3

	1=	3 	2=	3 1

0
@

1
A: (28)

The absolute values of the CKM matrix components, jUCKMj, at electroweak scale has been measured as [14]

jUCKM½MW�j ¼
0:97419	 0:00022 0:2257	 0:0010 0:00359	 0:00016
0:2256	 0:0010 0:97334	 0:00023 0:0415þ 0:0010� 0:0011

0:00874þ 0:00026� 0:00037 0:0407	 0:0010 0:999133þ 0:000044� 0:000043

0
@

1
A:

We approximate this matrix by the following formula:

jUCKMj ’
1 � �3

� 1 �2

�3 �2 1

0
B@

1
CA with � ¼ 0:22: (29)

To discuss the neutrino mass matrix, we adopt the tri-
bi-maximal mixing matrix [15] (which gives almost the
best fit in the neutrino oscillation data):

UMNS ¼

ffiffi
2
3

q ffiffi
1
3

q
0

�
ffiffi
1
6

q ffiffi
1
3

q ffiffi
1
2

q
�

ffiffi
1
6

q ffiffi
1
3

q
�

ffiffi
1
2

q

0
BBBB@

1
CCCCA

and the following data on neutrino mass squared differ-
ences [14]:

�m2
21 ¼ 7:59	 0:20� 10�5eV2;

j�m2
32j ¼ 2:43	 0:13� 10�3 eV2:

Also we assume that the mass of the lightest neutrino is
negligible, for simplicity. Then the neutrino mass matrix,
UMNSdiagðm�1; m�2; m�3ÞUy

MNS, is given by

UMNSdiagðm�1; m�2; m�3ÞUy
MNS

¼
0:29 0:29 0:29
0:29 2:8 �2:2
0:29 �2:2 2:8

0
@

1
A� 10�11 GeV (30)

for the normal hierarchy case, while

UMNSdiagðm�1; m�2; m�3ÞUy
MNS

¼
4:9 0:026 0:026

0:026 2:5 2:5
0:026 2:5 2:5

0
@

1
A� 10�11 GeV (31)

for the inverted hierarchy case.
Now we are ready to compare the model parameters

with the experimental data and estimate the order of 	i,�i,
�i, i, �i. For Yukawa eigenvalues, we simply have

�1	1 �mu=v sin�;

�2	2 �mc=v sin�;

�3	3 �mt=v sin�;

(32)

�1	1 �md=v cos�;

�2	2 �ms=v cos�;

�3	3 �mb=v cos�;

(33)

�11 �me=v cos�;

�22 �m�=v cos�;

�33 �m�=v cos�:

(34)

Since the top Yukawa coupling is of �1, we have
	3�3 � 1, which leads to

	3 � �3 � 1: (35)

Comparing (28) with (29), we find

	1 � �3; 	2 � �2: (36)

We then have
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�1 � ��3mu=v sin�; �2 � ��2mc=v sin�; (37)

�1 � ��3md=v cos�;

�2 � ��2ms=v cos�;

�3 �mb=v cos�:

(38)

Next compare the matrix (25) with the observed neutrino
mass matrix. For the normal hierarchy case, it is possible to
reproduce the hierarchical structure of the neutrino mass
matrix by adjusting

31 � 2 � 3 (39)

with the factor 3 coupling of the 5D theory. On the other
hand, for the inverted hierarchy case, we cannot reproduce
the neutrino mass matrix with Oð1Þ couplings. The situ-
ation gets worse if we consider non-negligible mass of the
lightest neutrino. Therefore, the model favors the normal
hierarchy of neutrino masses with the relation (39). We
estimate �i from the relation (39) as

�1 � 3�1
3 me=v cos�;

�2 � �1
3 m�=v cos�;

�3 � �1
3 m�=v cos�:

(40)

Finally, we refer to the connection between the light
neutrino mass scale and the KK scale. If the neutrino mass
arises from higher dimensional superpotential, as in (25),
the two scales are related through the following formula:

2
3

v2
u

M5e
�kR�

� 3� 10�11 GeV: (41)

Based on the relation above, we can estimate the KK scale
from the value of 3.

IV. TWO ORIGINS OF SOFT SUSY
BREAKING TERMS

In this model, SUSY breaking terms have two origins.
One is contact terms between the SUSY breaking sector
and the MSSM sector on the IR brane (gravity mediation
contributions) [16]. The other is radiative corrections, in
particular, the renormalization group effects from gaugino
soft masses (gaugino mediation contributions) [17]. For
the superpartners of matter particles, the former induce
flavor-violating soft terms while the latter mainly generate
flavor-diagonal terms Because of the model’s structure, the
gravity mediation contributions are related to the 5D dis-
position of matter superfields that gives rise to the Yukawa
coupling hierarchy.

As is argued in [18], when the square root of spacelike

momentum, p � ffiffiffiffiffiffiffiffiffiffi�p2
p

, is larger than the KK scale,
ke�kR�, 5D gaugino propagator connecting the UV and
the IR branes is suppressed by the factor

exp½�p=ðke�kR�Þ�:
Since the integral of loop momentum is done with
Euclidized momentum, l2E ¼ �l2, loop diagrams contain-
ing gaugino propagators between the two branes are also
exponentially suppressed when the range of integral is
limited to ½Oðke�kR�Þ;1Þ, that is, when the renormaliza-
tion scale is around the KK scale. Matter superfields con-
fined on the UV brane receive SUSY breaking effects
through loop diagrams involving gaugino propagators in
the bulk and gaugino mass on the IR. Hence we argue that,
at the scale of ke�kR�, matter SUSY particles in the bulk
gain SUSY breaking mass only through the contact terms
on the IR brane, and radiative corrections through gauginos
are negligible. When p < ke�kR�, 5D gaugino propagator
approaches to the 4D one divided by�R, and matter SUSY
particles receive SUSY breaking effects through gaugino
radiative corrections just as in 4D MSSM. Based on the
discussions above, we calculate the SUSY breaking mass
spectrum in the following way: At the renormalization
scale �r ¼ ke�kR�, SUSY breaking terms arise only
from contact terms on the IR brane (gravity mediation).
In particular, 1st generation matter sparticles that are lo-
calized towards the UV brane have almost zero soft mass.
Below the scale of ke�kR�, the RG equations of 4D MSSM
controls the mass spectrum (gaugino mediation). Therefore
we can calculate the sparticle mass spectrum at the elec-
troweak scale by solving the MSSMRG equations with the
initial condition that, at �r ¼ ke�kR�, SUSY breaking
terms be given by the IR brane contact terms. In the rest
of the paper, we denote the scale ke�kR� as Mcut.
At �r ¼ Mcut, the SUSY breaking terms are given as

follows:

gaugino masses Ma
1=2 ¼ �da4ðga4Þ2

hF ~Xi
M5e

�kR�
(42)

Higgs B� termB� ¼ dbmu

jhF ~Xij2
M2

5e
�2kR�

(43)

Higgs soft massesm2
Hu

¼ ð�du0 þ d2uAÞ
jhF ~Xij2

M2
5e

�2kR�
(44)

m2
Hd

¼ ð�dd0 þ d2dAÞ
jhF ~Xij2

M2
5e

�2kR�
(45)

matter softmassesðm2
QÞij¼ð�dQ2ijþd2Q1ijÞ	i	j

jhF ~Xij2
M2

5e
�2kR�

ðQ;	Þ!ðU;�Þ;ðD;�Þ;ðL;Þ;ðE;�Þ
(46)
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A-termsðAuÞij ¼ �duAðyuÞij�i	j

k

M5

hF ~Xi
M5e

�kR�

þ ðauÞij�i	j

k

M5

hF ~Xi
M5e

�kR�

¼ �duAðYuÞij hF ~Xi
M5e

�kR�

þ ðauÞij�i	j

k

M5

hF ~Xi
M5e

�kR�
(47)

ðAdÞij ¼ �ddAðYdÞij hF ~Xi
M5e

�kR�
þ ðadÞij�i	j

k

M5

hF ~Xi
M5e

�kR�

(48)

ðAeÞij ¼ �ddAðYeÞij hF ~Xi
M5e

�kR�
þ ðaeÞij�ij

k

M5

hF ~Xi
M5e

�kR�

(49)

where 	i, �i, �i, i, �i are defined as in (23). In addition,
the �-term arises from the SUSY breaking effects
(Giudice-Masiero mechanism):

� ¼ dmu

hF ~Xi
M5e

�kR�
: (50)

Note that the flavor structure of matter soft masses and
A-terms corresponds to the Yukawa coupling and neutrino
mass matrix hierarchy in a unique way, governed by	i,�i,
�i, i, �i.

We solve the MSSM RG equations from Mcut toward
low energies with the initial conditions (42)–(50), and
evaluate the sparticle mass spectrum at the electroweak
scale.

Finally we remark on the nature of the lightest SUSY
particle (LSP) and the next-to-lightest SUSY particle
(NLSP) in this model. The gravitino mass is given by

m3=2 ’ jhF ~Xijffiffiffi
3

p
M�

¼ jhF ~Xijffiffiffi
3

p
M5e

�kR�

M5e
�kR�

M�
� TeV� e�kR�;

(51)

and thus gravitino is always LSP, as in [19]. NLSP mainly
consists of singlet sleptons whose flavor composition de-
pends on the amount of gravity mediation contributions.
Normally, the singlet stau is lighter than smuon and selec-
tron due to its large Yukawa coupling, but in this model, it
gains large soft mass through gravity mediation and may
not be the lightest. As with other gravitino LSP scenarios,
NLSP is long-lived because its coupling to gravitino is
suppressed by 1=jhF ~Xij.

V. COMPARISON WITH MINIMAL
FLAVOR VIOLATION

The minimal flavor violation (MFV) is the setup that
only SM Yukawa couplings violate flavor symmetry. In
MFV, flavor-violating soft terms are generated via the
MSSM RG equations involving Yukawa couplings. We
here estimate the orders of the flavor-violating soft terms
generated through RG running in MFV, and compare them
with those via the gravity mediation in our model. We will
see that the latter show different patterns from the former.
We first introduce a flavor basis where Yu or Yd and Ye

are diagonalized by the following unitary matrices U�:

UUYuUQu ¼ ðdiagÞ;
UDYdUQd ¼ ðdiagÞ;
UEYeUL ¼ ðdiagÞ:

Note that U�’s depend on the renormalization scale as
Yukawa matrices receive RG corrections. We will estimate
the orders of the changes of U�’s through RG running.
Below is the RG equations for Yu:

�
d

d�
ðUUYuUQuÞ ¼

�
�

d

d�
UU

�
Uy

UðUUYuUQuÞ þUU

�
�

d

d�
Yu

�
UQu þ ðUUYuUQuÞUy

Qu

�
�

d

d�
UQu

�

¼
�
�

d

d�
UU

�
Uy

UðUUYuUQuÞ þ 1

16�2
UU

�
YuY

y
d Yd þ 3YuY

y
u Yu þ 3 tr½Yy

u Yu�Yu þ tr½Yy
DYD�Yu

�
�
13

15
g21 þ 3g22 þ

16

3
g23

�
Yu

�
UQu þ ðUUYuUQuÞUy

Qu

�
�

d

d�
UQu

�
; (52)

where YD is neutrino Dirac Yukawa coupling which ap-
pears when we introduce the singlet neutrinos lighter than
Mcut. We hereafter adopt the GUT normalization for g1.
From (52), we see that UUYuUQu remains diagonal during
RG running when the unitary matrices satisfy the following
conditions,

�
d

d�
UU ¼ 0; (53)

�
d

d�
UQu

¼� 1

16�2
ðoff-diagonal components ofYy

d YdÞUQu: (54)

In the same manner, we obtain the following conditions for
keeping UDYdUQd and UEYeUL diagonal:
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�
d

d�
UD ¼ 0; (55)

�
d

d�
UQd ¼ � 1

16�2

�ðoff-diagonal components of Yy
u YuÞUQd;

(56)

�
d

d�
UE ¼ 0; (57)

�
d

d�
UL ¼ � 1

16�2

�ðoff-diagonal components of Yy
DYDÞUL:

(58)

Now that we know how Yu-diagonal basis, Yd-diagonal
basis and Ye-diagonal basis change through RG running,
we estimate the orders of MFV effects on A-terms in
these bases. The MSSM RG equations for A-terms are
given by:

16�2�
d

d�
Au ¼ 3AuY

y
u Yuþ 3YuY

y
u AuþAuY

y
d Ydþ 2YuY

y
d Adþ 2

�
3 tr½Yy

u Au�� 13

15
g21M

a¼1
1=2 � 3g22M

a¼2
1=2 � 16

3
g23M

a¼3
1=2

�
Yu

þ
�
3tr½Yy

u Yu�� 13

15
g21� 3g22�

16

3
g23

�
Auþ tr½Yy

DYD�Auþ tr½Yy
DAD�Yu; (59)

16�2�
d

d�
Ad ¼ 3AdY

y
d Yd þ 3YdY

y
d Ad þ AdY

y
u Yu þ 2YdY

y
u Au þ 2

�
3 tr½Yy

d Ad� þ tr½Yy
e Ae� � 7

15
g21M

a¼1
1=2 � 3g22M

a¼2
1=2

� 16

3
g23M

a¼3
1=2

�
Yd þ

�
3 tr½Yy

d Yd� þ tr½Yy
e Ye� � 7

15
g21 � 3g22 �

16

3
g23

�
Ad; (60)

16�2�
d

d�
Ae ¼ 3AeY

y
e Ye þ 3YeY

y
e Ae þ 2

�
3 tr½Yy

d Ad� þ tr½Yy
e Ae� � 9

5
g21M

a¼1
1=2 � 3g22M

a¼2
1=2

�
Ye

þ
�
3 tr½Yy

d Yd� þ tr½Yy
e Ye� � 9

5
g21 � 3g22

�
Ae þ AeY

y
DYD þ 2YeY

y
DAD; (61)

where neutrino Dirac Yukawa coupling YD and the corresponding A-term AD appear when we introduce singlet neutrinos
lighter than Mcut. From (53)–(61), we obtain the following equations for Au, Ad, Ae respectively in Yu, Yd, Ye-bases:

16�2�
d

d�
ðUUAuUQuÞ ¼ 3UUAuY

y
u YuUQu þ 3UUYuY

y
u AuUQu þ ðUUAuUQuÞðdiagonal part ofUy

QuY
y
d YdUQuÞ

þ 2UUYuY
y
d AdUQu þ 2

�
3 tr½Yy

u Au� � 13

15
g21M

a¼1
1=2 � 3g22M

a¼2
1=2 � 16

3
g23M

a¼3
1=2

�
ðUUYuUQuÞ

þ
�
3 tr½Yy

u Yu� � 13

15
g21 � 3g22 �

16

3
g23

�
ðUUAuUQuÞ þ tr½Yy

DYD�ðUUAuUQuÞ

þ tr½Yy
DAD�ðUUYuUQuÞ; (62)

16�2�
d

d�
ðUDAdUQdÞ¼3UDAdY

y
d YdUQdþ3UDYdY

y
d AdUQdþðUDAdUQdÞðdiagonal part ofUy

QdY
y
u YuUQdÞ

þ2UDYdY
y
u AuUQdþ2

�
3tr½Yy

d Ad�þ tr½Yy
e Ae�� 7

15
g21M

a¼1
1=2 �3g22M

a¼2
1=2

�16

3
g23M

a¼3
1=2

�
ðUDYdUQdÞþ

�
3tr½Yy

d Yd�þ tr½Yy
e Ye�� 7

15
g21�3g22�

16

3
g23

�
ðUDAdUQdÞ; (63)

16�2�
d

d�
ðUEAeULÞ¼3UEAeY

y
e YeULþ3UEYeY

y
e AeULþ2

�
3tr½Yy

d Ad�þ tr½Yy
e Ae��9

5
g21M

a¼1
1=2 �3g22M

a¼2
1=2

�
ðUEYeULÞ

þ
�
3tr½Yy

d Yd�þ tr½Yy
e Ye��9

5
g21�3g22

�
ðUEAeULÞþðUEAeULÞðdiagonal part ofUy

LY
y
DYDULÞ

þ2UEYeY
y
DADUL; (64)
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To study the effects of MFV, we set the initial conditions
for Au, Ad, Ae as

ðAuÞijjini ¼ MuðYuÞij; ðAdÞijjini ¼ MdðYdÞij;
ðAeÞijjini ¼ MeðYeÞij

with mass parameters, Mu, Md and Me. Then the terms
2UUYuY

y
d AdUQu in (62), 2UDYdY

y
u AuUQd in (63) and

2UEYeY
y
DADUL in (64) respectively give rise to off-

diagonal terms of ðUUAuUQuÞ, ðUDAdUQdÞ, ðUEAeULÞ,
which were initially diagonal. These off-diagonal terms
in turn generate off-diagonal terms through (62)–(64), but
this does not change the orders of themselves. Noting that
the orders of the Yukawa components in each basis are
given as (ij is the ordinary Kronecker’s delta):

ðUUYuUQuÞij � �i	iij; ðUUYdUQuÞij � �i	j;

ðUDYuUQdÞij � �i	j; ðUDYdUQdÞij � �i	iij;

ðUEYeULÞij � �iiij; ðUEYDULÞij � �ij;

where �i’s are the geometrical factors for singlet neutrinos
satisfying �i & 1, we estimate the orders of the off-
diagonal terms of ðUUAuUQuÞ, ðUDAdUQdÞ, ðUEAeULÞ
that arise through RG running as (i � j):

�ðUUAuUQuÞij � 1

16�2
ln

�
Mcut

MW

�
2ðUUYuY

y
d AdUQuÞij

� 2

16�2
ln

�
Mcut

MW

�
�i	i	ið�3Þ2	jMu; (65)

�ðUDAdUQdÞij � 1

16�2
ln

�
Mcut

MW

�
2ðUDYdY

y
u AuUQdÞij

� 2

16�2
ln

�
Mcut

MW

�
�i	i	ið�3Þ2	jMd; (66)

�ðUEAeULÞij � 1

16�2
ln

�
Mcut

Mseesaw

�
2ðUEYeY

y
DADULÞij

� 2

16�2
ln

�
Mcut

Mseesaw

�
�iiið�3Þ2jMe; (67)

where Mseesaw indicates the mass scale of the singlet neu-
trinos if they exist. We used the approximation that

P
kð�kÞ2 ’ ð�3Þ2,

P
kð�kÞ2 ’ ð�3Þ2 and

P
kð�kÞ2 ’ ð�3Þ2.

As for diagonal terms of ðUUAuUQuÞ, ðUDAdUQdÞ,
ðUEAeULÞ, the Eqs. (65)–(67) do not change their orders.
In conclusion, the orders of MFV effects on A-terms are
given by the estimates (65)–(67).
We next estimate the orders of MFV effects on matter

soft mass terms, m2
Q, m

2
U, m

2
D, m

2
L, m

2
E, in the basis where

Yu or Yd and Ye are diagonal. Below is the list of those
terms in MSSM RG equations that give rise to flavor
nonuniversal soft masses:

16�2�
d

d�
m2

Q � Yy
u Yum

2
Q þm2

QY
y
u Yu þ 2Yy

um2
UYu

þ 2ðYy
u YuÞm2

Hu
þ Yy

d Ydm
2
Q þm2

QY
y
d Yd

þ 2Yy
dm

2
DYd þ 2ðYy

d YdÞm2
Hd

þ 2Ay
uAu þ 2Ay

dAd; (68)

16�2�
d

d�
m2

U � 2YuY
y
um2

U þ 2m2
UYuY

y
u þ 4Yum

2
QY

y
u

þ 4ðYuY
y
u Þm2

Hu
þ 4AuA

y
u ; (69)

16�2�
d

d�
m2

D � 2YdY
y
dm

2
D þ 2m2

DYdY
y
d þ 4Ydm

2
QY

y
d

þ 4ðYdY
y
d Þm2

Hd
þ 4AdA

y
d ; (70)

16�2�
d

d�
m2

L � Yy
e Yem

2
L þm2

LY
y
e Ye þ 2Yy

e m2
EYe

þ 2ðYy
e YeÞm2

Hd
þ 2Ay

eAe þ Yy
DYDm

2
L

þm2
LY

y
DYD þ 2Yy

Dm
2
NYD þ 2ðYy

DYDÞm2
Hu

þ 2Ay
DAD; (71)

16�2�
d

d�
m2

E � 2YeY
y
e m2

E þ 2m2
EYeY

y
e þ 4Yem

2
LY

y
e

þ 4ðYeY
y
e Þm2

Hd
þ 4AeA

y
e ; (72)

where again, YD and AD appear when singlet neutrinos
lighter than Mcut exist. From (53)–(58) and (68)–(72), we
obtain the following equations form2

Q in Yu-diagonal basis,

m2
U in Yu-diagonal basis, m

2
D in Yd-diagonal basis, m

2
L in

Ye-diagonal basis and m2
E in Ye-diagonal basis:

16�2�
d

d�
ðUy

Qum
2
QUQuÞ � Uy

QuY
y
u Yum

2
QUQu þUy

Qum
2
QY

y
u YuUQu þ 2Uy

QuY
y
um2

UYuUQu þ 2ðUy
QuY

y
u YuUQuÞm2

Hu

þUy
Quðdiagonal parts of Yy

d YdÞUQuðUy
Qum

2
QUQuÞ

þ ðUy
Qum

2
QUQuÞUy

Quðdiagonal parts of Yy
d YdÞUQu þ 2Uy

QuY
y
dm

2
DYdUQu

þ 2ðUy
QuY

y
d YdUQuÞm2

Hd
þ 2Uy

QuA
y
uAuUQu þ 2Uy

QuA
y
dAdUQu; (73)
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16�2�
d

d�
ðUUm

2
UU

y
UÞ � 2UUYuY

y
um2

UU
y
U þ 2UUm

2
UYuY

y
uU

y
U þ 4UUYum

2
QY

y
uU

y
U þ 4ðUUYuY

y
uU

y
UÞm2

Hu
þ 4UUAuA

y
uU

y
U;

(74)

16�2�
d

d�
ðUDm

2
DU

y
DÞ � 2UDYdY

y
dm

2
DU

y
D þ 2UDm

2
DYdY

y
dU

y
D þ 4UDYdm

2
QY

y
dU

y
D þ 4ðUDYdY

y
dU

y
DÞm2

Hd
þ 4UDAdA

y
dU

y
D;

(75)

16�2�
d

d�
ðUy

Lm
2
LULÞ � Uy

LY
y
e Yem

2
LUL þUy

Lm
2
LY

y
e YeUL þ 2Uy

LY
y
e m2

EYeUL þ 2ðUy
LY

y
e YeULÞm2

Hd
þ 2Uy

LA
y
e AeUL

þUy
Lðdiagonal parts of Yy

DYDÞULðUy
Lm

2
LULÞ þ ðUy

Lm
2
LULÞUy

Lðdiagonal parts of Yy
DYDÞUL

þ 2Uy
LY

y
Dm

2
NYDUL þ 2ðUy

LY
y
DYDULÞm2

Hu
þ 2Uy

LA
y
DADUL; (76)

16�2�
d

d�
ðUEm

2
EU

y
EÞ�2UEYeY

y
e m2

EU
y
Eþ2UEm

2
EYeY

y
e U

y
Eþ4UEYem

2
LY

y
e U

y
Eþ4ðUEYeY

y
e U

y
EÞm2

Hd
þ4UEAeA

y
eU

y
E: (77)

To extract the effects of MFVon matter soft mass terms, we
consider the case with the following initial conditions:

ðm2�Þijjini ¼ m2
�0ijð� ¼ Q;U;D; L; E; NÞ;

ðAuÞijjini ¼ MuðYuÞij;
ðAdÞijjini ¼ MdðYdÞij;
ðAeÞijjini ¼ MeðYeÞij;
ðADÞijjini ¼ MDðYDÞij:

In (71), the terms involving Yd or Ad induce the off-
diagonal terms of ðUy

Qum
2
QUQuÞ of the order (i � j):

�ðUy
Qum

2
QUQuÞij � 1

16�2
ln

�
Mcut

MW

�
	ið�3Þ2	j

� f2m2
Q0 þ 2m2

D0 þ 2m2
Hd þ 2M2

dg:
(78)

It is then clear that, in Yd-diagonal basis, ðUy
Qdm

2
QUQdÞ

obtain the off-diagonal terms of the order (i � j):

�ðUy
Qdm

2
QUQdÞij � 1

16�2
ln

�
Mcut

MW

�
	ið�3Þ2	j

� f2m2
Q0 þ 2m2

U0 þ 2m2
Hu þ 2M2

ug:
(79)

If singlet neutrinos lighter thanMcut exist, the terms in (74)
involving YD or AD induce the off-diagonal terms of
ðUy

Lm
2
LULÞ of the order (i � j):

�ðUy
Lm

2
LULÞij� 1

16�2
ln

�
Mcut

Mseesaw

�
ið�3Þ2j

�f2m2
L0þ2m2

N0þ2m2
Huþ2M2

Dg: (80)

On the other hand, for ðUUm
2
UU

y
UÞ, off-diagonal terms arise

from the following two terms in (74):

4UUYum
2
QY

y
uU

y
U ¼ 4ðUUYuU

y
QuÞðUQum

2
QU

y
QuÞðUy

QuY
y
uU

y
UÞ;

4UUAuA
y
uU

y
U ¼ 4ðUUAuU

y
QuÞðUy

QuA
y
uU

y
UÞ: (81)

Off-diagonal terms of ðUy
Qum

2
QUQuÞ induced through (73)

and those of ðUUAuUQuÞ induced through (62) in turn give
rise to off-diagonal terms of ðUUm

2
UU

y
UÞ through (81).

Therefore, from (78) and (65), we estimate off-diagonal
terms of ðUUm

2
UU

y
UÞ induced by RG running as (i � j):

�ðUUm
2
UU

y
UÞij �

�
1

16�2
ln

�
Mcut

MW

��
2
�
4�i	i	ið�3Þ2	j	j�jð2m2

Q0 þ 2m2
D0 þ 2m2

Hd þ 2M2
dÞ

þ 4
X
k

ð�i	iikMu þ �i	i	ið�3Þ2	kMuÞð	k�kkjMu þ 	kð�3Þ2	j	j�jÞ
�

�
�

1

16�2
ln

�
Mcut

MW

��
2½4�ið	iÞ2ð�3Þ2ð	jÞ2�jð2m2

Q0 þ 2m2
D0 þ 2m2

Hd þ 2M2
dÞ

þ 8�ið	iÞ2ð�3Þ2ð	jÞ2�jM
2
u þ 4�ið	iÞ2ð�3Þ2ð	3Þ2ð�3Þ2ð	jÞ2�jM

2
u�: (82)
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Likewise, we obtain the following estimates on off-diagonal terms of ðUDm
2
DU

y
DÞ and ðUEm

2
EU

y
EÞ (i � j):

�ðUDm
2
DU

y
DÞij �

�
1

16�2
ln

�
Mcut

MW

��
2½4�ið	iÞ2ð�3Þ2ð	jÞ2�jð2m2

Q0 þ 2m2
U0 þ 2m2

Hu þ 2M2
uÞ

þ 8�ið	iÞ2ð�3Þ2ð	jÞ2�jM
2
d þ 4�ið	iÞ2ð�3Þ2ð	3Þ2ð�3Þ2ð	jÞ2�jM

2
d�; (83)

�ðUEm
2
EU

y
EÞij �

�
1

16�2
ln

�
Mcut

Mseesaw

��
2 � ½4�iðiÞ2ð�3Þ2ðjÞ2�jð2m2

L0 þ 2m2
N0 þ 2m2

Hu þ 2M2
DÞ

þ 8�iðiÞ2ð�3Þ2ðjÞ2�jM2
d þ 4�iðiÞ2ð�3Þ2ð3Þ2ð�3Þ2ðjÞ2�jM2

e�: (84)

In summary, the orders of MFVeffects on soft mass terms
are given in (79), (80), and (82)–(84).

We have estimated the orders of MFVeffects on A-terms
and soft mass terms in the basis where Yu or Yd and Ye are
diagonal. In the rest of the section, we compare MFV
effects with flavor-violating gravity mediation effects of
our model and discuss their difference.

Flavor-violating gravity mediation effects at the scale
Mcut can be read from (46)–(48), (48), and (49). We assume
that the couplings in 5D theory, d�, a�, are all Oð1Þ. This is
a natural assumption because we are trying to explain the
hierarchy of 4D theory from 5D geometrical point of view.
In an arbitrary basis, the flavor-violating parts of A-terms
that arise from gravity mediation and are not proportional
to the corresponding Yukawa couplings are given by

ðAuÞij � ��i	jMX; (85)

ðAdÞij � ��i	jMX; (86)

ðAeÞij � ��ijMX (87)

at the scale Mcut, where MX is defined as

MX � jhF ~Xij
M5e

�kR�
:

Matter soft mass terms that arise from gravity mediation
are given by

ðm2
QÞij�	i	jM

2
X; ðQ;	Þ!ðU;�Þ;ðD;�Þ;ðL;Þ;ðE;�Þ

(88)

at the scale Mcut. First, we argue that, at the electroweak
scale, the flavor-violating parts of A-terms that are not
proportional to the corresponding Yukawa couplings are
still estimated as in (85)–(87) and flavor-violating parts of
matter soft mass terms are estimated as in (88). This is
understood from the form of RG equations; the right-hand
sides of the RG Eqs. (56), (60), and (61) depend on the
Yukawa couplings and A-terms themselves. For the com-
ponent ðAuÞij, the right-hand side of (59) is at least

proportional to �i	j. Similarly, the right-hand sides of

(68)–(72), which express flavor-violating contributions,
depend on the Yukawa couplings and A-terms. The

flavor-violating part of the RG equation for the component
ðm2

QÞij is at least proportional to	i	j. The same discussion

applies to other A-terms and matter soft masses, and we
conclude that RG running keeps the orders of flavor-
violating parts of A-terms and matter soft mass terms as in
(85)–(88). Second, we argue that the estimates (85)–(88)
are valid even in Yu or Yd and Ye-diagonal basis. This is
because the 5D couplings ðy�Þij, ða�Þij, d�1ij and d�2ij in
(46)–(49) are independent of each other. Therefore the
matrices ða�Þij, d�1ij and d�2ij, which give rise to A-terms

and matter soft masses, are arbitrary even when ðy�Þij is
diagonal.
Let us compare the orders of MFV effects (65)–(67),

(79), (80), and (82)–(84) and those of flavor-violating
gravity mediation effects (85)–(88). We assume that Mu,
Md, Me in (65)–(67) and m2

�0, m
2
Hu, m

2
Hd in (79), (80), and

(82)–(84) are of the same order asMX in (85)–(88). For the
A-term components ðAuÞ1j, ðAuÞ2j in Yu-diagonal basis and

ðAdÞ1j, ðAdÞ2j in Yd-diagonal basis, MFVeffects are always

much smaller than flavor-violating gravity mediation ef-
fects because the former are suppressed by ð	1Þ2 or ð	2Þ2
compared to the latter. For the components ðAuÞ3j; ðAdÞ3j,
MFV effects can be of the same order as flavor-violating
gravity mediation effects. For the A-term ðAeÞij, MFV

effects are much smaller than flavor-violating gravity me-
diation effects when the order of 3 is significantly smaller
than 1 (we will see in the next section that this is the case
for a realistic mass spectrum). If singlet neutrinos lighter
than Mcut do not exist, Ae is diagonal.
For the soft mass terms m2

Q and m2
L (if singlet neutrinos

lighter than Mcut exist), MFV effects can be of the same
order as flavor-violating gravity mediation effects. For the
terms m2

U in Yu-diagonal basis and m2
D in Yd-diagonal

basis, MFV effects are always much smaller than flavor-
violating gravity mediation effects except their
(3,3)-components. This is because the components of these
terms other than (3,3) are at least suppressed by ð	1Þ2 or
ð	2Þ2. For the components ðm2

UÞ33 in Yu-diagonal basis and

ðm2
DÞ33 in Yd-diagonal basis, the former can be as large as

the latter. For the term m2
E in Ye-diagonal basis, MFV

effects are much smaller than flavor-violating gravity
mediation effects when the order of 3 is significantly
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smaller than 1. If singlet neutrinos lighter than Mcut do not
exist, there is no MFVon m2

L, m
2
E.

In this section, we have discussed the difference between
the flavor-violating soft terms in MFVand those generated
by the gravity mediation of our model. We have proved
that, for some components of A-terms and soft mass terms,
the gravity mediation contribution dominates. Therefore, it
is in principle possible to distinguish our model from other
SUSY models with MFV.

VI. PARTICLE MASS SPECTRA AND
EXPERIMENTAL CONSTRAINTS

We calculate a sample of mass spectra and check that
this model provides a realistic mass spectrum consistent
with current experimental bounds.

Our numerical analysis is done in the following way. We
fix the cutoff scale, Mcut, which is of the same order as the
KK scale, M5e

�kR�, from the relation (41)

Mcut � 2
3

v2
u

3� 10�11 GeV
’ 2

3 � 1015 GeV:

We assume that contact term couplings between theMSSM
fields and the SUSY breaking field in (42)–(50) are allOð1Þ
and adopt the following initial condition:

Ma
1=2 ¼ 2MX; (89)

m2
Hu

¼ m2
Hd

¼ M2
X; (90)

ðm2
QÞij ¼ cQij	i	jM

2
X;

ðQ;	Þ ! ðU;�Þ; ðD;�Þ; ðL; Þ; ðE; �Þ;
(91)

Auij ¼ �MXðYuÞij þ auij�i	jMX; (92)

Adij ¼ �MXðYdÞij þ adij�i	jMX; (93)

Aeij ¼ �MXðYeÞij þ aeij�ijMX; (94)

where MX was defined as MX � jhF ~Xij=M5e
�kR� and we

set a natural range of the parameters as 0:1 & c�ij,
a�ij & 1. The factor 2 in the right-hand side of (89) comes

from the factor 4ðga4Þ2 in (42). Since Mcut is around
1015 GeV, SU(2) and SU(3) couplings of MSSM, ga¼2

4 ,
ga¼3
4 , atMcut take the value of 0.7. For simplicity, we fix the

normalization of U(1) coupling at Mcut as 0.7. Then we
obtain the factor 2 in (89) from

4ðga4Þ2½�r ¼ Mcut� ’ 4� 0:72 ’ 2:

Our aim is to prove that, in our 5D MSSM framework,
there exists a mass spectrum that is consistent with the
current experimental bounds. We arrange the parameters as

c�ij; a�ij ¼ 1 for i ¼ j; c�ij; a�ij ¼ 0:1 for i � j;

to keep the flavor-violating terms as small as possible with
a mild hierarchy among the model parameters. Now the
model has three free parameters:

MX; 3ð�2 � 31Þ; tan�:
The KK scale is determined by 3 in (41). Since �3 is
smaller than Oð1Þ from naturalness, (32) leads to the
condition:

1 * 3 * m�=v cos� ’ 0:01= cos�: (95)

Based on this setup, we calculate mass spectra for
various values of ðMX; 3; tan�Þ and check if they are
consistent with the current experimental bounds, in par-
ticular, the lower bound of Higgs boson mass. With the
flavor-violating soft terms predicted in our model, we then
evaluate the rates of the lepton flavor-violating processes,
i.e. the branching ratios of � ! e� and � ! �� decays,
for each sparticle mass spectrum based on the technology
developed in [20] and compared the results with current
bounds. In our analysis of MSSM RG equations, we first
ignore the off-diagonal terms in (91)–(94) from the initial
condition and numerically solve the MSSM RG equations
from Mcut to low energies using Softsusy-3.1.4 [21] with
Yukawa off-diagonal terms ignored. After this calculation,
we add the off-diagonal terms to give the resultant
spectrum.
Below is the list of sample values of ðMX; 3; tan�Þ that

give realistic mass spectra consistent with the bounds on
Higgs boson mass and � ! e� and � ! �� branching
ratios. We focus on the case with MX � 600 GeV because
light mass spectra are of more phenomenological interest.
The lightest Higgs boson mass mh, � ! e� branching
ratio (Br�), and � ! �� branching ratio (Br�) of each

spectrum are also shown. The results shown here satisfy
the current experimental bounds: mh > 114:4 GeV [22],
Br� < 1:2� 10�11 [23] and Br� < 4:5� 10�8 [24]. The

entire mass spectra for three examples are shown in the
Appendix. For larger values of 3 and/or tan�, the spec-
trum violates the bound on � ! e� branching ratio. For
smaller MX and/or tan�, the lightest Higgs boson is too
light.

MX (GeV) 500 500 600 600 600

tan� 6 10 5 10 15

3 0.06 0.1 0.05 0.1 0.15

mh (GeV) 115.2 117.5 114.8 118.4 119.1

Br� � 1012 7.6 10 3.9 4.5 8.2

Br� 1012 4.3 6.1 2.1 2.7 5.7
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To � ! e� process, loop diagrams containing the follow-
ing terms contribute:

hH0
diðAeÞ21 � �21vdMX � ð1=2Þm�MX � 1

3
m�MX;

hH0
diðAeÞ12 � �12vdMX � ð2=1ÞmeMX � 3meMX;

ðm2
LÞ12 � 12M

2
X � 1

3
ð3Þ2M2

X;

ðm2
EÞ12 � �1�2M

2
X � 3

ð3Þ2
me

m�

m�

m�

M2
X:

The contributions from the terms ðAeÞ21, ðAeÞ12 are almost
independent of tan� and 3. For the mass spectra listed
above, if ðAeÞ21, ðAeÞ12 were the only source of lepton
flavor violation, they would give Br� � 7–8� 10�12 for
MX ¼ 500 GeV and Br� � 3–4� 10�12 for MX ¼
600 GeV. Hence we argue that, for the cases with small
tan� and 3, the flavor-violating A-terms give dominant
contributions. It is obvious that ðAeÞ21 contributes much
more strongly than ðAeÞ12. On the other hand, the contri-
bution from the term ðm2

LÞ12 is sensitive to the values of
tan� and 3, which is roughly proportional to ðtan�Þ2 and
ð3Þ4. (The net value of Br� does not reflect this rule
because of the interference between ðAeÞ21 contribution
and ðm2

LÞ12 contribution.) We thus obtain the upper bounds
on tan� and 3 when the contribution from the term ðm2

LÞ12
becomes dominant. The contribution from ðm2

EÞ12 is much
suppressed by the tiny ratio me=m� and has negligible
impact on � ! e� branching ratio.

Here we summarize the features of the sample mass
spectra listed above.

(i) The typical SUSY breaking mass scale, MX, can be
as low as 500 GeV and the mass spectrum is within
the reach of the LHC.

(ii) The ratio 3= tan� is around 0.01, which means that
we need �3 � 1 to have the tau Yukawa coupling.
Therefore the 5D superfield of singlet tau is strongly
localized towards the IR brane.

(iii) � ! e� branching ratio is always higher than
Oð10�12Þ and the model can be tested by MEG
experiment [25]. in the near future.

(iv) � ! �� branching ratio is of the same order as
� ! e� branching ratio.

The feature (ii) originates from the difference between
the hierarchy of i’s and that of �i’s. The experimental
bound on � ! e� branching ratio constrains the terms
ðm2

LÞ12 and ðm2
EÞ12, which are, respectively, proportional

to 12 and �1�2, with the same extent. This gives a
stronger limit on 3 than on �3 because i’s have milder
hierarchy. The orders of 3 and �3 are related through

3�3= tan��m�=v ’ 0:01;

where tan� cannot be smaller than about 4 because other-
wise the LEP II Higgs mass bound would not be satisfied.

Therefore small 3 and large �3 are favored in this model,
which leads to the prediction that �3 � 1.
The feature (iii) results from the existence of the flavor-

violating A-term, ðAeÞ12, and the fact that its contribution is
independent of tan� and 3. The resultant branching ratio
is within the future reach of MEG experiment.
The feature (iv) is specific to this model because new

physics models normally predict � ! �� branching ratio
larger than� ! e� branching ratio as new physics is more
likely to affect 3rd generation particles than 1st and 2nd
generations. This feature is a consequence of the feature
(ii). Since �3 � 1, SU(2) singlet stau obtains large soft
mass through gravity mediation on the IR brane and be-
comes a few times heavier than SU(2) singlet smuon and
selectron if gravity mediation contributes positively as is
usually assumed. For � ! �� process, the term ðAeÞ32 �
�32MX always contributes. One can compare its impact
on Br� with that of ðAeÞ21 on Br� by comparing

hH0
diðAeÞ32=m� �MX vs: hH0

diðAeÞ21=m� � 1

3
MX:

The former is larger by the factor 3. However its effect is
canceled by the larger mass of the singlet stau propagating
in the loop diagram containing ðAeÞ32. The term ðm2

LÞ32
also contributes when tan� is relatively large. ðm2

LÞ32 is
predicted to be about 3 times larger than ðm2

LÞ12. The
contribution from ðm2

LÞ32 mainly comes from two types
of diagrams, SU(2) singlet smuon propagating in one
diagram and singlet stau propagating in the other.
However the latter is suppressed by the large stau mass,
which partly cancels the effects of large ðm2

LÞ32. The termðm2
EÞ23 contributes when tan� is relatively large. However,

again, its contribution is suppressed by the large mass of
the singlet stau propagating in the diagram.
Finally, we discuss the prediction of our model on �mK

ofK0- �K0 mixing and b ! s� branching ratio, based on the
paper [26].
The following flavor-violating parameters predicted in

our model are relevant to the K0- �K0 mixing:

ðm2
QÞ12�	1	2M

2
X��5M2

X¼5�10�4M2
X;

ðm2
DÞ12��1�2M

2
X�

1

�5

md

vd

ms

vd

M2
X ’3�10�5tan2�M2

X;

hH0
diðAdÞ21��2	1vdMX�	1

	2

msMX ’4�10�5M2
X

forMX¼500GeV;

hH0
diðAdÞ12��1	2vdMX�	2

	1

mdMX ’5�10�5M2
X

forMX¼500GeV:

Here we focus on the case with MX ¼ 500 GeV. The
average squark mass is around the same scale.
Comparing the above predictions with Table 1 in [26],
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we see that, when tan� & 15, our predictions are below the
limits that come from the experimental bound on �mK.

For b ! s� process, our model predicts the following
flavor-violating parameters:

ðm2
QÞ23�	2	3M

2
X��2M2

X¼5�10�2M2
X;

ðm2
DÞ23��2�3M

2
X�

1

�2

ms

vd

mb

vd

M2
X ’2�10�4tan2�M2

X;

hH0
diðAdÞ32��3	2vdMX�	2

	3

mbMX ’3�10�4M2
X

forMX¼500GeV;

hH0
diðAdÞ23��2	3vdMX�	3

	2

msMX ’4�10�3M2
X

forMX¼500GeV:

Again, we focus on the case with MX ¼ 500 GeV.
Comparing the above predictions with Table 6 in [26].
we find that, regardless of tan�, our predictions are far
below the limits that come from the experimental bound
adopted by [26]. Even if we adopt the stronger bound in
[27], our predictions are still below the limits.

VII. UNUSUAL NLSP AND ITS
FLAVOR-VIOLATING DECAY

In this section, we consider NLSP, which is mostly
composed of SU(2) singlet charged sleptons. As we found
in the previous section, our model favors �3 � 1, i.e. the
singlet stau superfield is localized towards the IR brane and
receives large gravity mediation effects. This changes the
flavor structure of charged slepton mass matrix. We here
discuss the model’s predictions on the flavor composition
of NLSP. In the following, we fix �3 ¼ 1.
We first review the charged slepton mass matrix. Define

A � A0 �� tan�;

where A0 indicates those parts of A-terms that are propor-
tional to the corresponding Yukawa couplings. We denote
RG contributions (gaugino mediation contributions) and
D-term contributions to the soft masses of doublet selec-
tron, smuon, stau and singlet selectron, smuon, stau by

m2
L1; m

2
L2; m

2
L3; m

2
E1; m

2
E2; m

2
E3:

Since we are focusing on NLSP, whose candidates are
singlet sleptons, we neglect relatively small doublet slep-
ton and doublet-singlet mixing terms. Further neglecting
terms suppressed by me=m�, we obtain the following ap-
proximate form of the charged slepton mass matrix:

m2
slepton �

m2
L1 0 0 0 0 m�MX

3

0 m2
L2 0 0 Am� m�MX

0 0 m2
L3 0 0 Am� þm�MX

0 0 0 m2
E1 0 0

0 Am� 0 0 m2
E2 þ

�
m�

m�

�
2
M2

X c��
m�

m�
M2

X

m�MX

3 m�MX Am� þm�MX 0 c��
m�

m�
M2

X m2
E3 þM2

X

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA
: (96)

The factor c�� denotes the coupling of the contact term
among singlet smuon, singlet stau and the SUSY breaking
sector, and is assumed to be Oð1Þ.

In the following, we consider two cases for complete-
ness:

(i) gravity mediation contributions to soft masses are
positive, as is usually assumed.

(ii) they are negative.
In case (i), SU(2) singlet stau becomes heavier than

singlet smuon and selectron, so that the NLSP will be
mainly composed of either singlet smuon or singlet selec-
tron. In order to see which is the one, we consider the
mixing mass between singlet smuon and singlet stau,
namely ðm2

EÞ23. First note that the difference between
m2

E1 and m2
E2 and that between m2

L2 and m2
E2, which arise

from RG running, are given by

m2
E1 �m2

E2 �
16

16�2
ln

�
Mcut

MW

�
M2

Xðy�Þ2tan2�; (97)

m2
L2�m2

E2’
1

16�2
ln

�
Mcut

MW

��
�18

5
g21jMa¼1

1=2 j2þ6g22jMa¼2
1=2 j2

þ9

5
g21S

�
þ
�
�1

2
ðcos2�W�sin2�WÞM2

Zcos2�

þsin2�WM
2
Zcos2�

�
� 24

16�2
ln

�
Mcut

MW

�
g62M

2
X;

(98)

where y� � m�=v and S � m2
Hu �m2

Hd þ tr½m2
Q �m2

L �
2m2

u þm2
d þm2

e�. In deriving (98), we used the relation

Ma
1=2 � 4ðga4Þ2MX at the scale Mcut shown in (42), and the

fact that Ma
1=2=ðga4Þ2 is an RG invariant at the 1-loop level.

Singlet smuon mixes with doublet smuon through the
term Am� and with singlet stau through the term

c��ðm�=m�ÞM2
X. Solving these mixings, the mass eigen-

state, which is still dominantly composed of singlet smuon,
has mass estimated as
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m2
eig ’ m2

E2 þ
�
m�

m�

�
2
M2

X � 2ðAm�Þ2
m2

L2 �m2
E2

� 2ðc��ðm�=m�ÞM2
XÞ2

m2
E3 �m2

E2

’ m2
E2 þ

�
m�

m�

�
2
M2

X � 2ð� tan�m�Þ2
ð24=16�2Þ lnðMcut=MWÞg62M2

X

� 2ðc��ðm�=m�ÞM2
XÞ2

M2
X

’ m2
E2 þ ð1� 2c2��Þ

�
m�

m�

�
2
M2

X �m2
�tan

2�=g62: (99)

On the other hand, we can neglect the mixing terms be-
tween singlet selectron and other sleptons because they are
suppressed by the tiny value of me=m�.

We now compare the mass of singlet selectron m2
E1 with

the mass of the eigenstate, m2
eig. Using (97) and (99), we

have

m2
eig �m2

E1 ’ � 16

16�2
ln

�
Mcut

MW

�
M2

Xðy�Þ2tan2�

þ ð1� 2c2��Þ
�
m�

m�

�
2
M2

X �m2
�tan

2�=g62

’ ð1� 2c2��Þ
�
m�

m�

�
2
M2

X: (100)

In summary, in the determination of the NLSP mass, the
effect of the mixing term between the singlet smuon and
singlet stau dominates over the Yukawa RG contributions
and the effects of singlet-doublet mixing terms. NLSP is

singlet-smuon-like for c�� * 1=
ffiffiffi
2

p
, whereas it is singlet-

selectron-like for a relatively small coupling c�� & 1=
ffiffiffi
2

p
.

Since the factor c�� affects � ! �� branching ratio

through the term ðm2
EÞ23 ¼ c��ðm�=m�ÞM2

X, we have a

connection between the value ofBr� and the flavor ofNLSP.
If NLSP is smuonlike, it decays mainly into � and

gravitino. However our model predicts that NLSP can con-
tain a considerable amount of stau component due to the
mixing term ðm2

EÞ23, which can be as large as ðm�=m�ÞM2
X.

Therefore the branching ratio of a flavor-violating NLSP
decay into � and gravitino can be as large as

Br ðNLSP ! �c 3=2Þ � ðm�=m�Þ2 ’ 1

300
: (101)

On the other hand, in the context ofMFV, themixing terms of
singlet smuon and other sleptons are much smaller as we
evaluated in Sec. V, and such flavor-violating NLSP decays
are much suppressed. Thus the flavor-violating decay of
NLSP provides a distinct signature of our model. If NLSP
is selectronlike, it decays mostly into electron and gravitino.
Themodel predicts that the mixing terms of singlet selectron
and other sleptons are suppressed by me, although they are
much larger than inothermodelswithMFV.Still, as a distinct
signature of our model, we expect to observe a rare NLSP
decay into � and gravitinowith the branching ratio as large as

Br ðNLSP ! �c 3=2Þ � ðme=m�Þ2 ’ 10�7: (102)

Note that the lifetime of NLSP is estimated as

tNLSP ’ 48�
jhF ~Xij2
m5

NLSP

’ 48�
M2

XM
2
cut

ðmNLSPÞ5
;

which is �10�3 sec for mNLSP ¼ 300 GeV, MX ¼
500 GeV and Mcut ¼ 1013 GeV (3 � 0:1). Such a long-
lived NLSP, once produced at the LHC, decays outside the
detector. There have been interesting proposals [28] for the
way to trap charged NLSPs outside the detector. Detailed
studies of the NLSP decay can allow us not only to measure
the gravitinomass and the four-dimensional Planckmass but
also to test the flavor-structure of NLSP predicted in our
model.
In case (ii), the gravity mediated contributions are nega-

tive, so that SU(2) singlet stau is the dominant NLSP
component. Although this singlet-stau-like NLSP is as
usual in SUSYmodels with gravitino LSP, we again expect
to observe a rare decay of NLSP as a signature of the
model. The branching ratio of NLSP decay into � and
gravitino is predicted to be as large as

Br ðNLSP ! �c 3=2Þ � ðm�=m�Þ2 ’ 1

300
: (103)

VIII. CONCLUSION

We have investigated a simple 5D extension of MSSM in
RS spacetime, where 5D geometry controls both the SUSY
breaking mediation mechanism and the Yukawa coupling
hierarchy. The Yukawa coupling hierarchy is naturally ex-
plained by the localization of matter superfields in the 5D
bulk. SUSY breaking effects arise from two sources: con-
tact terms between the SUSY breaking sector and the
MSSM fields (gravity mediation), and RG effects (gaugino
mediation). The former are flavor-violating and the latter
flavor-conserving. Using the experimental data on fermion
masses andmixings,we have determined the 5Ddisposition
of matter superfields and calculated SUSY breaking mass
spectra including flavor-violating terms. We have numeri-
cally checked that our framework can give a realistic mass
spectrum consistent with all the experimental constraints.
We have estimated the flavor-violating effects induced

by RG running in the context of MFVand compared them
with those from gravity mediation predicted by the model.
We have proved that our model provides a different pattern
of flavor-violating terms, namely, flavor violation of
A-terms and SU(2) singlet soft masses can be much larger
than the MFV case.
Our model has several distinct predictions. First, the

� ! e� branching ratio is larger thanOð10�12Þ, regardless
of tan� and the seesaw scale, for sparticle masses
& 2 TeV. This originates from the basic structure of our
model, namely, the hierarchy of Yukawa couplings and the
gravity mediation contributions to A-terms are rooted on
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the same 5D disposition of the matter superfields. Hence,
using the experimental data on the charged SM fermion
masses, CKM matrix and the neutrino oscillation parame-
ters, we can fix the orders of flavor-violating A-terms.
Second, � ! �� branching ratio may not be larger than
� ! e� branching ratio. This is because our model pre-
dicts IR-localized singlet stau superfield and it gains an
additional soft mass through gravity mediation on the IR
brane. Third, since RS geometry warps down the effective
cutoff scale, which can be characterized by the seesaw
scale, gravitino is LSP and the dark matter candidate.
Forth, NLSP is likely to be either smuonlike or selectron-
like because the gravity mediation contribution pushes up
the singlet stau mass. Furthermore our model predicts
flavor-violating NLSP decays with the rates much higher
than those expected in the MFV case.

The Yukawa coupling hierarchy is one of the long-
standing problems in the Standard Model. The 5D
MSSM on Randall-Sundrum background offers a solution
to this problem from the geometrical point of view. In this
model, flavor-violating soft SUSY breaking terms have the
same geometrical origin as the Yukawa coupling hierarchy.
Therefore, the flavor structure among sparticles can be a
clue to understand the origin of flavors among the SM
fermions, even if the origin lies at an energy scale far
above the electroweak scale. Gravitino is always LSP
due to the warped geometry, and NLSP is predicted to be
dominantly composed of SU(2) singlet sleptons and long-
lived. At collider experiments, in this case, supersymmetric
events can be fully reconstructed without missing energy,
which allows us not only to identify the dominant flavor
content of NLSP, but also to measure the rates of flavor-
violating decays of sparticles if it is sizable. Thus, our
framework can be tested in the future.
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