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Democratic „s…fermions and lepton flavor violation
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The democratic approach to account for fermion masses and mixing is known to be successful not only in
the quark sector but also in the lepton sector. Here we extend this ansatz to supersymmetric standard models,
in which the Kähler potential obeys the underlyingS3 flavor symmetries. The requirement of neutrino bi-large
mixing angles constrains the form of the Ka¨hler potential for left-handed lepton multiplets. We find that
right-handed sleptons can have nondegenerate masses and flavor mixing, while left-handed sleptons are argued
to have universal and hence flavor-blind masses. This mass pattern is testable in future collider experiments
when superparticle masses will be measured precisely. Lepton flavor violation arises in this scenario. In
particular,m→eg is expected to be observed in a planned future experiment if supersymmetry breaking scale
is close to the weak scale.
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I. INTRODUCTION

The flavor structure of quarks and leptons is one of
biggest puzzles of particle physics. The minimal stand
model has 19 unexplained parameters, 13 of which are
masses and mixing of the fermions. A few more parame
~often associated with new particles! are needed to accoun
for nonzero neutrino masses and their mixing. Some mec
nism to explain the fermion mass structure is keenly desi

The situation appears worse in supersymmetric~SUSY!
extension of the standard model. The minimal SUSY st
dard model~MSSM! has additional 105 parameters, many
which are ~SUSY breaking! masses and mixing of scala
partners of quarks and leptons, i.e., sfermions. Arbitrary m
ing among the sfermions would cause too large of a fla
changing neutral current~FCNC!, far above the experimenta
bounds: this problem is referred to as the SUSY flavor pr
lem.

Thus the flavor problem in the SUSY standard mode
twofold: ~1! the puzzle in the fermion mass structure and~2!
the puzzle in the sfermion mass structure. How these two
linked with each other is not clear. In fact, attempts ha
been made to separate these issues and try to solve the
independent of the former problem. This type of approa
requires that the SUSY breaking occurring in a hidden se
is mediated in a special way to our standard model sec
The SUSY flavor problem can be solved in this way, thou
at the same time the resulting sfermion mass structure in
its no information on an underlying theory of flavor which
presumably a physics at very high-energy scale.
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Here we take an alternative approach to the flavor pr
lem. Namely, we shall consider the case where a mechan
which is responsible for the fermion mass structure also d
tates the sfermion mass structure@1–7#. As was discussed
earlier, such a strong connection between the two aspec
the flavor problem in supersymmetry is not mandatory. Ho
ever this approach seems a natural one in the framewor
generic supergravity where one does not impose specific
tures on the hidden sector and the messenger one. More
if this idea indeed solves the SUSY flavor problem in natu
the structure of the sfermion masses reflects the mecha
how the fermion masses are generated, and thus one ex
that future experiments will bring some hints towards o
understanding of the theory of flavor.

The purpose of this paper is~1! to present a viable mode
of the alignment mechanism for the sfermion masses ba
on a realistic model of flavor, which accounts for large m
ing angles for neutrinos as well as small mixing angles
quarks, and~2! to illustrate how predictions of the alignmen
mechanism can differ from those of the minimal supergrav
where lepton flavor violation is originated from, e.g., reno
malization group effects from right-handed neutrino Yuka
couplings.

Explicitly in this paper we consider a democratic type
fermion mass matrices~with diagonal breaking!. The demo-
cratic ansatz@8–10# is very attractive because it can beau
fully explain bilarge mixing in the neutrino sector whil
small mixing angles in the quark sector are kept. Moreo
the underlying symmetry is a permutation group of thr
objects,S3, which is one of the simplest groups and may
naturally realized in various settings. A particularly intere
ing possibility is that it can have a geometrical origin
brane-world scenario@11#.

Here we assume that this democratic principle can a
operate in the sfermion masses. More precisely theS3 sym-
©2003 The American Physical Society07-1
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metry restricts possible forms of the Ka¨hler potential, and
thus the scalar masses. Unlike the minimal supergravity,
resulting sfermion masses are not degenerate among d
ent generations, but they are almost aligned with the ferm
masses. A small violation of the democracy will indu
rather suppressed flavor violation in the sfermion sector.
terestingly the effects to, e.g.,m→eg may be observed in
near future experiments, as we will see later.

The paper is organized as follows. In the next section,
briefly review some basic points of the democratic ansatz
fermion masses. In Sec. III, we extend this ansatz to
sfermion sector. We postulate that the Ka¨hler potential is
invariant under theS3 transformations among the gener
tions. This brings the characteristic mass spectrum
squarks and sleptons as well as their flavor mixing. The
quirement that the neutrino sector has bilarge mixing ang
yields very nontrivial constraints on the Ka¨hler potential. In
Sec. IV, lepton flavor violation~LFV! is discussed. We show
that it is plausible thatm→eg will be observed in near future
experiments in our framework. In Sec. V, we briefly discu
other flavor violation andCP violation in quark sector. The
final section is devoted to conclusions and discussion.

II. DEMOCRATIC FERMION MASSES

In this section we briefly review the democratic ansatz
quarks and leptons@10#. We write the Yukawa interaction
which generates the masses of quarks and charged lepto
follows:

WY5QL•YqQRH5QLi~Yq! i j QR jH, ~1!

where QLi and QR j represent quarks or leptons of~left-
handed! SU~2! L doublets and~charge conjugated right
handed! SU~2! L singlets, respectively,H is a Higgs doublet
and (Yq) i j represent Yukawa coupling constants. Indicei
andj stand for generations and run from 1 to 3. Here we h
used the notion of superpotential as well as chiral superfi
for later convenience.

The basic idea of the democratic fermion is to postul
that the Yukawa matrixYq approximately takes a democrat
form

Yq'y0
qJ, J[

1

3 S 1 1 1

1 1 1

1 1 1
D , ~2!

with some parametery0
q . This form is derived by invoking a

permutation symmetryS3(QL)3S3(QR) among the three
generations. Suppose thatQLi transform as3L51SL12L un-
der S3(QL) and thatQRi transform as3R51SR12R under
S3(QR). We find that the unique invariant underS3(QL)
3S3(QR) is nothing but Eq.~2!. We call the basis which
gives Eq.~2! a democratic basis.

It is sometimes convenient to change the basis by a ma
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A5S 1/A2 1/A6 1/A3

21/A2 1/A6 1/A3

0 22/A6 1/A3
D . ~3!

We call this basis a canonical basis. In this basis, it is ma
fest that the three-dimensional reducible representation3 of
S3 consists of two-dimensional irreducible representation2
and a one-dimensional~trivial! representation1S . Actually,
the above mass matrix, Eq.~2!, becomes proportional to

T[S 0 0 0

0 0 0

0 0 1
D , ~4!

where only the field corresponding to1S has nonzero mass
which should be identified with the third generation in th
democratic limit.1

To be more realistic, we need to include symmetry bre
ing terms. Let us first discuss the case of quarks. Follow
Ref. @9#, we take in the democratic basis

Yq5y0
qF J1S 2eq 0 0

0 eq 0

0 0 dq

D G , ~5!

where q5u or d. Here we have assumedeq!dq!1. An
advantage of the breaking terms in the form given abo
becomes transparent if one moves to the canonical ba
There the first 232 entries of the matrix are of the Fritzsc
type @12#:

Yq5y0
qS 0 2A1/3eq 2A2/3eq

2A1/3eq ~2/3!dq 2~A2/3!dq

2A2/3eq 2~A2/3!dq 11~1/3!dq

D , ~6!

from which one immediately obtains a phenomenologica
favorable relation for the Cabibbo angleuC :

sinuC'Amd

ms
2Amu

mc
'Amd

ms
. ~7!

The mass matrix~5! is diagonalized byUq5ABq . The ex-
plicit form of Bq is found in the literature@9,10#. Here it is
sufficient to note that they are approximately

Bq5S 1 O~eq /dq! O~eq!

O~eq /dq! 1 O~dq!

O~eq! O~dq! 1
D ~8!

1S3 flavor symmetry was also considered in Ref.@7#, where the
three generations transform as2% 1A with 1A being a nontrivial
one-dimensional representation. The breaking pattern of theS3

symmetry and hence the mass matrix in Ref.@7# is different from
the democratic case we now consider.
7-2
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and the ratio of the mass eigenvalues is roughly given b

m1
q :m2

q :m3
q'

eq
2

dq
:dq :1. ~9!

A comparison with data determines the magnitudes of
breaking parameters. For instance, for the down-type qua
we find

dd;1021, ed;1022. ~10!

A similar expression can be obtained for the up-type qu
sector, with much smaller breaking parameters

du;1022, eu;1024. ~11!

The Cabibbo-Kobayashi-Maskawa~CKM! matrix can be ob-
tained by

UCKM5~ABu!†ABd5Bu
†Bd . ~12!

Thus the matrixA cancels out, and the remaining one is
matrix with small mixing angles. It has been argued that
CKM matrix obtained this way gives a phenomenologica
successful pattern@9#. A detailed analysis of the quar
masses and the CKM matrix in the democratic ansatz wil
renewed elsewhere@13#.

Let us now turn to the lepton sector. The Yukawa mat
of the charged leptons is assumed to be of the same form
those of the quarks@10#:

Yl5y0
l F J1S 2e l 0 0

0 e l 0

0 0 d l

D G . ~13!

It possesses the flavor symmetryS3(LL)3S3(ER) where
S3(LL) andS3(ER) stand for permutation symmetries amo
the three generations of SU(2)L doublet leptons and single
leptons, respectively. The diagonalization can be perform
in exactly the same manner as the case of the quarks.
mass ratio among the three generations implies

d l;1021, e l;1022, ~14!

such as in the case of the down-type quarks.
The situation is quite different in the neutrino mass m

trix, which arises from the effective operator including t
bilinear of the doublet leptonsLi :

f i j

2M
LiHuL jHu , ~15!

where f i j are dimensionless coupling constants,M is a high
mass scale, andHu denotes the up-type Higgs doublet. Th
it has two S3(LL) invariants:J and I, the latter of which
denotes the 333 unit matrix. As was discussed by Ref.@10#,
the latter should be taken to obtain bilarge mixing ang
which are strongly suggested by the atmospheric and
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solar neutrino anomalies@14–16#.2 This choice may be jus-
tified in a brane-world scenario where each generation of
doublet leptons is localized on a different point in extra
mensions@11#. With diagonal breaking terms, we have th
following mass matrix:

M n5
f ^Hu&

2

M
5mnF I 1S 2en 0 0

0 en 0

0 0 dn

D G . ~16!

We find the Maki-Nakagawa-Sakata matrix is approxima
to beAT, and thus

sin22usolar'1, sin22uatm'8/9, Ue3'0. ~17!

To summarize this section, the democratic ansatz with
diagonal breaking works well not only in the quark sec
but also in the lepton sector.

III. DEMOCRATIC SFERMIONS

In this section we extend this democratic principle to t
soft SUSY breaking terms. To begin with, let us recall t
SUSY flavor problem in scenarios where supergravity int
action mediates the SUSY breaking: Arbitrary couplings
the Kähler potential between the visible sector and the h
den sector immediately cause disastrously large FCN
There are several proposals to this problem. Some of th
attribute to separation between the two sectors by postula
special forms of the Ka¨hler potential. On the other hand, i
the minimal supergravity and its variants@18# a type of U(n)
flavor symmetry in the Ka¨hler metric, withn being the num-
ber of generations, is implicitly assumed without any just
cation, while the Yukawa sector maximally breaks it. He
we will show that the Ka¨hler potential controlled by theS3
symmetry solves the SUSY flavor problem, and at the sa
time provides some interesting phenomenological con
quences on the sfermion masses and mixing, which can
tested by future experiments.

The S3 symmetry allows the following Ka¨hler potential
for the MSSM fieldsQi :

K5@ZI
QI 1ZJ

QJ# i j Qi
†Qj , ~18!

whereZI
Q andZJ

Q are, in general, functions of~hidden sector!
fields. In the following, we are interested in only the
vacuum expectation values which can be expanded in te
of the Grassmann variablesu and ū:

ZI ,J
Q 5zI ,J

Q 1~u2aI ,J
Q 1H.c.!2u2ū2mQI,J

2 . ~19!

Notice thataI ,J
Q and mQI,J

2 come from the SUSY breaking
The existence of the democratic partZJ

Q plays essential roles

2Very recently the first results from the KamLAND experime
have been announced, which exclude all oscillation solutions to
solar neutrino problem except the large-angle matter-enhanced
@17#.
7-3
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in our arguments. In fact, the non-universal Ka¨hler metric
coming from zJ

Q leads to nonuniversal kinetic terms, an
hence affects the fermion masses and their mixing. Furt
more, the democratic part generates nonuniversal soft sc
masses, as we will explain in detail.

Using the matrixA the Kähler metric for the fieldsQi in
Eq. ~18! is diagonalized as

@zI
QI 1zJ

QT# i j . ~20!

That is, we obtain the non-universal kinetic terms which
written explicitly

K.S zI
Q 0 0

0 zI
Q 0

0 0 zI
Q1zJ

Q
D

i j

Qi
†Qj . ~21!

After rescaling the fields using the diagonal matrix

CQ[diag„1/AzI
Q,1/AzI

Q,1/AzI
Q~11r Q!…, r Q5zJ

Q/zI
Q ,
~22!

we obtain canonically normalized kinetic terms. In the pr
ence ofzJ

Q , we call the field basis obtained this way th
canonical basis.

Suppose that the Yukawa matrices have the same stru
as the ones discussed in the previous section:

Y5y0F J1S 2e 0 0

0 e 0

0 0 d
D G . ~23!

Diagonalization of the kinetic terms byA with subsequent
rescaling transforms the Yukawa matrix~23! into the one in
the canonical basis, which is written

Y5y0CLF T1ATS 2e 0 0

0 e 0

0 0 d
D AGCR , ~24!

whereCL,R denote the rescaling matrices~22! for QL,R . No-
tice that in the canonical basisY ~24! is already almost di-
agonalized.

The presence of the nonuniversal Ka¨hler metric modifies
the masses and mixing of the fermions. Let us consider
diagonalization of the Yukawa matrixY ~24! given in the
canonical basis as

UL
TYUR5diag~y1 ,y2 ,y3!. ~25!

It is easy to show that the eigenvalues are approximatel

y15Y0S D

3
2

J

6 D , y25Y0S D

3
1

J

6 D , y35Y0S 11
d

3D ,

~26!

with
05600
r-
lar

e

-

re

e

Y05
y0

AzI
LzI

R~11r L!~11r R!
, J52~D213E2!1/2,

D5A~11r L!~11r R!d, E5A~11r L!~11r R!e.
~27!

Also the unitary matricesUL andUR which diagonalize the
matrix are found to be

UL,R5S cosu 2sinu 2LL,Rsin 2u

sinu cosu 2LL,Rcos 2u

LL,Rsin 3u LL,Rcos 3u 1
D ,

~28!

where

tan 2u5
A3e

d
, LL,R5A11r L,R

j

3A2
,

j52~d213e2!1/2. ~29!

As far as the normalization factor 11r L,R is of the order of
unity, the masses and mixing angles of the quarks
charged leptons are not drastically modified. On the ot
hand, this factor is very important for the neutrino mixing,
we will discuss later.

Let us now discuss the soft SUSY breaking terms. Af
the A rotation, soft scalar mass terms for sfermionsq̃i are
written as

2L.~mQ
2 ! i j q̃i

†q̃ j ,mQ
2 5~mQI

2 I 1mQJ
2 T!1~aI

QI 1aJ
QT!

3~zI
QI 1zJ

QT!21~aI
QI 1aJ

QT!.

~30!

Since the second term ofmQ
2 is rewritten in terms of the

linear combination ofI andT, hereafter we absorb this term
into mQI,J

2 . To go to the canonical basis, we need to multip
CQ from both sides, so that they become

mQ
2 5CQ~mQI

2 I 1mQJ
2 T!CQ

5mQ0
2 F S 1 0 0

0 1 0

0 0 1
D 1rQS 0 0 0

0 0 0

0 0 1
D G ,

mQ0
2 5

mQI
2

zI
Q

, rQ5
zI

QmQJ
2 2zJ

QmQI
2

~zI
Q1zJ

Q!mQI
2

. ~31!

We find that the quantityrQ becomes nonzero if the ratio o
the democratic part to the unit part in theD components ofZ,
mQJ

2 /mQI
2 , is different from the same ratio in the lowest com

ponents,r Q5zJ
Q/zI

Q . We expect that this is generically th
case and thusrQ is of the order of unity. The existence of th
second term of the mass-squared matrix leads to very in
7-4
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esting consequences. As one can readily see from Eq.~31!,
the third generation sfermion has a different mass than
degenerate first two generation masses, that is,

m1st
2 5m2nd

2 Þm3rd
2 . ~32!
n
ec

-
s-

n

05600
e
Furthermore, in the fermion-mass basis where the ferm
masses are diagonal, there arise nonzero off-diagonal
ments in the sfermion mass-squared matrix, leading to fla
mixing mediated by the sfermions. In fact, in this basis, t
mass-squared matrix becomes of the following form:
mQ
2 5mQ0

2 F S 1 0 0

0 1 0

0 0 1
D 1rQS L2sin23u L2sin 3ucos 3u L sin 3u

L2sin 3ucos 3u L2cos23u L cos 3u

L sin 3u L cos 3u 1
D G ,

;mQ0
2 S 1 O~rDE! O~rE!

O~rDE! 1 O~rD!

O~rE! O~rD! 11r
D , r;O~1!, ~33!
e

where the coefficients in each entries can be computed
using Eq.~28! andL here corresponds toLL or LR in Eq.
~29!.

Let us next turn to scalar trilinear couplings, i.e.,A terms.
Following the same procedure, we find that theA terms in
the canonical basis are given as

2L.(
Q

]W

]q̃i

@~zI
QI 1zJ

QT!21~aI
QI 1aJ

QT!# i j q̃ j . ~34!

As in the previous case, disagreement betweenzJ
Q/zI

Q and
aJ

Q/aI
Q induces small off-diagonal elements in the fermio

mass basis, resulting in again the flavor mixing. An insp
tion shows that the above equation is written as

(
Q

]W

]q̃i

@a0
QI 1a1

QT# i j q̃ j , ~35!

where

a0
Q5

aI
Q

zI
Q

, a1
Q5

aJ
QzI

Q2aI
QzJ

Q

~zI
Q1zJ

Q!zI
Q

. ~36!
by

-
-

With the superpotential of the formW5QL•YQRH, Eq.~35!
reduces to

~a0
L1a0

R1a0
H!q̃L•Yq̃RH1a1

Lq̃L•TYq̃RH1a1
Rq̃L•YTq̃RH.

~37!

One can move to the fermion mass basis by multiplyingUL
T

andUR from left and right, respectively. The matrix for th
trilinear couplings becomes of the following form:

Aq5~a0
L1a0

R1a0
H!S y1 0 0

0 y2 0

0 0 y3

D 1a1
L~UL

TTUL* !

3S y1 0 0

0 y2 0

0 0 y3

D 1a1
RS y1 0 0

0 y2 0

0 0 y3

D ~UR
†TUR!,

~38!

and
UL,R
† TUL,R5S ~LL,R!2sin23u ~LL,R!2sin 3ucos 3u ~LL,R!2sin 3u

~LL,R!2sin 3ucos 3u ~LL,R!2cos23u LL,Rcos 3u

LL,Rsin 3u LL,Rcos 3u 1
D ;S E2 DE E

DE D2 D

E D 1
D . ~39!
We find that the flavor mixing terms will not become sym
metric matrices. This will play an important role when di
cussing lepton flavor violation.

Following Ref.@19#, we now introduce some notation o
the sfermion mass terms in the fermion mass basis
~mLL
2 ! i j q̃Li* q̃L j1~mRR

2 ! i j q̃Ri* q̃R j1~mLR
2 ! i j q̃Li* q̃R j

1~mRL
2 ! i j q̃Ri* q̃L j , mLR

2†5mRL
2 ~40!

where each is given as
7-5
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~mLL
2 ! i j 5~mQL

2 ! i j , ~mRR
2 ! i j 5~mQR

2T ! i j ,

~mLR
2 ! i j 5~Ay* ! i j ^H&, ~mRL

2 ! i j 5~Ay
T! i j ^H&.

~41!

Here we have written only SUSY breaking masses explici
and suppressed SUSY contributions. For later use, it is c
venient to define

~d i j !LL[
~mLL

2 ! i j

m2
, ~d i j !RR[

~mRR
2 ! i j

m2
,

~d i j !LR[
~mLR

2 ! i j

m2
, ~d i j !RL[

~mRL
2 ! i j

m2
,

~42!

wherem represents a typical mass of the corresponding s
mion.

In this paper, we assume that the Ka¨hler potential is in-
variant under theS3 symmetry and do not include possib
S3 breaking contributions. This assumption is, however,
stable against radiative corrections. In particular, renorm
ization group effects involving the Yukawa couplings w
violate the symmetry in the Ka¨hler potential, which generat
different patterns of violations of mass degeneracy and fla
mixing. We will return to this point in the subsequent se
tions.

„S…lepton sector

In this section, we would like to focus on the lepton sec
and discuss the slepton masses in detail.

Following the general argument given above, we can p
form the diagonalization of the Yukawa matrix for th
charged leptons. The results are

ye5Y0
l S D l

3
2

J l

6 D , ym5Y0
l S D l

3
1

J l

6 D ,

yt5Y0
l S 11

d l

3 D , ~43!

and

UL,R5S cosu l 2sinu l 2LL,Rsin 2u l

sinu l cosu l 2LL,Rcos 2u l

LL,Rsin 3u l LL,Rcos 3u l 1
D .

~44!

Next we consider the neutrino mass matrix. We assu
that the neutrino mass matrix is the same as the one
cussed in Sec. II@Eq. ~16!#. It becomes, in the canonica
basis,

M n5mnCLF S 1 0 0

0 1 0

0 0 1
D 1ATS 2en 0 0

0 en 0

0 0 dn

D AGCL .

~45!
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Without CL , the first term, i.e., the unit matrix, of Eq.~45! is
irrelevant to the diagonalization, and thus the mass ma
itself is diagonalized by the matrixA. It is this fact which
realizes the bilarge mixing angles. However, whenr L is non-
zero andCL is not proportional to the unit matrix, this is n
longer the case. This is because the first term in Eq.~45! is
proportional to diag(1,1,11r L) and the diagonalizing matrix
is different fromA. In fact, it is an easy task to see that th
whole mass matrix in this case is diagonalized by a ma
close to the unit matrix~with small angles!. Combining the
fact that the diagonalizing matrix for the charged lepton s
tor contains only small mixing angles, we find that mixin
angles of the neutrinos would be all small when ther L is
sizably different from zero. On the other hand, in the limit
r L!en , dn , the first term in Eq.~45! can be regarded as
unit matrix. Then the unitary matrix arises only from th
second term in Eq.~45! and equals toA, from which we can
reproduce bilarge mixing angles in the neutrino sector.
conclude that the absence of the democratic part in
Kähler metric zJ

L of the doublet leptons is required by th
neutrino phenomenology.

This observation strongly implies that the whole dem
cratic part of the Ka¨hler potential for the doublet leptons
namely, ZJ

L5zJ
L1(u2aJ

L1H.c.)2u2ū2mLJ
2 , should be ab-

sent. Though the absence of only the lowest component,zJ
L ,

is sufficient for the bilarge mixing to be realized, we arg
that it is unnatural and thus unlikely. Assuming the abse
of the whole democratic part, namely,zJ

L5aJ
L5mLJ

2 50, we
immediately conclude that all left-handed slepton masses
degenerate:

mẽL

2
5mm̃L

2
5mt̃L

2 , ~46!

at the energy scale where these soft scalar masses are g
presumably at a scale close to the Planck scale. At the s
time there will be no flavor mixing in the left-handed slepto
mass-squared matrix. On the other hand, the right-han
lepton sector generically has the democratic part in its Ka¨hler
potential, and thus the right-handed stau has a different m
from those in the first two generations:

mẽR

2
5mm̃R

2
Þmt̃R

2 . ~47!

Furthermore, its presence also leads flavor mixing of
right-handed slepton mass-squared matrix of the slepton
tor. As for theA terms, the absence of the democratic part
the left-handed leptons impliesa1

L50, and thus the matrix
for the A terms~38! reduces to

Al5~a0
L1a0

R1a0
H!S ye 0 0

0 ym 0

0 0 yt

D
1a1

RY0
l S O~E4/D! O~E3! O~E3/D!

O~D2E! O~D3! O~D2!

O~E! O~D! 1
D . ~48!
7-6
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It is straightforward to compute numerical values of the m
trix in the second term, onceD l and El are fixed by the
charged lepton masses3

D l'
3mm

2mt2mm /A11r R

, El'A4me

3mm
D l . ~49!

Notice that they are insensitive to the choice ofr R as far as
A11r R is of the order of unity.

The mass spectrum in Eqs.~46! and~47! is characteristic
of the democratic sfermion ansatz. In fact the degenerac
the left-handed slepton masses is strongly suggested by
izing the bilarge neutrino mixing angles. Such a constra
does not come to the right-handed sector, and thus the r
handed stau can have a different mass which is consis
with the S3 symmetry. This situation should be compar
with the renormalization group~RG! effect due to right-
handed neutrino Yukawa couplings, which leads to the n
degeneracy in the left-handed slepton masses@20#. The non-
degeneracy in the right-handed sector can also be induce
SU~5! grand unified theories~GUTs! by the RG effect above
the GUT scale@21#. One possible way to distinguish our ca
with the GUT contribution is that in our case the righ
handed stau can be either light or heavy, while the RG fl
always makes the right-handed stau lighter than the o
generations.

IV. LEPTON FLAVOR VIOLATION

We are now at a position to discuss lepton flavor vio
tion. FCNC processes in the quark sector will be briefly d
cussed in the subsequent section. In our setup, we will s
that the predicted rate ofm→eg is within reach of planning
experiments as far as the sparticle masses are of the ord
100 GeV. We also find that the rate oft→mg is smaller than
the present experimental bound by at least two orders
magnitudes.

In SUSY models, superparticle exchange loop diagra
induce the dipole moment operators

Leff5e
ml j

2
l̄ ismnFmn~Li j PL1Ri j PR!l j , ~50!

where ml j
denotes a charged lepton mass of generatioj,

PL,R5(17g5)/2 indicate the chiral projection operators, a
Li j andRi j are coefficients dictated by the parameters in
SUSY models. Flavor violating processes take place if o
diagonal components in scalar mass matrices exist. For
ton flavor violation, the present experimental bound@22#
BR(m→eg),1.2310211 constrains the off-diagonal ele
ments of the slepton masses. Here we give an estimat
using an approximate formula similar to Ref.@19#, where we
only consider the diagrams given in Fig. 1 withB-ino and
W-ino loops. More details will be found in the Appendi
The constraints obtained in this approximation are

3We neglectr L since it is extremely small.
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~d12
l !LL&~a few!31023S ml̃

100 GeVD
2

,

~d12
l !RR&~a few!31023S ml̃

100 GeVD
2

,

~d12
l !LR ,~d12

l !RL&~a few!31026S ml̃

100 GeVD
2

, ~51!

whereml̃ represents a characteristic mass scale of the s
tons, and the constraints get weaker asml̃ increases. We note
that exact numbers are sensitive to the ratios of the gau
masses and the slepton masses, and the values given a
should be taken as typical ones.

These constraints should be compared with the expe
values of the off-diagonal elements in the framework of t
democratic sfermions. Forml̃ ;100 GeV and the scalar tri
linear parametera1

R;ml̃ , we find

~d12
l !LL;0, ~d12

l !RR;rRD lEl;1023,

~d12
l !LR;

a1
RD lElme

ml̃
2 ;1028,

~d12
l !RL;

a1
RD lElmm

ml̃
2 ;1026. ~52!

The comparison shows that the flavor mixing expected in
framework is already comparable with the experimental c
straints if the SUSY breaking scale is around the weak sc
Put it another way, we naturally expect that them→eg pro-
cess will be seen in a near future experiment if the spartic
in the loops have masses of the order of 100 GeV.

The same comparison also indicates that the off-diago
mixing components (d12)RR and (d12)RL give comparable
and dominant contributions tom→eg. Both contributions
generate nonzeroL12 in Eq. ~50!, with vanishingR12. It is
interesting to compare this with other scenarios of lep
flavor violation. For instance, (mLL

2 )12 dominates when the
RG effect due to the right-handed neutrino Yukawa inter
tions gives considerable flavor violation@23,24#. In this case,
only R12 becomes nonzero. On the other hand, (mRR

2 )12 will

FIG. 1. Feynman diagrams which cause lepton flavor violat

decaysl j→ l ig. l i , l̃ Xi , g, W̃, andB̃ represent the charged lepton
charged sleptons, the photon,W-ino andB-ino, respectively.ml j and
MB̃ are the masses of the charged leptons andB-ino. The blobs in
the slepton lines indicate the insertions of the flavor violating m
matrix elements, (mXX

2 ) i j and (mXY
2 ) i j , and ones in the fermion

lines indicate chirality flips of the charged leptons andB-ino. X,Y
stand for the chiralitiesL or R.
7-7
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FIG. 2. Contour plots for BR(m→eg) in the m0-M1/2 plane for (a) rR51, a1
R50 and~b! rR50.1, a1

R5m0. The lines correspond to
BR(m→eg)510212, 10213,10214, and 10215 from the lower left. Here, we fix theS3 breaking parameters atd l56.57731022 and e l

54.79231023 with y0
l ^H&52456 MeV andr R51.
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dominate in the minimal SU~5! GUT if the RG contributions
above the GUT scale are important@21#, which gives non-
zeroL12 term, as in our scenario. It is interesting to note th
the case with nonzeroL12 may be distinguishable from th
other case with nonzeroR12 if polarized muon beam is avail
able, by measuring the angular distribution of the decay
particles@25#.

Next we would like to present some numerical results.
calculate the rate ofm→eg by using the formulas presente
in the Appendix. For simplicity, we take a universal gaugi
massM1/2:

MB̃~MX!5MW̃~MX!5MG̃~MX!5M1/2, ~53!

whereMB̃ , MW̃ , andMG̃ representB-ino, W-ino and gluino
masses, respectively, and assume the equality of the r
handed slepton masses in the first two generations and
left-handed slepton massesmR0

2 (MX)5mL0
2 (MX)5m0

2 at the
boundaryMX5231016 GeV. The masses at low energy a
obtained with the help of renormalization group equatio
Relevant quantities in our analysis are

MB̃~m!50.43M1/2, MW̃~m!50.83M1/2,

~Yl ! i j ~m!51.5~Yl ! i j ~MX!,

~mLL
2 ! i j ~m!5~mLL

2 ! i j ~MX!10.50uM1/2u2d i j ,

~mRR
2 ! i j ~m!5~mRR

2 ! i j ~MX!10.15uM1/2u2d i j ,

~Al ! i j ~m!51.5~Al ! i j ~MX!10.67~Yl ! i j ~m!M1/2,
~54!

where the low-energy values are evaluated at the renor
ization pointm5500 GeV, and we neglect the effect of th
Yukawa couplings, which is valid as far as the tau Yuka
couplings are small. For simplicity, we fix theS3 breaking
parameters atd l56.57731022 and e l54.79231023 with
y0

l ^H&52456 MeV andr R51 @See Eq.~49!#. Contours of
the branching ratio ofm→eg on them0-M1/2 plane are de-
picted in Fig. 2. Here we consider the two cases. In Fig. 2~a!,
we takerR51, a1

R50, and thus the (mRR
2 )12 is the dominant

source of lepton flavor violation. On the contrary, Fig. 2~b!,
is the case whererR50.1, a1

R5m0 so that the (mRL
2 )12 domi-
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ht-
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nates over the other. We should compare the contours o
branching ratio with the expected sensitivity of the branch
ratio ;10214, which is aimed by the MEG Collaboration a
PSI @26#. Both figures show thatm→eg will be detectable if
the gaugino mass and the scalar mass are smaller than a
300 GeV. We note that the branching ratios are small wh
the universal scalar mass is small. This is understood ea
if we notice that the lepton flavor violation is inherent in th
scalar masses, and in this limit the effect is diluted by
large gaugino contributions coming from the renormalizat
group evolution. We also checked other choices ofrR and
a1. Generically, the results are not sensitive to these valu
However, for a certain choice of the parameters,a1

R

;rRm0, an accidental cancellation between the two con
butions to the lepton flavor violation can take place, and th
branching ratio will be significantly reduced.

In our analytic as well as numerical computations, w
only considered the gaugino loops depicted as Fig. 1. Th
valid for small tanb. In fact, there are other diagrams whic
generically enhance the branching ratio when tanb is large.
Furthermore, it was pointed out in@27# that the contributions
coming from various diagrams partially cancel with ea
other in certain regions of the parameter space. This can
lation is, however, very sensitive to the soft masses as we
the Higgsino mass parameter, and it would be prematur
make a full analysis with various unknown parameters in
model.

Bearing these observations in mind, we conclude tham
→eg is generically within the reach of the planning expe
ment in a wide range of the parameter space if the masse
the superparticles involved in the process are around
weak scale.

Here we would like to emphasize that considerable lep
flavor violation is expected in our scenario, even if t
Yukawa couplings of the right-handed neutrinos are sm
and their effects in the RG running are negligible. Th
clearly contrasts with other cases considered previou
@23,24,28#, where the RG effect from the right-handed ne
trino Yukawa couplings is essential for sufficient lepton fl
vor violation.

Let us next consider other lepton flavor violating pr
cesses,t→mg andt→eg. The ratios of the branching frac
tions are estimated as
7-8
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BR~t→mg!

BR~m→eg!
;0.17S D l

D lEl
D 2

;103,

BR~t→eg!

BR~m→eg!
;0.17S El

D lEl
D 2

;10, ~55!

where the factor 0.17 is the branching ratio oft
→mntn̄m (entn̄e). Recalling the fact that the current expe
mental bound of BR(m→eg) is already;10211, we find
that BR(t→mg) expected in our scenario can be at b
1028, roughly two orders of magnitudes lower than
present experimental bound@29#, and it may also be chal
lenging for a super B factory, which is to explore down
102721028 @30#.

Finally, we would like to mentionCP phases from the
slepton sector. Complex phases in the slepton masses g
ally induce CP violation. The strongest constraint on th
complex phases comes from the electron electric dipole
ment ~EDM! @31#:

uIm~d11
l !LRu,~a few!31028S ml̃

100 GeVD
2

. ~56!

As is evident in Eq.~48!, (m11
l2)LR has two terms in our

scenario: the first term is a universal one and the second
is flavor-dependent term which originates from the dem
cratic part of the Ka¨hler potential. We find that the forme
contribution dominates, whose magnitude is estimated a

~d11
l !LR;mea0 /ml̃

2
;531026. ~57!

To survive the experimental constraint, the phase should
rather small as;0.120.01. We note that this universal con
tribution exists in many types of SUSY breaking scenar
including the minimal supergravity model, and the suppr
sion of the phase of the universalA term is a common prob
lem in supersymmetry.4 Although our scenario does not solv
this problem, it does not worsen the situation either.

V. FCNC IN QUARK SECTOR

Finally, we would like to briefly discuss FCNC con
straints in the quark sector in a similar manner as in
previous section. Let us consider theK, B, andD mass dif-
ferences (DmK , DmB , andDmD) and the branching fraction
of the b→sg process. They provide the upper bounds
off-diagonal elements of squark masses, which are liste
Table I. Here we quote the estimates in Ref.@19#, which
considers only gluino exchange diagrams, and all squark
gluino masses are fixed atmq̃5500 GeV for simplicity. The
limits are scaled asmq̃ /500 GeV forDmK , DmB , andDmD
and (mq̃ /500 GeV)2 for b→sg. The magnitudes of the off
diagonal elements expected in this model are also liste
Table I. When compared with the experimental bounds,
conclude that FCNC processes induced by theS3 symmetry

4The CP phase of the Higgs mixing mass term should also
suppressed. See a recent proposal on this issue@32#.
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breaking effect reside within the experimental bounds.
As for b→sg, there are other dangerous contributio

from a chargino-stop loop and a charged Higgs loop. It
known that these two can contribute destructively for a s
of the Higgsino mixing parameterm, and thus in certain
regions of the parameter space the whole SUSY contribu
is in accord with the experimental constraint. We expect t
this occurs and will not discuss this point further.

The CP violating quantitieseK , e8/e of the kaon system
put severer constraints on the imaginary parts of the fla
mixing masses. One finds that the constraint fromeK bound
to the product (d12

d )LL(d12
d )RR is much stronger than those t

(d12
d )LL or (d12

d )RR:

AuIm~d12
d !LL~d12

d !RRu,2.231024S mq̃

500 GeVD . ~58!

On the other hand, the magnitude of this combination is
nerically expected to be

A~d12
d !LL~d12

d !RR;DdEd;1023, ~59!

one order of magnitude above the experimental constra
which may require some fine tuning to suppress the comp
phase. Here, however, we argue that this constraint is ea
overcome if the model is SU~5! inspired. In fact, if the model
is embedded into SU~5!, the right-handed down-type squar
mass matrix is forced to become an almost unit matrix
well as the left-handed slepton one. This is simply beca

e

TABLE I. Limits on d ’s obtained from the FCNC experiment
and estimation in our model. We fix all squark massesmq̃ , gluino
masses, anda1’s at 500 GeV as representative values. For oth
values ofmq̃ , the limits can be obtained multiplying the ones in th
table by mq̃ /500 GeV for DmK , DmB , and DmD and
(mq̃/500 GeV)2 for b→sg. @Notice that (d i j )LR;(d i j )RL are im-
posed in obtaining the limits. It does not matter since we focus
order of magnitudes.#

Expt. bounds@19# Our model

DmK

AuRe(d12
d )LL,RR

2 u 4.031022 DdEd;1023

AuRe(d12
d )LR,RL

2 u 4.431023 a1
L,RDdEdms /md̃

2
;1026

AuRe(d12
d )LL(d12

d )RRu 2.831023 DdEd;1023

DmB

AuRe(d13
d )LL,RR

2 u 9.831022 Ed;1022

AuRe(d13
d )LR,RL

2 u 3.331022 a1
L,REdmb /md̃

2
;1024

AuRe(d13
d )LL(d13

d )RRu 1.831022 Ed;1022

DmD

AuRe(d12
u )LL,RR

2 u 0.10 DuEu;1026

AuRe(d12
u )LR,RL

2 u 3.131022 a1
L,RDuEumc /mũ

2
;1028

AuRe(d12
u )LL(d12

u )RRu 1.731022 DuEu;1026

b→sg
u(d23

d )LL,RRu 8.2 Dd;1021

u(d23
d )LR,RLu 1.631022 a1

L,RDdmb /mũ
2
;1023
7-9
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HAMAGUCHI, KAKIZAKI, AND YAMAGUCHI PHYSICAL REVIEW D 68, 056007 ~2003!
the two are in 5* representation in SU~5! and the left-handed
sleptons are argued to have essentially no flavor violat
which is suggested by the bilarge neutrino mixing angl
Then (d12

d )RR is zero, and hence the gluino contribution toeK

vanishes. The upper bounds from the experiments and
expectations in our model for other processes are liste
Table II for the SU~5! case. From this table, one finds th
our scenario marginally survives the bounds from theCP
violating quantities.

VI. CONCLUSIONS AND DISCUSSION

In this paper, we have proposed the extension of
democratic ansatz to the sector of superpartners of ferm
~sfermions! in the standard model. It has been shown that
sfermion masses and their mixing controlled by the dem
cratic ansatz solves the SUSY flavor problem and provi
some phenomenologically interesting consequences.

More concretely we have postulated that the Ka¨hler po-
tential for the chiral supermultiplets of the quarks and le
tons possesses the underlyingS3 symmetries of the demo
cratic principle while the superpotential contains their sm
violation to obtain realistic Yukawa interactions for th
quarks and leptons. Furthermore, we have assumed tha
hidden sector which is responsible to the SUSY break
couples to the MSSM sector only in the Ka¨hler potential,
which is actually a usual assumption in the hidden sec
SUSY breaking scenario.

In this framework, we have shown that the expectatio
from theS3 symmetries and their violation are~1! the masses
of the third generation sfermions can be different from tho
of the corresponding first two generation sfermions and~2!
the small violation of theS3 symmetry induces the flavo
violation in the sfermion sector. Remarkably the requirem
that the neutrino sector should have bilarge mixing ang
constrains the form of the Ka¨hler metric of the left-handed
lepton doublets. Unlike the general expectations giv

TABLE II. Limits on d ’s obtained from theCP violating pa-
rameters and estimation in our model in the SU~5! GUT inspired
case. We use the same parameters as in Table I. For other valu
mq̃ , the limits can be obtained multiplying the ones in the table
(mq̃ /500 GeV) foreK andmq̃/500 GeV2 for e8/e.

Expt. bounds@19# Our model

eK

AuIm(d12
d )LL

2 u 3.231023 DdEd;1023

AuIm(d12
d )RR

2 u 3.231023 ;0

AuIm(d12
d )LR

2 u 3.531024 a1
LDdEdms /md̃

2
;1026

AuIm(d12
d )RL

2 u 3.531024 a1
LDdEdmd /md̃

2
;1028

AuIm(d12
d )LL(d12

d )RRu 2.231024 ;0

e8/e
uIm(d12

d )LLu 0.48 D lEl;1023

uIm(d12
d )RRu 0.48 ;0

uIm(d12
d )LRu 2.031025 a1

LDdEdms /ml̃
2
;1026

uIm(d12
d )RLu 2.031025 a1

LD lElmd /ml̃
2
;1028
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above, the requirement implies that the left-handed slept
should have degenerate masses among the different ge
tions, and also no flavor violation should arise in the le
handed slepton mass matrix.

This observation brings interesting phenomenological
plications. The slepton mass spectrum should be of a spe
form. The left-handed sleptons have degenerate mas
while in the right-handed slepton sector the third generat
will have a different mass from the first two generation
These masses are given at some high-energy scale and s
from radiative corrections. We expect that renormalizat
group analysis will relate the masses which will be measu
experimentally with the masses given here. Thus we h
that the mass measurement of the slepton masses whi
expected to be done in future collider experiments such a
e1e2 linear collider will provide a test of the democrat
sfermion ansatz.

A special attention has been paid to the lepton flavor v
lating processm→eg. We have shown that the branchin
ratio expected in our scenario survives the current exp
mental bound, and more interestingly it is generically with
the reach of the forthcoming experiment@26# whose goal is
to explore the branching ratio down to;10214, if the slep-
tons and the charginos/neutralinos have masses around
weak scale. Furthermore, in our scenario, the lepton fla
violating operator of the dipole moment type appears o
for the right-handed antimuon, and thus this property can
tested if the polarized muon beam is available. On the ot
hand, the lepton flavor violation of thet decay may not be a
very promising process to see a signal of our scenario.

We should emphasize that the origin of the lepton flav
violation in the democratic sfermion ansatz is in the nonu
versality of the sfermion masses allowed by the democr
principle. This should be compared with the other mec
nism to generate the lepton flavor violation that the ren
malization group effects from the right-handed neutri
Yukawa interactions or the Yukawa interaction above
GUT scale induce the lepton flavor mixing in the slept
mass matrix which is assumed to be universal at the s
where these masses are originally generated.
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APPENDIX: LFV DECAY RATES AND ELECTRON EDM

In this appendix, we calculate lepton flavor violating d
cay rates and the EDM of the electron, which arise fro
dipole moment operators.

We calculate the dipole moment operators using the m
insertion method. Here we discard Higgsino–Wino mixi
diagrams (m-term contribution! and double mass insertio
diagrams @contributions from, e.g., (mLL

2 ) i j 3(mLR
2 ) j j ],

which are proportional tom tanb. Thus expressions below

s of
y
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are valid in low tanb region. The resulting dipole momen
operators are given by

Leff5e
ml j

2
l̄ ismnFmn~Li j PL1Ri j PR!l j , ~A1!

where

Li j 5
a

2p cos2uW

~mRR
2 ! i j

ml̃ R

4 M ~xR
B!

2
1

2

a

2p cos2uW
S MB̃

ml j
D ~mRL

2 ! i j

ml̃ L

2
ml̃ R

2

T~xL
B!2T~xR

B!

xL
B2xR

B
,

Ri j 5
1

4

a

2p sin2uW

~mLL
2 ! i j

ml̃ L

4 @ tan2uWM ~xL
B!1M ~xL

W!

1S~xL
W!#2

1

2

a

2p cos2uW
S MB̃

ml j
D

3
~mLR

2 ! i j

ml̃ L

2
ml̃ R

2

T~xL
B!2T~xR

B!

xL
B2xR

B
. ~A2!

Here a is the fine-structure constant, sinuW is the weak-
mixing angle,GF is the Fermi constant.ml̃ L,R

represent the
average of slepton masses of left- and right-handed ty
We define
o,

.

05600
s.

xL
B[

MB̃
2

ml̃ L

2 , xR
B[

MB̃
2

ml̃ R

2 , xL
W[

MW̃
2

ml̃ L

2 , ~A3!

and the functions ofx

M ~x![
129x29x2117x326~31x!x2logx

12~12x!5
,

S~x![
2129x19x21x326~11x!x logx

3~12x!5
,

T~x![
2x1x322x2logx

2~x21!3
. ~A4!

From the above expressions, we obtain the branching ra
for the processesl j→ l ig, which are given by

BR~ l j→ l ig!5
48p3a

GF
2 ~ uLi j u21uRi j u2!3BR~ l j→ l i n̄ in j !,

~A5!

and the EDM of the electron by

de

e
52meIm~R11!

5
aMB̃

4p cos2uW

Im@~mLR
2 !11#

ml̃ L

2
ml̃ R

2

T~xL
B!2T~xR

B!

xL
B2xR

B
. ~A6!
-
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