
Observing signals of the bulk matter Randall-Sundrum model through rare decays of
supersymmetric particles

Toshifumi Yamada

Department of Particles and Nuclear Physics, The Graduate University for Advanced Studies (SOKENDAI),
and Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK),

1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
(Received 16 September 2011; published 19 January 2012)

The bulk matter Randall-Sundrum (RS) model is a setup where standard model (SM) matter and gauge

fields reside in the bulk of 5D warped spacetime while the Higgs field is confined on the IR brane. The

wave functions of the 1st and 2nd generation matter particles are localized toward the UV brane and those

of the 3rd generation toward the IR brane, so that the hierarchical structure of the Yukawa couplings arises

geometrically without hierarchy in fundamental parameters. This paper discusses observing signals of this

model in the case where the Kaluza-Klein scale is far above the collider scale, but the model is combined

with the 5D minimal supersymmetric standard model (MSSM) and supersymmetric (SUSY) particles are

in the reach of collider experiments. A general SUSY breaking mass spectrum consistent with the bulk

matter RS model is considered: a SUSY breaking sector locates on the IR brane and its effects are

mediated to 5D MSSM through a hybrid of gravity mediation, gaugino mediation, and gauge mediation.

This paper argues that it is possible to observe the signals of the bulk matter RS model through rare decays

of ‘‘almost SU(2) singlet mass eigenstates’’ that are induced by flavor-violating gravity mediation

contributions to matter soft SUSY breaking terms.
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I. INTRODUCTION

The origin of the fermion mass hierarchy is a long-
standing mystery in particle physics. In the standard model
(SM), it is explained by the hierarchical Yukawa coupling
constants, but the hierarchy itself is still introduced by
hand. Many authors have proposed models beyond the
SM where the Yukawa coupling hierarchy arises from
nonhierarchical couplings of a fundamental theory. The
bulk matter Randall-Sundrum (RS) model [1,2] is one of
the successful models. In this model, SM fermions are
identified with the zero modes of 5D Dirac fermions that
live in 5D warped spacetime (bulk), whereas the Higgs
field is confined on 4D spacetime of the infrared (IR)
brane. With nonhierarchical values of 5D Dirac masses,
the zero modes of the 5D fermions can be localized toward
either the ultraviolet (UV) brane or the IR brane. In this
way, the geometrical overlap between each zero mode in
the bulk and the Higgs field on the IR brane gains expo-
nential hierarchy, which gives rise to the hierarchical
structure of the Yukawa coupling constants. As far as the
model gives a natural explanation to the fermion mass
hierarchy, neglecting the gauge hierarchy problem, it is
sufficient that the warp factor be around �me=mt, or
equivalently the Kaluza-Klein (KK) scale be around
�M� � ðme=mtÞ (M� indicates the 4D reduced Planck
mass) if the 5D Planck scale is the same as that of 4D.
Then the KK modes need not exist at the TeV scale.
Futhermore, the physics of flavor has already imposed
severe constraints on the mass of KK modes; for example,
the 1st KK gluon in the bulk matter RS model induces

flavor changing neutral current interactions. The data on
the K0 � �K0 mixing require that its mass be larger than
21 TeV [3].
If the KK modes appear only far above the TeV scale, it

is impossible to produce them at colliders and confirm the
model. In this paper, I argue that it is possible to observe
indirect signatures of the bulk matter RS model at near-
future colliders. I consider the case where the KK scale is at
an intermediate scale between Planck and TeV, but the 4D
effective theory contains N ¼ 1 supersymmetry (SUSY)
which is broken at the TeV scale and it can be described by
the minimal supersymmetric standard model (MSSM).
Hence the SUSY particles are accessible at colliders while
the KK modes are beyond their reach. This is a natural
situation because SUSY breaking at the TeV scale is
necessary to solve the gauge hierarchy problem when the
KK scale is at an intermediate scale. I consider a general
SUSY breaking mediation mechanism that is consistent
with the bulk matter RS setup, in contrast to the paper [4]
where a simultaneous explanation to the SUSY breaking
mediation mechanism and the Yukawa coupling hierarchy
based on the RS spacetime was pursued. In the setup of this
paper, the SUSY breaking sector locates on the IR brane
and its effects are mediated to the MSSM in the bulk
through contact terms on the IR brane (gravity mediation
[5]), renormalization group evolutions below the KK scale
(gaugino mediation [6]), and gauge interactions with mes-
senger fields on the IR brane (gauge mediation [7]).
(Anomaly mediation contributions [8] are suppressed at
least by the warp factor compared to gaugino mediation
ones and hence are negligible.)
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Gravity mediation contributions are the key to observe
signals of the bulk matter RS model. This is because they
arise from contact terms on the IR brane in a similar way to
the Yukawa coupling constants. The basic strategy for
testing the model is as follows. Since the zero modes of
matter hypermultiplets (SM fermions are their fermionic
components) reside in the bulk, they have contact terms
with the SUSY breaking sector on the IR brane which
induce soft SUSY breaking terms through gravity media-
tion. The amount of the gravity mediation contribution to
each term is proportional to the geometrical overlap be-
tween the zero-mode fields and the IR brane. In the bulk
matter RS model, the same overlap also gives rise to the
hierarchy of the Yukawa coupling constants. Hence
the flavor structure of gravity mediation contributions
and the Yukawa coupling hierarchy are related and one
can predict the former from the latter. (A similar setup [9]
was proposed on a different context as a 5D realization of
‘‘flavorful supersymmtery’’ [10].) Therefore the model can
be tested through the measurement of gravity-mediation-
origined soft SUSY breaking terms. Our task is then to
extract gravity mediation contributions from experimen-
tally observable quantities related to soft SUSY breaking
terms. To be a realistic SUSY breaking model, the model
must contain dominant flavor-conserving soft SUSY
breaking mass terms that arise through gaugino mediation
and gauge mediation. On the other hand, gravity mediation
intrinsically violates flavor. Therefore one can indirectly
measure the gravity-mediation-origined terms through
flavor-violating interactions of SUSY matter particles.
One obstacle is that the Yukawa coupling constants them-
selves induce flavor-violating soft SUSY breaking terms
through renormalization group (RG) evolutions, as in mod-
els with minimal flavor violation (MFV). However, one can
distinguish gravity mediation contributions from the RG
effects of the Yukawa couplings by focusing on SU(2)
singlet SUSY matter particles, for which flavor violation
of gravity mediation contributions can be significantly
larger than that of the RG effects. In this paper, I introduce
three promising channels for observing signatures of the
bulk matter RSmodel at colliders. One is that SU(2) singlet
smuon mixes with stau through gravity-mediation-origined
soft terms and one measures the branching ratio of the
‘‘almost singlet smuon mass eigenstate’’ decaying into the
SM tau and another SUSY particle. Another channel is that
the SU(2) singlet smuon mixes with a selectron and one
measures the branching ratio of the almost singlet smuon
mass eigenstate decaying into the SM electron and another
SUSY particle. The third is that a SU(2) singlet scharm
mixes with stop and one measures the branching ratio of
the ‘‘almost singlet scharm mass eigenstate’’ decaying into
the SM top and another SUSY particle. The bulk matter RS
model predicts these branching ratios and can be tested
through their measurements. In this setup, one cannot
determine the exact values of the contact term couplings

of the 5D theory. I here assume that the contact term
couplings for gravity mediation are all Oð1Þ, and estimate
the orders of magnitudes of flavor-violating soft SUSY
breaking terms. Still the bulk matter RS model gives
predictions on the magnitudes of the branching ratios of
sparticle rare decays.
This paper is organized as follows. In Sec. II, I review

the bulk matter RS model and combine it with the 5D
MSSM. 5D disposition of matter wave functions is deter-
mined so as to reproduce the hierarchical structure of the
Yukawa coupling constants, the Cabbibo-Kobayashi-
Maskawa (CKM) matrix, and the neutrino mass matrix
with Oð1Þ couplings of the 5D theory. In Sec. III, I derive
the SUSY particle mass spectrum with emphasis on its
flavor-violating sector. In Sec, IV, I make predictions on
the flavor mixings of SUSY particles and compare the bulk
matter RS model with other models. In Sec. V, I discuss
experimental methods to test these predictions.

II. THE BULK MATTER RS MODELWITH
THE 5D MSSM

A. Setup

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 anti–de Sitter (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, which implies
k�M5 �M�. The UV brane is put at y ¼ 0 and the IR
brane at y ¼ �R. The Planck scale on the UV brane isM5,
while that on the IR brane is M5e

�kR�. The IR scale,
ke�kR� �M5e

�kR�, is assumed to be at an intermediate
scale betweenM� and TeV. In particular, we assume that it
is far above 21 TeV. Since the most severe constraint on the
IR scale of the bulk matter RS model comes from the data
on the K0 � �K0 mixing, which require it to be larger than
21 TeV [3], my model is free from any constraint on the
bulk matter RS model itself. At the same time, it is hope-
less to observe the effects of the Kaluza-Klein excitations
by near-future experiments.
Consider the 5D MSSM [11] where the 4D N ¼ 1

Higgs superfields are confined on the IR brane, and the
5D N ¼ 1 gauge superfields and matter hypermultiplets
live in the bulk. In the following, we use the 4D superfield
formalism extended with the 5th dimension y. We intro-
duce a chiral superfield, X, on the IR brane whose
F component, FX, develops a vacuum expectation value
(VEV) to break 4DN ¼ 1 SUSY there. We consider both
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cases where there are one to several messenger pairs on the
IR brane and there is no messenger pair at all. (It is easy to
extend the model to cases where the messengers live in the
bulk.) The gauge symmetries of the messenger pairs are not
specified. The SU(2) doublet squark, the singlet up-type
squark, the singlet down-type squark, the doublet slepton,
and the singlet charged slepton hypermultiplets are de-
noted by Qi, Ui, Di, Li, and Ei, respectively, with i being
the flavor index. The up-type Higgs and the down-type
Higgs superfields are denoted by Hu, Hd, respectively.

An off-shell 5D N ¼ 1 gauge superfield 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 combine
to form 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:

By Z2: y ! �y symmetry, they transform as

V ! V; � ! ��:

Assuming the invariance of the theory under the Z2 sym-
metry, we obtain the following action for 5D N ¼ 1
gauge superfields:

S5Dgauge¼
Z
dy

Z
d4xe�4kjyj

�
1

4ðga5Þ2
Z
d2�

�ekjyj trfðeð3=2ÞkjyjWa	Þðeð3=2ÞkjyjWa
	ÞþH:c:g

þ 1

ðga5Þ2
Z
d4�e2kjyj trfð ffiffiffi

2
p

@yþ�ayÞ

�e�Vð� ffiffiffi
2

p
@yþ�aÞeV�ð@ye�VÞð@yeVÞg

�
; (3)

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 the 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 representaions of some gauge group. We assume
that the former is Z2 even and the latter Z2 odd. Taking the
basis of diagonal bulk masses, we have the following
action for 5D N ¼ 1 hypermultiplets:

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
units of AdS curvature k. Only �i has a massless mode in

the 4D picture, which will be written as
iðx; �Þeð3=2�ciÞkjyj.
We write down the 4D effective action for the fields in

the bulk in terms of the massless modes:

S4D eff 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 the 4D gauge coupling ga4 by the relation ga5 ¼ffiffiffiffiffiffiffiffiffiffi
2�R

p
ga4 . 
i represents the zero mode of each of Qi, Ui,

Di, Li, and Ei.
We also introduce an IR-brane-localized action. Below

are the parts of the action relevant to the topic of this paper.
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:

�
:

(6)

Gaugino mass term:

SIR �
Z

d4x

�Z
d2�da

X

M5

Wa	Wa
	 þ H:c:

�
: (7)

Matter soft SUSY breaking mass term:

SIR �
Z

d4x

�Z
d4�e�2kR�eð3�ci�cjÞkR�

�
�
dQ1ij

X þ Xy

M2
5

Qy
i Qj þ dQ2ij

XyX
M3

5

Qy
i Qj

��

þ ðQ ! U;D; L; EÞ: (8)
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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:

�
: (9)

Messenger term:

SIR�
X
I

Z
d4x

�Z
d4�e�2kR�f�y

I e
�V�Iþ ��y

I e
V ��Ig

þ
Z
d2�e�3kR�fMmessI�I

��Iþ�messIX�I
��IgþH:c:

�
;

(10)

where MmessI indicates the SUSY conserving mass for the

messenger pair �I,
��I. Note that we did not necessarily

assume the existence of messengers. In that case, only

gaugino mediation gives rise to flavor-conserving soft
masses, as is realized in the model [4].
In addition, the terms for the Higgs superfields exist on

the IR brane. We simply assume that the � term and the
B� term are somehow derived at the TeV scale.

We normalize X, Hu, Hd, Qi, Ui, Di, Li, Ei, �I, and
��I

to make their kinetic terms in the 4D effective theory
canonical. This is done by the following rescaling:

X! ~X¼e�kR�X; Hu! ~Hu¼e�kR�Hu;

Hd! ~Hd¼e�kR�Hd;


i! ~
i¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
eð1�2ciÞkR��1

ð1�2ciÞk

s

i;

�I! ~�I¼e�kR��I;
��I! ~��I¼e�kR� ��I:

(11)

Then the MSSM term, the gaugino mass term, the matter
soft SUSY breaking mass term, the A-term-generating
term, and the messenger term become as follows:

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
~Lng þ H:c:

�
: (12)

The gaugino mass term will be

SIR �
Z

d4x

�Z
d2�da

~X

M5e
�kR�

Wa	Wa
	 þ H:c:

�
: (13)

The matter soft mass term will be

SIR �
Z

d4x

�Z
d4�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2ci

2f1� e�ð1�2ciÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cj

2f1� e�ð1�2cjÞkR�g

s
k

M5

�
dQ1ij

~Xþ ~Xy

M5e
�kR�

~Qy
i
~Qj þ dQ2ij

~Xy ~X
M2

5e
�2kR�

~Qy
i
~Qj

��

þ ð ~Q ! ~U; ~D; ~L; ~EÞ: (14)

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:

�
: (15)

The messenger term will be
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SIR � X
I

Z
d4x

�Z
d4�f ~�y

I e
�V ~�I þ ~��

y
I e

V ~��Ig þ
Z

d2�fMmessIe
�kR� ~�I

~��I þ �messI
~X ~�I

~��Ig þ H:c:

�
: (16)

We introduce light neutrino masses by writing IR-scale-suppressed higher-dimensional operators or by adopting the
seesaw mechanism [12]. In either case, we have the following term for light neutrino masses:

SIR �
Z

d4x
Z

d2�e�3kR�eð3�cp�cqÞkR�ðY�Þpq
LpHuLqHu

Mseesaw

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

Mseesawe
�kR�

þ H:c:; (17)

where Mseesaw indicates the mass scale relevant to the light neutrino mass. To maintain the generality of the model, we
hereafter consider cases with SU(2) singlet neutrinos. Their Majorana masses in the 4D effective theory are assumed to be
around a common scale, denoted by MMaj, which is lower than MmessIe

�kR� or M5e
�kR�. The results of this paper can be

extended to cases without singlet neutrinos by dropping terms containing MMaj.
Now the MSSM Yukawa coupling constants are expressed as

ðYuÞij¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�2ci

2f1�e�ð1�2ciÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�2cj

2f1�e�ð1�2cjÞkR�g

s
k

M5

ðyuÞij;

ðYdÞkl¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�2ck

2f1�e�ð1�2ckÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�2cl

2f1�e�ð1�2clÞkR�g

s
k

M5

ðydÞkl;

ðYeÞmn¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�2cm

2f1�e�ð1�2cmÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�2cn

2f1�e�ð1�2cnÞkR�g

s
k

M5

ðyeÞmn;

(18)

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

Mseesawe
�kR�

: (19)

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

q
generates hierarchical couplings without fundamental hi-
erarchy [2]; for c < 1=2, it is approximated by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2� c

p
and is Oð1Þ, whereas for c > 1=2, it is approximated byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c� 1=2

p
e�ðc�1=2ÞkR� and is exponentially suppressed.

Note that this factor cannot be larger thanOð1Þ. We assume
that the components of 5D coupling matrices yu, yd, and ye
are all Oð1Þ and that the hierarchy of the Yukawa coupling
constants stems solely from the following terms:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2ci

2f1� e�ð1�2ciÞkR�g

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2cj

2f1� e�ð1�2cjÞkR�g

s
:

This is how the bulk matter RS model explains the Yukawa
coupling hierarchy.

We further assume that the components of Y� are Oð1Þ.
Note that Y� arises by integrating out singlet Majorana
neutrinos. If the components of the 5D neutrino Dirac
coupling are Oð1Þ, it is possible to take the value of
Mseesaw such that ðY�Þij �Oð1Þ holds, regardless of the

5D disposition of singlet neutrino fields and the flavor
structure of the Majorana mass term. Hence this is a natural
assumption in the bulk matter RS model, in which all 5D
couplings are considered Oð1Þ. With this assumption, the
hierarchy of the light neutrino mass matrix (19) arises only
from the geometrical factors of SU(2) doublet lepton fields.
We hereafter use the following notations:

	i �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2cqi

2f1� e�ð1�2cqiÞkR�g

s
with i ¼ 1; 2; 3 (20)

for SU(2) doublet quark superfields with flavor index i, and
�i, �i, i, and �i for the SU(2) singlet up-type quark, the
singlet down-type quark, the doublet lepton, and the singlet
charged lepton, respectively. Then the hierarchical struc-
tures of 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 masses) are
expressed as

ðYuÞij��i	j; ðYdÞij��i	j; ðYeÞij��ij; (21)
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and that of the neutrino mass matrix m� is expressed as

ðm�Þij � ij

v2
u

Mseesawe
�kR�

: (22)

B. Determination of the geometrical factors

The magnitudes of the geometrical factors,	i,�i, �i, i,
and �i, can be almost determined by the data on the SM
fermion masses, the CKM matrix, and the neutrino oscil-
lations. The sole exception is the absolute scale of i’s, of
which we know only the relative scales between different
flavors. In this section, we will estimate these factors. The
values that correspond to the model must be given at the KK
scale,M5e

�kR�, where the 5D theory is connected to the 4D
effective theory. However, as seen from [13], RG evolutions
change the Yukawa coupling constants by at most 2 and the
CKM matrix components by at most 1.2 through evolving
from �1015 GeV to the electroweak scale. Also the neu-
trino mass matrix is affected only by Oð1Þ through RG
evolutions [14]. Therefore we may estimate the magnitudes
of 	i, �i, �i, i, and �i from the data at low energies.

We first derive the model’s predictions on the eigenval-
ues of the Yukawa coupling matrices and the components of
the CKM matrix. Let us diagonalize the Yukawa matrices:

VuYuU
y
u ¼diag; VdYdU

y
d ¼diag; VeYeU

y
e ¼diag:

For successful diagonalization of the hierarchical Yukawa
matrices, the unitary matrices, Uu, Ud, Vu, Vd, Ue, and 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;
(23)

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:

(24)

The hierarchical structure of the 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
BB@

1
CCA: (25)

We next list the experimental data on the CKM matrix
and the neutrino mass matrix. The absolute values of the
CKMmatrix components, jUCKMj, at the electroweak scale
have been measured to be [15]

jUCKM½MW	j ¼
0:974 19
 0:000 22 0:2257
 0:0010 0:003 59
 0:000 16

0:2256
 0:0010 0:973 34
 0:000 23 0:0415þ 0:0010� 0:0011

0:008 74þ 0:000 26� 0:000 37 0:0407
 0:0010 0:999 133þ 0:000 044� 0:000 043

0
BB@

1
CCA:

We approximate this matrix by the following formula:

jUCKMj ’
1 � �3

� 1 �2

�3 �2 1

0
BB@

1
CCA with � ¼ 0:22: (26)

To discuss the neutrino mass matrix, we adopt the tri-bi-
maximal mixing matrix:

UMNS ¼

ffiffi
2
3

q ffiffi
1
3

q
0ffiffi

1
6

q ffiffi
1
3

q ffiffi
1
2

q
ffiffi
1
6

q ffiffi
1
3

q ffiffi
1
2

q

0
BBBBBB@

1
CCCCCCA;

and the following data on neutrino mass squared differ-
ences [15]:

�m2
21 ¼ 7:59
 0:20� 10�5 eV2;

j�m2
32j ¼ 2:43
 0:13� 10�3 eV2:

Weassume that themass of the lightest neutrino is negligible.
Then the neutrino mass matrix, UMNSdiagðm�1;m�2;m�3Þ�
Uy

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
BB@

1
CCA�10�11 GeV

for normal hierarchy;

(27)
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
BB@

1
CCA� 10�11 GeV

for inverted hierarchy: (28)

We now compare the predictions of the model with the
data and estimate the magnitudes of 	i, �i, �i, i, and �i.
For Yukawa eigenvalues, we simply have
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�1	1 �mu=v sin�;

�2	2 �mc=v sin�;

�3	3 �mt=v sin�;

(29)

�1	1 �md=v cos�;

�2	2 �ms=v cos�;

�3	3 �mb=v cos�;

(30)

�11 �me=v cos�;

�22 �m�=v cos�;

�33 �m�=v cos�;

(31)

where the mass values can be approximated by their pole
values. Since the top Yukawa coupling is �1, we have
	3�3 � 1, which leads to

	3 � 1; �3 � 1: (32)

Comparing (25) with (26), we find that putting

	1 � �3; 	2 � �2 (33)

works. We then have

�1 � ��3mu=v sin�; �2 � ��2mc=v sin�; (34)

�1 � ��3md=v cos�;

�2 � ��2ms=v cos�;

�3 �mb=v cos�:

(35)

Next compare the matrix (22) with the neutrino mass
matrix. For the normal hierarchy case, it is possible to
reproduce the hierachical structure of the neutrino mass
matrix by assuming the relation:

31 � 2 � 3; (36)

and the ratio up to 3 among the components of 5D coupling
Y�. In contrast, for the inverted hierarchy case, �200 ratio
is required among the 5D coupling components no matter
how we choose i’s, which makes it difficult to naturally
explain the hierarchy of the neutrino mass matrix. The
situation gets worse if we consider a non-negiligible
mass of the lightest neutrino. In conclusion, the bulk matter
RS model favors the normal hierarchy of neutrino masses
and implies the relation (34) for i’s. We estimate �i’s
assuming the relation (36); we obtain

�1 � 3�1
3 me=v cos�;

�2 � �1
3 m�=v cos�;

�3 � �1
3 m�=v cos�:

(37)

The magnitude of 3 is a free parameter because we do not
specify the scale of Mseesaw.

III. FLAVOR-VIOLATING SOFT SUSY
BREAKING TERMS

In this model, flavor-conserving soft SUSY breaking
terms arise from RG contributions of gaugino masses
below the KK scale (gaugino mediation) and gauge inter-
actions with messenger superfields (gauge mediation). On
the other hand, flavor-violating terms arise from contact
interactions with the SUSY breaking sector on the IR brane
(gravity mediation) and RG contributions of the Yukawa
couplings. Of particular importance are the gravity media-
tion contributions, which have a flavor structure unique to
the bulk matter RS model. In this section, we separately
estimate the gravity mediation contributions and the
Yukawa coupling contributions to flavor-violaing soft
SUSY breaking terms.
Remember that there are two scales of soft SUSY break-

ing terms, namely, the gravity mediation scale and the
gauge mediation scale. Assuming that the messenger
masses and couplings are around the same orders, we
define the following two mass parameters:

Mgrav � jhF ~Xij
M5e

�kR�
; (38)

Mgauge � 1

16�2

�messjhF ~Xij
Mmesse

�kR�
; (39)

where Mmess represents the typical scale of the SUSY
conserving messenger massesMmessI, and �mess the typical
scale of the messenger couplings to SUSY breaking sector
�messI. Note that Yukawa RG contributions to flavor-
violating terms depend on both Mgrav and Mgauge, whereas

gravity mediation contributions depend only on Mgrav.

A. Flavor-violating gravity mediation contributions

Let us estimate the magnitudes of gravity mediation
contributions in the bulk matter RS model.
From (14), we obtain the following formulas for gravity-

mediation-origined soft SUSY breaking matter mass terms
at the scale M5e

�kR�:
For SU(2) doublet squarks, we have

ðm2
QÞij ¼ ð�dQ2ij þ d2Q1ijÞ

k

M5

	i	jM
2
grav: (40)

By substituting ðU;�Þ, ðD;�Þ, ðL; Þ, and ðE; �Þ into ðQ;	Þ
in the above formula, we obtain similar expressions for SU
(2) singlet up-type squarks, down-type squarks, SU(2)
doublet sleptons, and singlet charged sleptons.
Assuming that the 5D couplings d�2ij, d�1ij areOð1Þ, we

obtain the following estimates on the magnitudes at the
scale M5e

�kR�:

ðm2
QÞij � 	i	jM

2
grav (41)

and similar formulas with ðU;�Þ, ðD;�Þ, ðL; Þ, and ðE; �Þ
replacing ðQ;	Þ in the above formula.
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Next we estimate the magnitudes of the A terms that are
induced by gravity mediation. The terms (15) directly
contribute to the A terms. Furthermore, since the Higgs
superfields can couple to the SUSY breaking sector in the
following way:

Z
d4�

�
duA

~X

M5e
�kR�

~Hy
u ~HuþddA

~X

M5e
�kR�

~Hy
d
~HdþH:c:

�
;

the A terms also arise from the Higgs F terms via (12).
Hence gravity-mediation-origined A terms at the scale
M5e

�kR� are given by

Auij ¼ �duAðyuÞij�i	j

k

M5

Mgrav þ ðauÞij�i	j

k

M5

Mgrav;

¼ �duAðYuÞijMgrav þ ðauÞij�i	j

k

M5

Mgrav; (42)

Adij ¼ �ddAðYdÞijMgrav þ ðadÞij�i	j

k

M5

Mgrav; (43)

Aeij ¼ �ddAðYeÞijMgrav þ ðaeÞij�ij

k

M5

Mgrav: (44)

Assuming that the components of 5D couplings d�A, ða�Þij
are Oð1Þ, we obtain the following estimates on the magni-
tudes at the scale M5e

�kR�:

Auij � ðYuÞijMgrav þ �i	jMgrav; (45)

Adij � ðYdÞijMgrav þ �i	jMgrav; (46)

Aeij � ðYeÞijMgrav þ �ijMgrav: (47)

B. RG contributions

Let us estimate the magnitudes of the flavor-violating
soft SUSY breaking terms that arise from the RG equations
involving the Yukawa couplings. In doing so, we take the
specific flavor basis where Yu or Yd and Ye are diagonal.
We first study how Yu, Yd, and Ye-diagonal bases change

through RG evolutions. We define the following unitary
matrices U�:

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

Note that U�’s depend on the renormalization scale be-
cause the Yukawa matrices receive RG corrections. We
will calculate how U�’s vary through RG evolutions. We
have the RG equation

�
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 3tr½Yy

u Yu	Yu þ tr½Yy
DYD	Yu

�
�
13

15
g21 þ 3g22 þ

16

3
g23

�
Yu

�
UQu þ ðUUYuUQuÞUy

Qu

�
�

d

d�
UQu

�
; (48)

where YD is the neutrino Dirac coupling which appears if
there are singlet neutrinos lighter than the KK scale, from
which the RG equations are calculated. We hereafter adopt
the grand unified theory normalization for g1. From (48),
we see that, to keep UUYuUQu diagonal through RG evo-
lutions, it is sufficient to have

�
d

d�
UU ¼ 0; (49)

�
d

d�
UQu

¼� 1

16�2
ðoff-diagonal components ofYy

d YdÞUQu: (50)

In a similar manner, we obtain the following sufficient
conditions for other U�’s:

�
d

d�
UD ¼ 0; (51)

�
d

d�
UQd

¼� 1

16�2
ðoff-diagonal components ofYy

u YuÞUQd; (52)

�
d

d�
UE ¼ 0; (53)

�
d

d�
UL

¼� 1

16�2
ðoff-diagonal components ofYy

DYDÞUL: (54)

Now that we know how Yu, Yd, and Ye-diagonal bases
change through RG evolutions, we estimate the RG con-
tributions to the A terms in these bases. Below is the list of
the MSSM RG equations for the A terms:
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16�2�
d

d�
ðUUAuUQuÞ¼3UUAuY

y
u YuUQuþ3UUYuY

y
u AuUQuþðUUAuUQuÞðdiagonal part ofUy

QuY
y
d YdUQuÞ

þ2UUYuY
y
d AdUQuþ2

�
3tr½Yy

u Au	�13

15
g21M

a¼1
1=2 �3g22M

a¼2
1=2 �16

3
g23M

a¼3
1=2

�
ðUUYuUQuÞ

þ
�
3tr½Yy

u Yu	�13

15
g21�3g22�

16

3
g23

�
ðUUAuUQuÞþ tr½Yy

DYD	ðUUAuUQuÞþ tr½Yy
DAD	ðUUYuUQuÞ;

(55)

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; (56)

16�2�
d

d�
ðUEAeULÞ ¼ 3UEAeY

y
e YeUL þ 3UEYeY

y
e AeUL þ 2

�
3 tr½Yy

d Ad	 þ tr½Yy
e Ae	 � 9

5
g21M

a¼1
1=2 � 3g22M

a¼2
1=2

�

�ðUEYeULÞ þ
�
3 tr½Yy

d Yd	 þ tr½Yy
e Ye	 � 9

5
g21 � 3g22

�
ðUEAeULÞ þ ðUEAeULÞ

� ðdiagonal part of Uy
LY

y
DYDULÞ þ 2UEYeY

y
DADUL; (57)

where YD and AD, respectively, indicate neutrino Dirac coupling and its corresponding A term.
Note that the magnitudes of the components of the Yukawa couplings in each basis are given by (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 indicate the geometrical factors for singlet
neutrinos and satisfy �i � 1. Note also that the A terms
receive RG corrections which are proportional to the cor-
responding Yukawa couplings and to the gaugino masses.
We write these terms by Mu, Md, Me, and MD, respec-
tively, for Au, Ad, Ae, and AD. They depend on both Mgrav

and Mgauge.
With these ingredients, we estimate the RG contribu-

tions to those parts of A terms which are not proportional to
the corresponding Yukawa couplings, or equivalently the
off-diagonal components of (UUAuUQu), (UDAdUQd), and

(UEAeUL). On the right-hand sides of Eqs. (55)–(57), the
second lines determine the magnitudes of the RG contri-
butions. We thus obtain the following estimates (i � j):

�ðUUAuUQuÞij � 2�ið	iÞ2ð�3Þ2	j � 1

16�2

Z
dðln�ÞMd;

(58)

�ðUDAdUQdÞij � 2�ið	iÞ2ð�3Þ2	j � 1

16�2

Z
dðln�ÞMu;

(59)

�ðUEAeULÞij � 2�iðiÞ2ð�3Þ2j � 1

16�2

Z
dðln�ÞMD:

(60)

Since Mu, Md, and MD depend on Mgrav and Mgauge, so do

the magnitudes of the RG contributions above.
Let us estimate the RG contributions to soft SUSY

breaking matter mass terms. Below are those parts of the
MSSM RG equations that give rise to flavor-violating soft
SUSY breaking mass terms:
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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

þ ðdiagonal parts ofUy
QuY

y
d YdUQuÞðUy

Qum
2
QUQuÞ þ ðUy

Qum
2
QUQuÞ

� ðdiagonal parts of Uy
QuY

y
d YdUQuÞ þ 2Uy

QuY
y
dm

2
DYdUQu þ 2ðUy

QuY
y
d YdUQuÞm2

Hd

þ 2Uy
QuA

y
uAuUQu þ 2Uy

QuA
y
dAdUQu; (61)

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; (62)

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; (63)

16�2�
d

d�
ðUy

Lm
2
LULÞ�Uy

LY
y
e Yem

2
LULþUy

Lm
2
LY

y
e YeULþ2Uy

LY
y
e m2

EYeULþ2ðUy
LY

y
e YeULÞm2

Hd
þ2Uy

LA
y
e AeUL

þðdiagonal parts ofUy
LY

y
DYDULÞðUy

Lm
2
LULÞþðUy

Lm
2
LULÞðdiagonal parts ofUy

LY
y
DYDULÞ

þ2Uy
LY

y
Dm

2
NYDULþ2ðUy

LY
y
DYDULÞm2

Hu
þ2Uy

LA
y
DADUL; (64)

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: (65)

We first focus on the differences among the diagonal components of different flavors. From Eq. (61), the difference

between the components ðUy
Qum

2
QUQuÞii and ðUy

Qum
2
QUQuÞjj that arises through RG evolutions is given by (i > j)

�fðUy
Qum

2
QUQuÞii � ðUy

Qum
2
QUQuÞjjg � 2ð	iÞ2ð�iÞ2 1

16�2

Z
dðln�Þðm2

Q þm2
U þm2

Hu
þM2

uÞ þ 2ð	iÞ2ð�3Þ2 1

16�2

�
Z

dðln�Þðm2
Q þm2

D þm2
Hd

þM2
dÞ; (66)

where we neglected the terms proportional to ð	jÞ2 because they are smaller than those proportional to ð	iÞ2. Similarly, the
difference between ðUy

Lm
2
LULÞii and ðUy

Lm
2
LULÞjj is given, from (64), by

�fðUy
Lm

2
LULÞii � ðUy

Lm
2
LULÞjjg � 2ðiÞ2ð�iÞ2 1

16�2

Z
dðln�Þðm2

L þm2
E þm2

Hd
þM2

eÞ þ 2ðiÞ2ð�3Þ2 1

16�2

�
Z

dðln�Þðm2
L þm2

N þm2
Hu

þM2
DÞ: (67)

On the other hand, the differences among the diagonal components of the SU(2) singlet soft mass terms follow different
formulas. From Eqs. (62), (63), and (65), we have

�fðUy
Um

2
UUUÞii � ðUy

Um
2
UUUÞjjg � 4ð�iÞ2ð	iÞ2 1

16�2

Z
dðln�Þðm2

U þm2
Q þm2

Hu
þM2

uÞ; (68)

�fðUy
Dm

2
DUDÞii � ðUy

Dm
2
DUDÞjjg � 4ð�iÞ2ð	iÞ2 1

16�2

Z
dðln�Þðm2

D þm2
Q þm2

Hd
þM2

dÞ; (69)

�fðUy
Em

2
EUEÞii � ðUy

Em
2
EUEÞjjg � 4ð�iÞ2ðiÞ2 1

16�2

Z
dðln�Þðm2

E þm2
L þm2

Hd
þM2

eÞ: (70)

We next study the off-diagonal components. In (61), terms 2Uy
QuY

y
dm

2
DYdUQu, 2ðUy

QuY
y
d YdUQuÞm2

Hd
, and

2Uy
QuA

y
dAdUQu generate off-diagonal components, whose magnitudes are given by (i � j)
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�ðUy
Qum

2
QUQuÞij � 2	ið�3Þ2	j

1

16�2

Z
dðln�Þðm2

D þm2
Hd

þM2
dÞ: (71)

Similarly, we have

�ðUy
Lm

2
LULÞij � 2ið�3Þ2j

1

16�2

Z
dðln�Þðm2

N þm2
Hu

þM2
DÞ: (72)

On the other hand, RG contributions to the off-diagonal components of (Uy
Um

2
UUU) arise from those of (Uy

Qu
m2

QUQu
) and

(UUAuUQu) via terms 4UUYum
2
QY

y
uU

y
U, 4UUAuA

y
uU

y
U in (62). From Eqs. (58), (62), and (71), we obtain the following

estimate on the magnitudes of the off-diagonal components (i � j):

�ðUy
Um

2
UUUÞij � 8�ið	iÞ2ð�3Þ2ð	jÞ2�j

�
1

16�2

�
2 Z

dðln�Þ
Z

dðln�0Þðm2
D þm2

Hd
þM2

dÞ þ 16�ið	iÞ2ð�3Þ2ð	jÞ2

� �j

�
1

16�2

�
2 Z

dðln�Þ
�
Mu

Z
dðln�0ÞMd

�
: (73)

In the sameway, we obtain the following estimates on the RG contributions to the off-diagonal components of (Uy
Dm

2
DUD),

(Uy
Em

2
EUE):

�ðUy
Dm

2
DUDÞij � 8�ið	iÞ2ð�3Þ2ð	jÞ2�j

�
1

16�2

�
2 Z

dðln�Þ
Z

dðln�0Þðm2
U þm2

Hu
þM2

uÞ þ 16�ið	iÞ2ð�3Þ2ð	jÞ2�j

�
�

1

16�2

�
2 Z

dðln�Þ
�
Md

Z
dðln�0ÞMu

�
; (74)

�ðUy
Em

2
EUEÞij � 8�iðiÞ2ð�3Þ2ðjÞ2�j

�
1

16�2

�
2 Z

dðln�Þ
Z

dðln�0Þðm2
N þm2

Hu
þM2

DÞ þ 16�iðiÞ2ð�3Þ2ðjÞ2

� �j

�
1

16�2

�
2 Z

dðln�Þ
�
Me

Z
dðln�0ÞMD

�
: (75)

Finally, we briefly discuss whether this model gives a
realistic mass spectrum consistent with the bounds on
flavor-violating processes. For cases without messenger
fields, i.e. when gaugino mediation is the only source of
soft SUSY breaking masses, the paper [4] showed that
mass spectra exist below the TeV scale that satisfy all
experimental bounds. However, �0:1 suppression on the
term ðAeÞ21 relative to its natural scale (� �21Mgrav) is
required to evade the bound on � ! e� branching ratio.
Other soft SUSY breaking terms are less constrained.

If there are one to several messenger pairs, the resultant
mass spectra are more likely to evade the experimental
bounds because gauge mediation contributes solely to
flavor-universal soft SUSY breaking terms.

IV. SIGNATURES OF THE MODEL

In the previous section, we saw that the bulk matter RS
model combined with the 5D MSSM predicts a unique
flavor structure of gravity mediation contributions to
flavor-violating soft terms. We discuss the ways to observe
this structure through future collider experiments.

Focus on the flavor compositions of SUSY matter par-
ticle mass eigenstates. Because of flavor-violating soft
mass terms ðm2�Þij and flavor-violating A terms ðA�Þij,
SUSY particles of different flavors mix in one mass eigen-
state, whose flavor composition reflects the relative size of

the flavor-violating terms. Since sparticles of different
flavors decay into different SM particles (plus the lightest
or the next-to-lightest SUSY particle), one can measure the
flavor composition by detecting the decay products of that
mass eigenstate, counting the event numbers of different
decay modes and calculating their ratios. These ratios are
connected to the structure of flavor-violating soft SUSY
breaking terms and make it possible to experimentally test
the predictions of the bulk matter RS model.
Below we formulate the relation between flavor-

violating terms and sparticle flavor mixings. In the first
section, we interpret the predictions of the bulk matter RS
model in terms of the flavor-mixing ratios of sparticle mass
eigenstates. In the next section, we look into the predic-
tions of models other than the bulk matter RS model and
discuss whether or not it is possible to distinguish different
models.
Consider the situation where sparticle a with soft SUSY

breaking massm2
a mixes with sparticle bwith soft massm2

b

through mixing term �m2. The mass matrix in the basis of
ða; bÞ is given by

m2
a �m2

�m2 m2
b

� �
:

The mass eigenstates are derived by diagonalizing the
matrix above. If jm2

a �m2
bj � 2j�m2j holds, the mixing
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ratios of a and b in the two mass eigenstates are approxi-
mately given by

jm2
a �m2

bj:j�m2j; j�m2j:jm2
a �m2

bj:

A. Predictions of the bulk matter RS model

The bulk matter RS model predicts a nontrivial structure
of flavor-violating soft SUSY breaking terms, given by Eqs.
(41), (45)–(47), and (66)–(75). This structure can be trans-
lated into the flavor composition of each SUSY particle
mass eigenstate. One subtlety is that the flavor-violating
terms contain two different SUSY breaking mass scales,
namely, the IR-scale-suppressed gravity mediation scale,
Mgrav, and the gauge mediation scale, Mgauge; flavor-

violating gravity mediation contributions depend solely
on Mgrav, whereas RG contributions are proportional to

the net soft SUSY breaking mass scale that depends both
onMgrav andMgauge. The relative size of these scales affects

the predictions on the flavor compositions. We consider
three cases with Mgrav * Mgauge, Mgrav <Mgauge, and

Mgrav � Mgauge, whose precise definitions will be given

each time. These cases lead to different predictions.

1. Case with Mgrav * Mgauge

In this case, flavor-universal soft SUSY breaking
masses, m2�, and gaugino masses, M��, are of the same
magnitude as the gravity mediation scale, Mgrav. The dif-

ferences among the diagonal components of different fla-
vors come from the gravity mediation contributions (41)
and the RG contributions (66)–(70). Since we now have
m2� �M2

grav, M�� �Mgrav, Eq. (41) surpasses Eqs. (66)–

(70). Hence we may make the following approximations
for i > j in any flavor basis:

ðm2
QÞii � ðm2

QÞjj � 	2
i M

2
grav (76)

and similar formulas with ðU;�Þ, ðD;�Þ, ðL; Þ, and ðE; �Þ
replacing ðQ;	Þ in the above formula.

In a similar manner, in any flavor basis, the A terms are
approximated by

ðAuÞij � �i	jMgrav;

ðAdÞij � �i	jMgrav;

ðAeÞij � �ijMgrav;
(77)

and the off-diagonal components of soft SUSY breaking
mass terms are by (i � j)

ðm2
QÞij � 	i	jM

2
grav (78)

and similar formulas with ðU;�Þ, ðD;�Þ, ðL; Þ, and ðE; �Þ
replacing ðQ;	Þ in the above formula.

Sparticle Qi mixes with sparticle Qj ðj � iÞ through the

term ðm2
QÞij and with Uk or Dk ðk � iÞ through the A terms

and the VEVs of the Higgs bosons. In this way, there

appears a mass eigenstate that consists mainly of Qi and
partly of Qj and Uk or Dk, which we hereafter call the

almost Qi mass eigenstate. From Eqs. (76) and (78), the
mixing ratio of Qj in the almost Qi mass eigenstate is

given by

jðm2
QÞijj

jðm2
QÞii � ðm2

QÞjjj
’ 	i	jM

2
grav

ð	iÞ2M2
grav

� 	j

	i

(79)

for i > j, and by

jðm2
QÞijj

jðm2
QÞii � ðm2

QÞjjj
’ 	i	jM

2
grav

ð	jÞ2M2
grav

� 	i

	j

(80)

for i < j. On the other hand, themixing ratio ofUj in the up-

sector of the almost Qi mass eigenstate is given by (i � j)

vujðAuÞjij
jm2

Q �m2
Uj

� vu�j	iMgrav

M2
SUSY

� �j	i

vu

MSUSY

; (81)

where we used the fact that the difference between the
flavor-universal masses of the SU(2) doublet and the singlet
squarks is of the samemagnitude as the soft SUSY breaking
mass scale itself, denoted byMSUSY.
The mixing ratios in other mass eigenstates follow simi-

lar formulas. There is a subtlety about the ratio of Lj in the

almost Li mass eigenstate because we have 31 � 2 � 3

and the approximation used to derive Eqs. (79)–(81) is no
longer valid. Actually, the mixing ratio of Lj in the almost

Li mass eigenstate is Oð1Þ for any i, j.

2. Case with Mgrav � Mgauge

In this section, we concentrate on the casewhere the ratio
Mgrav=Mgauge is so small that the RG contributions to flavor-

violating soft SUSY breaking terms, Eqs. (58)–(60) and
(66)–(75), are of the same magnitude as or larger than the
gravity mediation contributions, Eqs. (41) and (45)–(47).
In these cases, the mixing ratio of Qj in the almost Qi

mass eigenstate is given, from Eqs. (66) and (71), by (i > j)

jðm2
QÞijj

jðm2
QÞii � ðm2

QÞjjj
� 	ið�3Þ2	j

ð	iÞ2ð�iÞ2 þ ð	iÞ2ð�3Þ2

� 	j

	i

ð�3Þ2
ð�iÞ2 þ ð�3Þ2

; (82)

in the flavor basis where Yu is diagonalized. Here we used
the fact that the integrands of the right-hand side of (66) and
that of (71) are of the same magnitude. On the other hand,
from Eq. (58), the mixing ratio ofUj in the up-sector of the

almost Qi mass eigenstate is given by (i � j)

vujðAuÞjij
jm2

Q �m2
Uj

� 2�jð	jÞ2ð�3Þ2	i

vu

Mgauge

(83)

in the Yu-diagonal basis. Here we approximated the differ-
ence of flavor-conserving masses of SU(2) doublet squarks
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and singlet up-type squarks by Mgauge. The mixing ratio of

Dj in the down-sector of the almost Qi mass eigenstate in

the Yd-diagonal basis takes a similar expression. The same
discussion applies to the mixings in the almost Li mass
eigenstate.

The mixing ratios in the almost Ui mass eigenstate
follow different formulas. From Eqs. (68) and (73), the
ratio of Uj is given by (i > j)

jðm2
UÞijj

jðm2
UÞii � ðm2

UÞjjj
� 24�ið	iÞ2ð�3Þ2ð	jÞ2�j

4ð�iÞ2ð	iÞ2

� 6ð�3Þ2ð	jÞ2
�j

�i

(84)

in the Yu-diagonal basis. On the other hand, from (58), the
ratio of the up-sector ofQj in the almostUi mass eigenstate

is given by (i � j)

vujðAuÞijj
jm2

Q �m2
Uj

� 2�ið	iÞ2ð�3Þ2	j

vu

Mgauge

(85)

in the Yu-diagonal basis. The same discussion applies to
the mixings in the almost Di mass eigenstate and the
almost Ei mass eigenstate.

3. Case with Mgrav <Mgauge but not with
Mgrav � Mgauge

Consider the case where Mgrav is slightly smaller than

Mgauge. Then gravity mediation contributions surpass RG

contributions for some of the flavor-violating soft SUSY
breaking terms, and the opposite holds for the other terms.
In these cases, the mixing ratios of sparticle mass eigen-
states generally depend on the unknown ratioMgrav=Mgauge

and the model loses its predictive power.
However, certain mixing ratios are more likely to reflect

the gravity mediation contributions. For example, if
Mgrav * 3Mgauge, as to terms ðm2

EÞii � ðm2
EÞjj and

ðmEÞ2ij, the gravity mediation contributions described by

(41) are larger than the RG contributions, (70) and (75).
Then the mixing ratio of Ej in the almost Ei mass eigen-

state is the same as in the case with Mgrav * Mgauge.

Focusing on such mixing ratios, it is still possible to ob-
serve the signatures of the model.

B. Comparison with other models

To test the predictions of the bulk matter RS model, we
must check whether they contain signatures distinguish-
able from other models. As an example, we investigate two
types of models; one is minimal flavor violation, in which
RG contributions of the Yukawa couplings are the only
source of flavor-violating soft SUSY breaking terms. The
other is 4D gravity mediation, in which gravity mediation
contributes uniformly to all flavor-violating terms. We will
compare the predictions of these models with the bulk
matter RS model and discuss the ways to distinguish them.

1. Minimal flavor violation

The MFV scenario leads to the same result as in
Sec. IVA2, i.e. the bulk matter RS model with Mgrav �
Mgauge. This is because the argument in Sec. IVA2 holds

irrespective of gravity mediation contributions. We thus
conclude that it is impossible to experimentally distinguish
the bulk matter RS model from the MFV scenario when we
have Mgrav � Mgauge, as in Sec. IVA2.

In contrast, ifMgrav * Mgauge, the MFV scenario and the

bulk matter RS model have distinctively different predic-
tions on the mixing ratios in the almostUi,Di, and Ei mass
eigenstates with i ¼ 1, 2. This is seen by comparing
(79)–(81) (Q relaced by U, D, E) with (84) and (85); the
flavor mixings in these mass eigenstates are suppressed at
least by ð	2Þ2 or ð2Þ2 in ‘‘minimal flavor violation’’
compared to the bulk matter RS model. Therefore it is
possible to discriminate the two models by observing the
flavor compositions of ‘‘almost 1st or 2nd generation SU
(2) singlet sparticle mass eigenstates.’’

2. 4D gravity mediation

Here we discuss the case where 4D theory description is
valid even at the Planck scale, or all matter superfields are
confined on the same 4D brane. Then the gravity mediation
contributions are of the same magnitude irrespective of
flavors. Of particular interest is the situation where the
gravity mediation contributions surpass the flavor-
violating RG contributions, which is the case when Mgrav

is only slightly smaller than Mgauge. In this situation, the

differences between diagonal components of soft SUSY
breaking masses ðm2�Þii � ðm2�Þjj, and off-diagonal compo-

nents ðm2�Þij, in any flavor basis are of the same magnitude.

Then the mixing ratios in sparticle mass eigenstates are all
Oð1Þ. It is easy to distinguish this model from the bulk
matter RS model, where the mixing ratios of recessive
flavors are suppressed by the geometrical factors.

V. EXPERIMENTAL STUDIES

In the previous section, we saw that the bulk matter RS
model has a unique prediction on the flavor compositions
of sparticle mass eigenstates that may be distinguishable
from other models. In this section, we study how to mea-
sure the predicted mixing ratios through collider experi-
ments. We focus on the case whereMgrav ’ Mgauge holds or

Mgrav is slightly smaller than Mgauge, and put emphasis on

distinguishing the bulk matter RS model from the MFV
scenario.
The basic strategy is to create a specific mass eigenstate

(s) of SUSY matter particles, detect its decay products, and
count the numbers of events of different decay modes. The
branching fractions of different modes reflect the flavor
composition of that mass eigenstate. There are, however,
three challenges for this study.
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First, we have to detect small flavor components of
sparticle mass eigenstates, which means that we have to
observe rare decay events in collider experiments. For this
purpose, the probability of misidentifying the decay prod-
ucts of the dominant mode as those of a rare mode must be
negligibly small. For example, the stau components of the
almost smuon mass eigenstates are detectable because the
SM tau from the stau components, when we focus on its
hadronic decay, leaves a signal different frommuon events.
However, it is impossible to observe the smuon compo-
nents of the almost stau mass eigenstates because the SM
tau from the dominant stau components may decay into a
SM muon, which mimics the smuon component signal.

Second, we have to extract the decay products of a
specific mass eigenstate in order to compare the data
with the predictions of the bulk matter RS model. It is
thus required to produce only specific mass eigenstates at a
collider. This is achieved by lepton colliders, such as the
ILC [16] and the CLIC [17], where the center-of-mass
energy of a process is fixed. For example, the flavor-mixing
ratios in the almost SU(2) doublet smuon mass eigenstate
and in the almost SU(2) singlet smuon mass eigenstate are
predicted to be different. To confirm this prediction, we
must produce one of the two eigenstates selectively. If the
latter is lighter than the former, we take the center-of-mass
energy between their thresholds so that only the latter is
created on shell. We then measure the mixing ratios of the
latter eigenstate through its decay products. In conclusion,
lepton colliders are essential when studying the flavor
compositions of sparticle mass eigenstates.

Finally, we have to focus on the almost SU(2) singlet
mass eigenstates in order to discriminate the bulk matter
RS model from the MFV scenario. This is understood by
comparing the predictions of the bulk matter RS model,
(79)–(81), with those of the MFV scenario, (82)–(85).
Remember that we have

�3 � tan�
mb

v
; �3 � 1

and we do not know the magnitude of �3. Hence it can be
the case that the mixing ratios of Qj in the almost Qi mass

eigenstate, and those of Lj in the almost Li mass eigenstate

are of the same magnitudes for the bulk matter RS model
and the MFV scenario. In contrast, the mixing ratios ofUj,

Dj, and Ej in the almost Uj, Dj, and Ej mass eigenstates

are of different magnitudes for the two models because the
mixing ratios in the MFV scenario, (82)–(85), are sup-
pressed by the factors ð	1Þ2, ð	2Þ2, ð1Þ2, or ð2Þ2 com-
pared to those in the bulk matter RS model, (79)–(81). We
further notice that the almost 3rd generation sparticle mass
eigenstates are not suitable for our study because the 3rd
generation sparticles have significant left-right mixing
terms due to their large Yukawa couplings. We conclude
that observing the rare decays of the almost SU(2) singlet
1st and 2nd generation mass eigenstates is the only way to

distinguish the bulk matter RS model and the MFV
scenario.
Taking these points into account, we discuss three types

of experiments that are feasible at future lepton colliders.
The first type of experiment deals with the rare decay of the
almost SU(2) singlet smuon mass eigenstate into a SM tau,
which reflects the mixing of the singlet smuon with the
stau. Another type of experiment deals with the rare decay
of the almost SU(2) singlet smuon mass eigenstate into the
SM electron or that of the almost SU(2) singlet selectron
into the SM muon, which reflects the mixing of the singlet
smuon and the selectron. The other type of experiment
deals with the rare decay of the almost SU(2) singlet
scharm mass eigenstate into the SM top, which reflects
the mixing of the singlet scharm with stop. For a concrete
discussion, we make assumptions on the SUSY particle
mass spectrum in Sec. VA. We then look into the three
types of experiments in Secs. VB, VC, and VD.
The almost lighter stau/stop mass eigenstates are sche-

matically denoted by ~�1=~t1, and the almost singlet selec-
tron/smuon/scharm mass eigenstates are by ~eR= ~�R= ~�R.
It is impossible to do these experiments at hadron col-

liders. This is fundamentally because we need to create the
almost SU(2) singlet mass eigenstates exclusively, without
creating their the almost SU(2) doublet counterparts, in
order to discriminate the bulk matter RS model from the
MFV scenario. Hadron colliders would necessarily create
both eigenstates, and the decay products of the latter would
contaminate the signals that allow us to distinguish the two
scenarios. It is true that almost SU(2) singlet eigenstates
are normally lighter than their almost SU(2) doublet coun-
terparts, and hence the production cross sections of the
latter are lower even at hadron colliders. However, since
the two scenarios predict only the orders of magnitudes of
the branching ratios of rare events, even small contamina-
tion from the latter would make it difficult to test the
predictions.

A. Assumptions on the mass spectrum

In this section, we make plausible assumptions on the
SUSY particle mass spectrum that are consistent with the
bulk matter RS model combined with the 5D MSSM.
We assume that squarks are heavier than sleptons and a

gluino is heavier than a wino and bino because of their SU
(3) charges. Also, a wino is assumed heavier than a bino
due to its SU(2) charge. SU(2) doublet squarks are heavier
than singlet squarks, and doublet sleptons are heavier than
singlet sleptons. Since gauge superfields are flat in the
bulk, i.e. they have no y dependence, they obtain large
soft SUSY breaking masses through contact terms on the
IR brane. Therefore gluinos tend to be heavier than
squarks. Winos and binos are heavier than sleptons but
lighter than squarks.
The � term is assumed larger than wino and bino

masses, as is normally the case.
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We do not specify the mass order among doublet and
singlet squarks and sleptons because gravity mediation
contributions may distort the mass spectrum. However,
we expect that the masses of the 1st and 2nd generation
SUSY particles are almost degenerate because their
Yukawa couplings as well as their overlap with the IR
brane are small.

A gravitino is always the lightest SUSY particle (LSP)
because its mass is given by �TeV� e�kR�. The next-to-
lightest SUSY particle (NLSP) is an almost SU(2) singlet
selectron, an almost singlet smuon, or almost the lighter
stau mass eigenstate. The lifetime of the NLSP satisfies

ctNLSP’48�jhF ~Xij2
m5

NLSP

’48�M2
gravðM5e

�kR�Þ2
ðmNLSPÞ5

’ð1:2�10�26Þm�
�
Mgrav

GeV

�
2
�
M5e

�kR�

GeV

�
2
�
300GeV

mNLSP

�
5
:

We assume that the lifetime is long enough that the NLSP
reaches the inner detector before it decays.

The order of the sparticle soft SUSY breaking masses is
summarized as

~H u; ~Hd > ~g > ~qL > ~qR > �

1 ;

�0
2ð≒ ~WÞ>�0

1ð≒ ~BÞ> ~lL > ~lR > c 3=2:

B. Type I—Smuon rare decay with staulike NLSP

Consider the case where almost the lighter stau mass
eigenstate (~�1) is the NLSP. Tune the center-of-mass en-
ergy of the lepton collider between the thresholds of almost
singlet selectron/smuon mass eigenstates (~eR= ~�R), the al-
most SU(2) doublet selectron/smuon, and almost the heav-
ier stau mass eigenstates. Then ~eR, ~�R, and ~�1 are produced
on shell, while other sparticle mass eigenstates are not.

The signal for ~eR or ~�R pair production is a pair of long-
lived charged massive particles, which are NLSP ~�1’s, plus
two pairs of hard SM leptons. Note that, since the masses
of ~eR and ~�R are almost degenerate, we cannot detect SM
leptons emitted when the heavier one decays into the
lighter one. Normally, we have two SMmuons or electrons
plus two SM taus in these events (we call this the ‘‘main’’
mode), e.g.

ee ! ~�R ~�R ! ��~�1��~�1 (86)

for the smuon production. However, due to the small stau
components in ~eR= ~�R, we may also have one SM muon or
electron plus three SM taus in these events (we call this the
‘‘rare’’ mode), e.g.

ee ! ~�R ~�R ! ��~�1��~�1 (87)

for the smuon production. Requiring hadronic decay of SM
taus and taking advantage of the tau vertexing, one can
reduce the probability of misidentifying a main mode event
as a rare mode event to a negligible level.

The branching ratio of the rare mode is proportional to
the square of the mixing ratio. The stau component in ~�R

plays a dominant role because the stau component in ~eR is
much more suppressed. From Eq. (79) with ðQ;	Þ replaced
by ðE; �Þ, and from Eq. (81) with ðQ;U;	; �; vuÞ replaced
by ðL; E; ; �; vdÞ, the bulk matter RS model predicts that
the branching ratio of the rare mode is given by

Brð ~�R ! ��~�1Þ �
�
�2
�3

�
2 þ

�
�23

vd

MSUSY

�
2

�
�
m�

m�

�
2 þ

�
m�

MSUSY

�
2
; (88)

where the first term comes from the mixing with the singlet
stau and the second from the mixing with the doublet stau.
If ~eR is lighter than ~�R, the branching ratio is reduced by
1=2 compared to the opposite case because 1=2 of ~�R’s
decay into ~eR’s. However, this does not affect the order
estimate above. Since we have MSUSY � m�, the second
term is negligible and the branching ratio becomes

Br ð ~�R ! ��~�1Þ � 0:004: (89)

Note that the prediction above may change by
Oð0:1Þ–Oð10Þ because we only know the magnitudes of
the higher-dimensional couplings for soft SUSY breaking
terms.
On the other hand, the MFV scenario predicts that the

branching ratio of the rare mode is given by

Brð ~�R!��~�1Þ�
�
6ð�3Þ2ð2Þ2�2�3

�
2

þ
�
2ð�3Þ2ð2Þ2�23

vd

MSUSY

�
2

�ð�32Þ4�0:1; (90)

where we used Eqs. (84) and (85) with ðQ;U;	;�; �; vuÞ
replaced by ðL; E; ; �; �; vdÞ. Although we cannot deter-
mine the magnitude of �32, we expect it to be smaller than
0.1; from Eq. (72), we have the following flavor-mixing
term for the SU(2) doublet smuon and selectron:

ðm2
LÞ12 � 1ð�3Þ22M

2
SUSY � 1

3ð�32Þ2M2
SUSY:

For example, with MSUSY ¼ 500 GeV, m2
~lL
¼ 500 GeV,

M ~B ¼ M ~W ¼ 750 GeV, � ¼ 1000 GeV, tan� ¼ 10 and
vanishing A terms, taking �32 ¼ 0:1 would saturate the
current bound on the � ! e� branching ratio, Brð� !
e�Þ � 1:2� 10�11 [18]. Hence the branching ratio of the
rare mode in the MFV scenario satisfies

Br ð ~�R ! ��~�1Þ & 10�5; (91)

which may get smaller if the bound on Brð� ! e�Þ im-
proves. We conclude that the branching ratio of the rare
mode is distinctively smaller in the MFV scenario than in
the bulk matter RS model.
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C. Type II—NLSP selectron rare decay into muon, or
NLSP smuon rare decay into electron/tau

Consider the case where the almost singlet smuon or the
almost singlet selectron2 mass eigenstate ( ~�R or ~eR) is the
NLSP and is long lived. Tune the center-of-mass energy
slightly above the threshold of ~�R=~eR so that they are
produced with a low � (Lorentz velocity). Slow long-lived
sleptons may be trapped in the inner detector. According to
the paper [19], taking� & 0:2 is sufficient to trap 600 GeV
or lighter sleptons in the inner detector. We analyze the
decay products of these sleptons to study their flavor
compositions.

First study the case where ~eR is lighter than ~�R and is the
long-lived NLSP. ~eR mainly decays into a SM electron and
a gravitino (main mode). However, due to its smuon com-
ponent, it also decays into a SM muon and a gravitino (rare
mode). Hence we expect to observe rare mode events
where one of the sparticle pair produced by the collider
decays into a SM muon and the other into a SM electron
with large vertex separation due to the longevity of ~eR.

The bulk matter RS model predicts that the branching
ratio of the rare mode is given by

Brð~eR ! �c 3=2Þ �
�
�1
�2

�
2 þ

�
�12

vd

MSUSY

�
2

�
�
3
me

m�

�
2 þ

�
3

me

MSUSY

�
2

� 0:0002; (92)

where we neglected the second terms of the right-hand
sides because we have

3
me

m�

� 3
me

MSUSY

in realistic SUSY models.
On the other hand, the MFV scenario predicts that the

branching ratio of the rare mode is given by

Brð~eR ! �c 3=2Þ �
�
6ð�3Þ2ð1Þ2 �1�2

�
2

þ
�
2ð�3Þ2ð1Þ2�21

vd

MSUSY

�
2

� ð�31Þ4 � 0:03: (93)

Again, the bound on the � ! e� branching ratio gives a
severe constraint on the value of �31, and the branching
ratio satisfies

Br ð~eR ! �c 3=2Þ< 10�6 (94)

for realistic mass spectra.
~eR also decays into a SM tau and a gravitino but the

branching ratio is suppressed by the factor ðme=m�Þ2 and is
thus negligibly small.

Next consider the case where ~�R is lighter than ~eR and is
the long-lived NLSP. ~�R mainly decays into a SM muon

and a gravitino (main mode), but also into a SM electron
and a gravitino, or into a SM tau and a gravitino (rare
modes). The branching ratio of the rare mode where the
sparticle pair decays into a muon and an electron and two
gravitinos is the same as Eqs. (92) and (93). The branching
ratio of the rare mode where the sparticle pair decays into a
tau and a muon and two gravitinos is the same as Eqs. (89)
and (90).

D. Type III—Scharm rare decay into SM top

1. Scharm is lighter than stop

Consider the case where ~cR is lighter than ~t1. Tune the
center-of-mass energy between the thresholds of ~cR and ~t1.

Then ~cR, ~uR, ~sR, and ~dR, whose masses are almost degen-
erate, are produced on shell, while other squark mass

eigenstates are not. ~cR=~uR=~sR=~dR mainly decay into SM
charm/up/strange/down and the lightest neutralino �0

1,

which is bino like (the main mode). �0
1 promptly decays

into several SM leptons and NLSP, e.g. we have

ee ! ~cR~cR ! c�0
1c�

0
1

! ðc jetÞNLSPðc jetÞNLSPðSM leptonsÞ (95)

for scharm pair production. Because of the small stop
components, they also decay into SM top and �0

1 with a
tiny branching ratio (the rare mode), e.g. we have

ee ! ~cR~cR ! t�0
1c�

0
1

! ðtop decay productsÞNLSPðc jetÞNLSPðSM leptonsÞ
(96)

for scharm pair production. The signal of the main mode is
two hard jets, two long-lived charged massive particles,
and several SM leptons. On the other hand, the signal of the
rare mode is, when the SM top decays hadronically, four
hard jets, two long-lived charged massive particles, and
several SM leptons. We see that the probability of mis-
identifying a main mode event as a rare mode event is
negligibly small if we require the hadronic top decay in
rare mode events.
Of the four eigenstates, ~cR dominantly contributes to

rare mode events because the stop components in the other
eigenstates are more suppressed than in ~cR. One can con-
firm this by requiring c tagging for one of the jets in rare
mode events.
From (80) with ðQ;	Þ replaced by ðU;�Þ and (81), the

bulk matter RS model predicts that the branching ratio of
the rare mode is given by

Brð~cR ! t�0
1Þ �

�
�2

�3

�
2 þ

�
�2	3

vu

MSUSY

�
2

�
�
1

�2

mc

mt

�
2 þ

�
1

�2

mc

mt

mt

MSUSY

�
2

� 0:02; (97)
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where we neglected the second term because we have

mt <MSUSY

in realistic SUSY models.
From Eqs. (84) and (85), the MFV scenario predicts that

the branching ratio of the rare mode is given by

Brð~cR ! t�0
1Þ �

�
6ð�3Þ2ð	2Þ2 �2

�3

�
2

þ
�
2ð�3Þ2ð	2Þ2�2	3

vu

MSUSY

�
2

& 5� 10�6; (98)

where we used the fact that �3 � 1. Comparing Eq. (96)
with (95), we notice that the bulk matter RS model and the
MFV scenario have distinctively different predictions.

2. Stop is lighter

Consider the case where ~t1 is lighter than ~cR. ~cR is still
lighter than the almost SU(2) doublet squark mass eigen-

states (including ~t1, ~b1). Tune the center-of-mass energy
between the thresholds of ~cR and the almost doublet squark

eigenstates. Then ~cR, ~uR, ~sR, ~dR, ~b1, and ~t1 are produced on
shell, while the other squark mass eigenstates are not.

Wewant to extract the signals of rare mode events where

one of the pair of ~cR, ~uR, ~sR, or ~dR’s decays into a SM top
and a neutralino. However, these events are contaminated

by the events where one of the pair of ~b1’s decays into a
SM top and a chargino; the chargino decays into a NLSP
and SM leptons, but one charged lepton is misdetected.

The b jet from the other ~b1 is mis-b tagged. There is also a
contamination from the events where one of the pair of ~t1’s
decays into a SM bottom and a chargino, or into a SM
charm and a neutralino due to the scharm component in ~t1.
We take advantage of kinematical properties to reject these
contaminations.

Tune the center-of-mass energy close to the threshold of

~cR, ~uR, ~sR, and ~dR so that they are produced almost at rest.
Suppose that one observed three hard jets from the had-
ronic decay of the SM top (t), another hard jet (j) and
several SM leptons plus two NLSPs. Further assume that
the 3-momenta of t and j are reconstructed successfully.
We want to know whether this event comes from the decay

of ~cR, ~uR, ~sR, ~dR or from ~t1, ~b1. In the former case, the
3-momenta satisfy

j ~pjj þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j � ~pjj2 þm2

�

q
’ m~cR ; (99)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j ~ptj2 þm2

t

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j � ~ptj2 þm2

�

q
’ m~cR ; (100)

where ~pj and ~pt, respectively, denote the 3-momenta of j

and t, and m� the mass of a bino-like neutralino. In the

latter case, however, the above equations hold for specific
situations where j and t go in special directions against the

initial ~t1’s or ~b1’s because the ~t1, ~b1’s are boosted. To

summarize, the rare mode signals of ~cR, ~uR, ~sR, and ~dR
can be extracted through the discriminants (99) and (100).
The branching ratios of the rare mode in the bulk

matter RS model and the MFV scenario are the same as
in Eqs. (97) and (98).

E. Cross sections

We calculate the cross sections of the rare modes
given above and discuss their accessibility at collider
experiments.
First focus on the type I experiment, where one of the

pairs of almost singlet smuon or selectron mass eigenstates
decays into two SM taus and a NLSP in case the NLSP is
staulike. The center-of-mass energy is tuned above the
threshold of ~�R, namely, we takeffiffiffi

s
p ¼ 2m ~�R

þ 100 GeV:

In Fig. 1, we plot the mass of ~�R vs the cross section of the
rare mode at a eþe� collider. We take the branching ratio
of the rare mode as

Br ð ~�R ! ��~�1Þ ¼
�
m�

m�

�
2

based on Eq. (88). We assume that ~�R is slightly lighter
than ~eR so that one-half of ~eR’s decay into ~�R and con-
tribute to the rare mode. In calculating the ~eR pair produc-
tion cross section, the bino mass is assumed to be 1:5m ~�R

.

Also shown is the total cross section of ~�R, ~eR production
events.
Next focus on type II, where one of the pairs of almost

singlet selectron mass eigenstates decays into a SM muon
and a gravitino if it is the NLSP, or one of the pairs of
almost singlet smuon mass eigenstates decays into a SM
electron/tau and a gravitino if it is the NLSP. We tune the
center-of-mass energy slightly above the threshold of
~eR= ~�R so that their velocities are low enough to trap
them inside the inner detector. For simplicity, we take

300 350 400 450 500 550 600
msmuon GeV0.1

1

10

100

fb

FIG. 1 (color online). Mass of ~�R vs the cross section of the
rare mode where a ~�R is produced and decays into two SM taus
and a NLSP stau (straight line). The center-of-mass energy is
taken as

ffiffiffi
s

p ¼ 2m ~�R
þ 100 GeV. The total cross section of ~�R

or ~eR production process is also shown (dashed line).
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ffiffiffi
s

p ¼ 2m~eR= ~�R
þ 20 GeV:

In Fig. 2, we plot the mass of ~eR vs the cross section of the
rare mode if it is the NLSP, and the mass of ~�R vs the cross
section of the rare mode if it is the NLSP. We take the
branching ratios of the rare modes as

Brð~eR ! �c 3=2Þ ¼ Brð ~�R ! ec 3=2Þ ¼
�
1

3

me

m�

�
2
;

Brð ~�R ! �c 3=2Þ ¼
�
m�

m�

�
2
;

based on (88) and (92). Also shown are the total cross
sections of ~eR and ~�R production processes.

Finally focus on type III, where one of the pairs of ~cR,

~uR, ~sR, and ~dR’s decays into a SM top and a neutralino. The
center-of-mass energy is tuned above the threshold of ~cR.
First we take ffiffiffi

s
p ¼ 2m~cR þ 100 GeV;

so that the cross section is nearly maximized. Second
we take

ffiffiffi
s

p ¼ 2m~cR þ 10 GeV;

so that ~cR’s are produced almost at rest and the rare mode

events are kinematically distinguishable from ~t1, ~b1 pro-

duction events in case ~t1, ~b1 are lighter. In Fig. 3, we plot
the mass of ~cR vs the cross section of the rare mode for both
cases. The branching ratio of the rare mode is taken as

Br ð~cR ! t�0
1Þ ¼

�
1

�2

mc

mt

�
2

for both cases, based on (97). Also shown is the total cross

section of ~cR, ~uR, ~sR, and ~dR production processes.
Note that we can in principle reject all background

events when observing the signals of the rare modes.
Therefore, detecting several signals is sufficient to confirm
the bulk matter RS model. From Figs. 1 and 2, we find that
one can study the stau component in ~�R at the ILC with the
integrated luminosity of �100 fb�1. However, studying
the smuon component in ~eR or the selectron component
in ~�R requires �1000 fb�1 integrated luminosity. From

300 350 400 450 500 550 600
msel GeV0.01

0.1

1

10

100

fb

300 350 400 450 500 550 600
msmuon GeV0.01

0.1

1

10

100

fb

FIG. 2 (color online). Left panel: Mass of ~eR vs the cross section of the rare mode where a NLSP ~eR is produced and decays into a
SMmuon and a gravitino (straight line). Right panel: Mass of ~�R vs the cross section of a rare mode where a NLSP ~�R is produced and
decays into a SM electron and a gravitino (bottom straight line), and the other rare mode where a NLSP ~�R is produced and decays into
a SM tau and a gravitino (top straight line). The total cross sections of ~eR (left panel) and ~�R (right panel) production processes are also
shown (dashed lines).

600 700 800 900 1000
mscharm GeV

0.1

0.5
1.
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10.

50.
100.

fb

600 700 800 900 1000
mscharm GeV

0.1
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10.

50.

100.
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FIG. 3 (color online). Mass of ~cR vs the cross section of the rare mode where a ~cR is produced and decays into a SM top and a
neutralino (straight lines). The center-of-mass energy is taken as

ffiffiffi
s

p ¼ 2m~cR þ 100 GeV on the left and
ffiffiffi
s

p ¼ 2m~cR þ 10 GeV on the

right. The total cross section of ~cR, ~uR, ~sR, or ~dR production processes is also shown (dashed lines).
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Fig. 3, we see that �1000 fb�1 integrated luminosity is
sufficient to study the stop component in ~cR.

VI. SUMMARYAND OUTLOOK

We discussed observing signals of the bulk matter RS
model, especially when the IR scale is far above the TeV
scale. We saw that this is possible in the case of the
minimal supersymmteric extension of the bulk matter RS
model where the warped spacetime solely explains the
hierarchy of the Yukawa couplings, while SUSY solves
the gauge hierarchy problem. There, gravity mediation
contributions to soft SUSY breaking terms reflect the 5D
disposition of superfields. Hence flavor-violating soft
SUSY breaking matter mass terms that arise from gravity
mediation exhibit a flavor structure unique to the bulk
matter RS model. RG running of the Yukawa coupling
constants also contributes to the flavor-violating terms,
but its contributions and the gravity mediation contribu-
tions are distinguishable if the mass scale of gauge media-
tion is not much larger than that of gravity mediation. Then
the latter contributions can be extracted by investigating
the 1st and 2nd generation SU(2) singlet SUSY particles,
where the former are further suppressed by the small
Yukawa coupling constants. We focused on the flavor
compositions of SUSY particle mass eigenstates, which
reflect the relative size of flavor-violating soft SUSY
breaking terms. We enumerated three modes of collider
experiments where one can measure the compositions by
observing rare decays of SUSY particles. Predictions on
their branching ratios were made based on the bulk matter
RS model and were compared with those of the minimal
flavor violation scenario. These predictions will be con-
firmed or rejected by a future lepton collider whose center-
of-mass energy is tuned appropriately.

A lesson of this study is that if new physics at the TeV
scale contains a flavor-violating sector other than the

Yukawa couplings, it is possible to observe signatures of
models that explain the Yukawa coupling hierarchy
through the flavor structure of the new sector. In the case
of this paper, MSSM contains gravity-mediation-origined
soft mass terms, which provide a new source of flavor
violation. Gravity mediation and the Yukawa couplings
are independent in the original MSSM, but have a corre-
lation if the bulk matter RS model is the origin of the
Yukawa coupling hierarchy. Hence we can predict the
flavor structure of gravity mediation contributions (up to
their orders of magnitudes) from the data on SM, and
eventually confirm or reject the bulk matter RS model
through a detailed study on SUSY matter particles. This
study can be extended to any new physics scenario at the
TeV scale as long as it couples to matter fields and may
violate flavor. In any case, the SU(2) singlet muon and
charm and their new physics partners play a pivotal role;
SU(2) singlets receive less flavor-violating quantum cor-
rections from the SM Yukawa couplings, and thus new
flavor-violating terms are easy to extract. Since the 1st and
2nd generation particles have only small Yukawa cou-
plings, we expect that their new SU(2) singlet partners
almost do not mix with SU(2) doublets. A muon has a
much larger Yukawa coupling than an electron and is much
more sensitive to the origin of the Yukawa coupling
hierarchy. The partner of a charm can have a large
flavor-violating mixing with a top, the only quark whose
flavor can be identified with virtually no misidentification
rate.
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