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Solar and atmospheric neutrino oscillations and lepton flavor violation in supersymmetric models
with right-handed neutrinos
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Taking the solar and the atmospheric neutrino experiments into account we discuss the lepton flavor violat-
ing processes, such ast→mg or m→eg, in the minimal supersymmetric standard model with right-handed
neutrinos ~MSSMRN! and the supersymmetric SU~5! grand unified theory with right-handed neutrinos
@SU~5!RN#. The predicted branching ratio ofm→eg in the MSSMRN with the Mikheyev-Smirnov-
Wolfenstein~MSW! large angle solution is so large that it goes beyond the current experimental bound if the
second-generation right-handed Majorana massM n2

is greater than;1013(;1014) GeV for tanb530(3).
When we take the MSW small angle solution, them→eg rate is at most about 1/100 of that of the MSW large
angle solution. The ‘‘just so’’ solution implies 1025 of that of the MSW large angle solution. Also, in the
SU~5!RN the largem→eg rate naturally follows from the MSW large angle solution, and the predicted rate is
beyond the current experimental bound if the typical right-handed Majorana massMN is larger than
;1013(;1014) GeV for tanb530(3), similarly to the MSSMRN. We show the multimass insertion formulas
and their applications tot→mg andm→eg. @S0556-2821~99!03909-0#

PACS number~s!: 11.30.Hv, 12.60.Jv, 13.35.2r, 14.60.Pq
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I. INTRODUCTION

Introduction of supersymmetry~SUSY! to the standard
model~SM! is a solution for the naturalness problem on t
radiative correction to the Higgs boson mass. The minim
supersymmetric standard model~MSSM! is considered as
one of the most promising models beyond the stand
model. Nowadays the signal of supersymmetry is be
searched for by many experimental ways.

Lepton flavor conservation, lepton number conservat
in each generation, is an exact symmetry in the SM; ho
ever, it may be violated in the MSSM@1#. The SUSY break-
ing mass terms for sleptons have to be introduced phen
enologically. Then, the mass eigenstates for sleptons ma
different from those for leptons. This leads to the lept
flavor violating ~LFV! rare processes, such asm→eg, t
→mg, and so on. In fact, the experimental bounds on th
have given a constraint on the slepton mass matrices.

The structure of the SUSY breaking mass matrices
sleptons depends on the mechanism to generate the S
breaking terms in the MSSM. One of the interesting mec
nisms is the minimal supergravity~SUGRA! scenario. Simi-
lar to the slepton masses, arbitrary SUSY breaking ma
for squarks are also strongly constrained from the fla
changing neutral current~FCNC! processes, such asK0

2K̄0 mixing. In the minimal SUGRA scenario, the SUS
breaking masses for squarks, sleptons, and the Higgs bo
are expected to be given universally at the tree level, and
can escape from these phenomenological constraints.

However, the universality of the SUSY breaking mass
for the scalar bosons is not stable for the radiative correct
Especially, if the physics below the gravitational scaleMgrav
(;1018GeV) has the LFV interaction, the interaction in
0556-2821/99/59~11!/116005~26!/$15.00 59 1160
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duces radiatively the LFV SUSY breaking masses for sl
tons. Then, the LFV rare processes are sensitive to phy
beyond the MSSM@2#.

Recently, the Super-Kamiokande experiment has given
a convincing result @3# that the atmospheric neutrin
anomaly@4# comes from the neutrino oscillation. From th
zenith-angle dependence ofne andnm fluxes following neu-
trino mass square difference and mixing angle are expec

DmnmnX

2 .~102321022! eV2,

sin2 2unmnX
*0.8. ~1!

From the negative result forne2nm oscillation in the
CHOOZ experiment@5# it is natural to considernX5nt from
above results, and the tau neutrino mass is given as

mnt
.~3310222131021! eV, ~2!

provided mass hierarchymnt
@mnm

.
The simplest model to generate the neutrino masses is

seesaw mechanism@6#. The neutrino mass Eq.~2! leads to
the right-handed neutrino masses below;(1014

21015) GeV, even if the Yukawa coupling constant for th
tau neutrino mass is of the order of one. This means th
LFV interaction exists below the gravitational scale. Then
is expected that the LFV large mixing for sleptons betwe
the second- and the third-generations is generated radiat
in the minimal SUGRA scenario, and that the LFV rare pr
cesses may occur with rates accessible by future experim
@7,8#. In fact, the branching ratio oft→mg in the MSSM
with the right-handed neutrinos can reach the present exp
mental bound@9#.
©1999 The American Physical Society05-1
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The solar neutrino deficit@10# may also come from neu
trino oscillation betweennm2ne . The Mikheyev-Smirnov-
Wolfenstein~MSW! solution@11# due to the matter effect in
the sun is natural for its explanation, and the observa
favors

DmnenY

2 .~8310262331024! eV2,

sin2 2unenY
*0.5, ~3!

or

DmnenY

2 .~4310262131025! eV2,

sin2 2unenY
.~102321022!. ~4!

If the solar neutrino anomaly comes from so-called ‘‘ju
so’’ solution@12#, neutrino oscillation in vacuum, the follow
ing mass square difference and mixing angle are expe
@13#,

DmnenY

2 .~631021121310210! eV2,

sin2 2unenY
*0.5. ~5!

It is natural to considernY5nm , combined with the atmo-
spheric neutrino observation. If one of the large angle so
tions for the solar neutrino anomaly is true, the large mix
unmne

may imply the LFV large mixing for sleptons betwee
the first and the second generations.

In this article we investigate the LFV processes in t
supersymmetric models with the right-handed neutrinos,
suming the minimal SUGRA scenario. We take the abo
results for the atmospheric and solar neutrinos. In Sec
after discussing the origin of the observed mixing angles
calculate thet→mg andm→eg branching ratios under th
assumption of the MSSM with the right-handed neutrinos
is argued that them→eg rate depends on the solar neutrin
solutions, and that especially the MSW large angle solut
naturally leads to a largem→eg rate. In Sec. III we conside
them in the SU~5! SUSY grand unified theory~GUT! with
the right-handed neutrinos. Here also it is shown that
large m→eg rate naturally follows from the MSW large
angle solution. Section IV is for our conclusion. In Append
A we give our convention used in this article. In Appendic
B and C we show the multimass insertion formulas and th
applications tot→mg and m→eg, which are useful for
estimating the LFV amplitudes and understanding the qu
tative behavior of the LFV rates. In Appendix D the reno
malization group equations~RGE’s! relevant for our discus-
sion are given.

II. THE LEPTON FLAVOR VIOLATION IN THE MSSM
WITH RIGHT-HANDED NEUTRINOS

Before starting to investigate the LFV rare processes
the MSSM with the right-handed neutrinos~MSSMRN!, we
discuss the origin of the large mixing of neutrino betwe
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nt2nm or nm2ne . The MSSMRN is the simplest supersym
metric model to explain the neutrino masses, and follow
discussion is valid to the extension. The superpotential of
Higgs and lepton sector is given as

WMSSMRN5 f n i j
H2N̄iL j1 f ei j

H1ĒiL j1
1

2
M n in j

N̄i N̄ j

1mH1H2 , ~6!

whereL is a chiral superfield for the left-handed lepton, a
N̄ and Ē are for the right-handed neutrino and the charg
lepton.H1 andH2 are for the Higgs doublets in the MSSM
Here,i and j are generation indices. After redefinition of th
fields, the Yukawa coupling constants and the Majora
masses can be taken as

f n i j
5 f n i

VDi j ,

f ei j
5 f ei

d i j ,

M n in j
5Uik* M nk

Uk j
† , ~7!

whereVD andU are unitary matrices. In this model the ma
matrix for the left-handed neutrinos (mn) becomes

~mn! i j 5VDik
T ~m̄n!klVDl j , ~8!

where

~m̄n! i j 5mn iD
@M 21# i j mn jD

[VMik
T mnk

VMk j . ~9!

Here,mn iD
5 f n i

v sinb/& and VM is a unitary matrix.1 We

assumef n3
* f n2

* f n1
, similar to the quark sector, andmnt

@mnm
@mne

. Also, we take the Yukawa coupling and th
Majorana masses for the right-handed neutrinos real for s
plicity.

When we consider only the tau and the mu neutr
masses, we parametrize two unitary matrices as

VD5S cosuD

2sinuD

sinuD

cosuD
D , VM5S cosuM

2sinuM

sinuM

cosuM
D .

~10!

The observed large angleunmnt
is a sum ofuD and uM .

However, in order to derive largeuM we need to fine-tune
the independent Yukawa coupling constants and the m
parameters. The neutrino mass matrix (m̄n) in the second
and the third generations is written explicitly as

1^h1&5(v cosb/&,0)T and ^h2&5(0,v sinb/&)T with v
.246 GeV.
5-2
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~m̄n!5
1

12
M n2n3

2

M n2n2
M n3n3

S mn2D
2

M n2n2

2
mn2Dmn3D

M n2n3

M n2n3

2

M n2n2
M n3n3

2
mn2Dmn3D

M n2n3

M n2n3

2

M n2n2
M n3n3

mn3D
2

M n3n3

D . ~11!
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If the following relations are imposed,

mn3D
2

M n3n3

.
mn2D

2

M n2n2

.
mn2Dmn3D

M n2n3

, ~12!

the neutrino mass hierarchymnt
@mnm

anduM.p/4 can be
derived. However, it is difficult to explain the relation amon
the independent coupling constants and masses without s
mechanism or symmetry. Also, the hierarchymn3D@mn2D

suppresses the mixing angleuM as

tan 2uM.2S mn2D

mn3D
D S M n2n3

M n2n2

D , ~13!

as far as the Majorana masses for the right-handed neut
do not have stringent hierarchical structure as Eq.~12!.
Therefore, in the following discussion we assume that
large mixing angle betweennt and nm comes fromuD and
thatU is a unit matrix. Similarly, it is natural to consider th
the large mixing angle betweennm andne in the MSW so-
lution or the ‘‘just so’’ solution for the solar neutrino
anomaly comes fromVD .

The existence of the large mixing angles inVD may lead
to radiative generation of sizable LFV masses for the sl
tons in the minimal SUGRA scenario. Though the SUS
breaking masses for the left-handed slepton are fla
independent at tree level, the Yukawa interaction for the n
trino masses induces radiatively the LFV off-diagonal co
ponents in the left-handed slepton mass matrix.

The SUSY breaking terms for the Higgs and lepton sec
in the MSSMRN are in general given as

2LSUSY breaking5~m
L̃

2
! i j l̃ Li

† l̃ L j1~mẽ
2! i j ẽRi* ẽR j1~mñ

2! i j ñRi* ñR j

1m̃h1
2 h1

†h11m̃h2
2 h2

†h2

1S An
i j h2ñRi* l̃ L j1Ae

i j h1ẽRi* l̃ L j

1
1

2
Bn

i j ñRi* ñR j* 1Bhh1h21H.c.D , ~14!

where l̃ L , ẽR , andñR represent the left-handed slepton, a
the right-handed charged slepton, and the right-handed
trino. Also, h1 andh2 are the doublet Higgs bosons. In th
minimal SUGRA scenario at the gravitational scale t
SUSY breaking masses for sleptons, squarks, and the H
bosons are universal, and the SUSY breaking parameter
sociated with the supersymmetric Yukawa couplings
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masses~A or B parameters! are proportional to the Yukawa
coupling constants or masses. Then, the SUSY breaking
rameters in Eq.~14! are given as

~m
L̃

2
! i j 5~mẽ

2! i j 5~mñ
2! i j 5d i j m0

2,

m̃h1
2 5m̃h2

2 5m0
2,

An
i j 5 f n i j

a0 , Ae
i j 5 f ei j

a0 ,

Bn
i j 5M n in j

b0 , Bh5mb0 . ~15!

In order to know the values of the SUSY breaking para
eters at the low energy, we have to include the radiat
corrections to them. We can evaluate them by the RGE
We present them in Appendix D, and here we discuss o
the qualitative behavior of the solution using the logarithm
approximation. The SUSY breaking masses of squarks, s
tons, and the Higgs bosons at the low energy are enhan
by gauge interactions, and the corrections are flav
independent and proportional to square of the gaug
masses. On the other hand, Yukawa interactions reduce
SUSY breaking masses. If the Yukawa coupling is LFV, t
radiative correction to the SUSY breaking parameters
LFV. The LFV off-diagonal components for (m

L̃

2
), (mẽ

2),

andAe
i j are given at the low energy as

~m
L̃

2
! i j .2

1

8p2 ~3m0
21a0

2!VDki* VDk j f nk

2 log
Mgrav

M nk

,

~mẽ
2! i j .0,

Ae
i j .2

3

8p2 a0f ei
VDki* VDk j f nk

2 log
Mgrav

M nk

,

whereiÞ j . In these equations, the off-diagonal compone
of (m

L̃

2
) andAe are generated radiatively while those of (mẽ

2)
are not. This is because the right-handed leptons have
one kind of the Yukawa interactionf e and we can always
5-3
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take a basis wheref e is diagonal. The magnitudes of th
off-diagonal components of (m

L̃

2
) andAe are sensitive tof n i

andVD .2

As shown above,VD32 is expected to be of the order o
one from the atmospheric neutrino observation. This lead
the nonvanishing (m

L̃

2
)32 andAe

32, which result in a finitet
→mg decay rate via diagrams involving them. The domina
contributions are proportional to

~m
L̃

2
!32.2

1

8p2 ~3m0
21a0

2!VD33* VD32f n3

2 log
Mgrav

M n3

.

~17!

As will be shown, if f n3
is of the order of one, the branchin

ratio of t→mg may reach the present experimental boun
Moreover, if VD31 is finite, (m

L̃

2
)31 and (m

L̃

2
)21 are also

large. They are approximately

~m
L̃

2
!31.2

1

8p2 ~3m0
21a0

2!VD33* VD31f n3

2 log
Mgrav

M n3

,

~m
L̃

2
!21.2

1

8p2 ~3m0
21a0

2!VD32* VD31f n3

2 log
Mgrav

M n3

.

~18!

This fact implies a sizablem→eg rate because the ampl
tudes proportional to (m

L̃

2
)23(mL̃

2
)31 or (m

L̃

2
)21 are dominant.

2If U is not a unit matrix, the off-diagonal components for (m
L̃

2
)

andAe become

~m
L̃

2
!ij.2

1

8p2 ~3m0
21a0

2!VDki* VDlj fnk
fnl

Ukm* Ulm log
Mgrav

M nm

,

Ae
i j .2

3

8p2 a0f ei
VDki* VDl j f nk

f n l
Ukm* Ulm log

Mgrav

M nm

.

~16!
Then they are insensitive to the detail ofU since the dependence o
M n i

is logarithmic.

FIG. 1. The Feynman diagrams which give dominant contri
tions tot1→m1g when tanb*1 and the off-diagonal elements o
the right-handed slepton mass matrix are negligible, as in
MSSM with the right-handed neutrinos. In the diagrams, (m

L̃

2
)32 is

the ~3, 2! element of the left-handed slepton soft mass matrix.t̃L(R)

and m̃L(R) are the left-handed~right-handed! stau and smuon, re
spectively, andñt and ñm the tau sneutrino and the mu sneutrin

H̃1 and H̃2 are Higgsino,W̃ W-ino. The symbolm is the Higgsino
mass. The arrows represent the chirality.
11600
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When VD21 is also of the order of one to explain the sol

neutrino anomaly, an extra contribution to (m
L̃

2
)21 has to be

taken into account as

~m
L̃

2
!21.2

1

8p2 ~3m0
21a0

2!S VD32* VD31f n3

2 log
Mgrav

M n3

1VD22* VD21f n2

2 log
Mgrav

M n2
D . ~19!

The experimental upper bound on the branching ratio om
→eg is so severe that the predicted branching ratio m
reach it even iff n2

is O(1021).

A. The branching ratio of t˜µg

Let us discuss the branching ratios of the LFV rare p
cesses in the MSSMRN. First,t→mg. The amplitude of the
ei

1→ej
1g ( i . j ) takes a form

-

e

FIG. 2. Dependence of the branching ratio oft→mg on the
left-handed selectron massmẽL

in the MSSM with the right-handed
neutrinos. We take the tau neutrino mass 0.07 eV andVD325
20.71, which are suggested by the atmospheric neutrino re
M n3

is fixed at.1014 GeV by imposing a conditionf u3
5 f n3

at the
gravitational scale. The dotted line shown in the figure is the pres
experimental bound. We set theW-ino massM2 130 GeV, and the
Higgsino mass parameterm positive. The mu neutrino mass is ne
glected. We take tanb53, 10, and 30. The larger tanb corresponds
to the upper curve.
5-4
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T5eea* ~q!v̄ i~p!isabqb~AL
~ i j !PL1AR

~ i j !PR!v j~p2q!,
~20!

wherep andq are momenta ofei and photon, and the deca
rate is given by

G~ei→ejg!5
e2

16p
mei

3 ~ uAL
~ i j !u21uAR

~ i j !u2!. ~21!

Here, we neglect the mass ofej . The amplitude is not in-
variant for the SU(2)L and U(1)Y symmetry and the chira
symmetry of leptons. Then the coefficientsAL

( i j ) andAR
( i j ) are

proportional to the charged lepton masses. Since in
MSSMRN the mismatch between the left-handed slepton
the charged slepton mass eigenstates is induced,AL

( i j ) is
much larger thanAR

( i j ) sinceAR
( i j ) is suppressed bymej

/mei

compared withAL
( i j ) . Also, when tanb([v2 /v1) is large, the

contribution toAL
( i j ) proportional to f ei

v2(52&mei
tanb)

becomes dominant. In the MSSMRN, the dominant con
bution tot→mg is from the diagram of Figs. 1~a! and 1~b!
and its expression is

FIG. 3. Dependence of the branching ratio oft→mg on the
third-generation right-handed neutrino Majorana massM n3

in the
MSSM with the right-handed neutrinos. The input parameters
the same as those of Fig. 2 except that in this figure we takemẽL

5170 GeV and that we do not impose the conditionf u3
5 f n3

but
treatM n3

as an independent variable. The dotted line shown in
figure is the present experimental bound. Here also the larger tb
corresponds to the upper curve.
11600
e
d

i-

AL
~tm!.mt

a2

4p
mM2 tanb~m

L̃

2
!32

3DFDF 1

m2 H f c2S M2

m2 D2
1

4
f n2S M2

m2 D J ;M2G
3~M2

2,m2!;m2G~mñm

2 ,mñt

2 !, ~22!

which comes from the SU(2)L interaction. The functions
f n2(x) and f c2(x) are defined in Appendix C and the oper
tor D@ f (x);x#(x1 ,x2) to a functionf (x) is defined by

D@ f ~x!;x#~x1 ,x2![
1

x12x2
„f ~x1!2 f ~x2!…. ~23!

Here, for a demonstrational purpose, we take a limit wh
the SUSY breaking scale is much larger than theW and Z
gauge boson masses and tanb*1. This equation can be de
rived from the mass-insertion formula represented in App
dix C. The LFV A term cannot give a dominant contributio
when tanb*1.

In Fig. 2 we show the branching ratio oft→mg as a
function of the left-handed selectron mass (mẽL

). Here,

mnt
50.07 eV, VD335VD2252VD325VD2351/&, and we

assume thatf n3
is as large as the Yukawa coupling consta

for the top quark at the gravitational scale. This correspo
to M n3

;1014GeV. Also, we impose the radiative breakin

condition of the SU(2)L3U(1)Y gauge symmetry with
tanb53, 10, 30 and the Higgsino mass parameterm positive.
In our calculation we considered the experimental constra
from the negative results of the SUSY particle sear

re

e

FIG. 4. Candidates of the Feynman diagrams which give do
nant contributions tom1→e1g when tanb*1 and the off-diagonal
elements of the right-handed soft mass matrix are negligible, a
the MSSM with the right-handed neutrinos. In the diagrams, (m

L̃

2
) i j

is the ~i,j! element of the left-handed slepton mass matrix.ẽL(R) is
the left-handed~right-handed! selectron andñe is the electron
sneutrino. Other symbols are the same as those in Fig. 1.
5-5
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Though we do not assume the GUT’s, we take theW-ino
mass (M2) 130 GeV and determine the other gaugi
masses by the GUT relation for the gaugino masses. We
the formula fort→mg in Ref. @9# for the numerical calcu-
lation.

The branching ratio is reduced where the left-handed
lectron mass is comparable to theW-ino mass. This is be-
cause the slepton masses are almost determined by the r
tive correction from the gaugino masses, andm0

2, which

(m
L̃

2
)32 is proportional to, is negligible in the region. As me

tioned above, the branching ratio is proportional to tan2 b
@see Eq.~22!#, and the line for tanb530 is close to the
experimental bound, Br(t→mg),3.031026 @14#.

In Fig. 3 we present the dependence of the branching r
of t→mg on M n3

. Here, we takemẽL
5170 GeV, and the

other SUSY breaking parameters are the same as in Fi
The branching ratio is proportional toM n3

2 since we fix

mnt
50.07 eV. If 1028 can be reached in the future expe

ments, we can probeM n3
.1013(1014) GeV for tanb

530(3).3

B. The branching ratio of µ˜eg

Next, we discussm→eg in the MSSMRN. The forms of
the amplitude and the event rate are the same as thoset
→mg @Eqs. ~20!, ~21!#. This process has two types of th
contribution, depending on the structure of the Yukawa c
pling for the neutrino masses. One is the diagrams wh
(m

L̃

2
)21 or Ae

21 is inserted, and another is those that (m
L̃

2
)32 or

Ae
32 and (m

L̃

2
)13 or Ae

13 are inserted. Then the dominant co
tributions @Figs. 4~a!–4~d!# are the following:

AL
~me!52mm

a2

4p
M2m tanb

3DFHF ~m
L̃

2
!211

~m
L̃

2
!23~m

L̃

2
!31

mñ
22mñt

2 G
3

1

mñ
4 H gc2S M2

mñ
2 D 2

1

4
gn2S M2

mñ
2 D J

2F ~m
L̃

2
!23~m

L̃

2
!31

~mñ
22mñt

2 !2 G 1

mñt

2 H f c2S M2

mñt

2 D
2

1

4
f n2S M2

mñt

2 D J J;M2G~M2
2,m2!. ~24!

Here, we take a limit where the SUSY breaking scale
much larger than theW and Z gauge boson masses an

3An alternative way to prove (m
L̃

2
)32 is to search for the slepton

oscillation @15,16#.
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tanb*1, again. We also assumed the mass degeneracy
tween the first- and the second-generation left-handed s
tons as

mẽL

2 5mm̃L

2 5mñe

2 5mñm

2 [mñ
2. ~25!

The functionsf c2,n2(x) andgc2,n2(x) are defined in Appen-
dix C.

As mentioned above, if the solar neutrino anomaly com
from the MSW effect or the vacuum oscillation with th
large angle,VD21 is expected to be large. This leads to no
vanishing (m

L̃

2
)21. In Fig. 5, under the condition that

VD5S 0.91
20.42

0

0.35
0.72

20.60

0.24
0.55
0.80

D ~26!

and mnm
50.004 eV@17# we show the branching ratio ofm

→eg as a function ofM n2
. This corresponds to the MSW

solution with the large mixing. Here we takeVD3150 and
we will discuss a case with finiteVD31 later. The input pa-
rameters are taken to be the same as in Fig. 3. For tab
530(3), thebranching ratio reaches the experimental bou
@Br(m→eg),4.9310211 @14# # when M n2

.831012(8

FIG. 5. Dependence of the branching ratio ofm→eg on the
second-generation right-handed neutrino Majorana massM n2

in the
MSSM with the right-handed neutrinos under the assumption of
MSW large angle solution withVD3150. We takeVD21520.42
and the mu neutrino mass as 0.004 eV, as suggested by the M
large angle solution. The dotted line shown in the figure is
present experimental bound. Other input parameters are theW-ino
mass 130 GeV, the left-handed selectron 170 GeV, the tau neu
mass 0.07 eV, and tanb53, 10, and 30. The larger tanb corre-
sponds to the upper curve.
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31013) GeV. This corresponds tof n2
.0.03(0.11). Future

experiments are expected to reach 10214 @18#. This corre-
sponds toM n2

.1011(1012) GeV.
If the solar neutrino anomaly comes from the MSW so

tion with the small mixing, we cannot distinguish wheth
the mixing comes fromVD or VM . If it comes fromVD , the
branching ratio is smaller by about 1/100 compared with t
in the MSW solution with the large mixing, as shown in Fi
6. In Fig. 6 we assume that

VD5S 1
20.04

0

0.04
0.79

20.60

0.03
0.59
0.80

D ~27!

and mnm
50.0022 eV @17#. Other input parameters are th

same as Fig. 5.
In Fig. 7 we take

VD5S 1

&

1

2

1

2

2
1

&

1

2

1

2

0 2
1

&

1

&

D ~28!

FIG. 6. Dependence of the branching ratio ofm→eg on the
second-generation right-handed neutrino Majorana massM n2

in the
MSSM with the right-handed neutrinos under the assumption of
MSW small angle solution withVD3150. We takeVD21520.04
and the mu neutrino mass as 0.0022 eV, which are suggested b
MSW small angle solution if the mixing comes fromVD . Other
input parameters are the same as those in Fig. 5. The dotted
shown in the figure is the present experimental bound. tanb53, 10,
and 30, and the larger tanb corresponds to the upper curve.
11600
-

t

andmnm
51.031025 eV @19#. Other parameters are the sam

as in Fig. 5. This corresponds to the ‘‘just so’’ solution f
the solar neutrino anomaly. Since the mu neutrino mas
smaller, the branching ratio is suppressed by 1025 compared
with that in the MSW solution with the large mixing.

Next we discuss the branching ratio ofm→eg whenVD31
is finite. In Figs. 8 and 9 we show the branching ratio a
function of VD31 and M n3

for tanb53 and 30. Here we as

sume thatf n2
is negligibly small. The other parameters a

the same as in Fig. 3. The branching ratio is almost prop
tional toVD31

2 M n3

2 . Compared with this figure to Fig. 5, whe

M n2
5M n3

, the contribution fromVD31 is negligible in the

MSW solution with the large mixing angle unlessVD31 is
larger than 1022.5. On the other hand, it can be dominant
the ‘‘just so’’ solution even ifVD31;1024.

Finally we consider them1→e1e2e1 process and the
m-e conversion on22

48Ti. For these processes the pengu
type diagrams dominate over the others, so the behavio
the decay rate is similar to that ofm→eg. For them→3e
process the following approximate relation holds betwe
the branching ratios of the two processes,

Br~m→3e!.
a

8p

8

3 S log
mm

2

me
22

11

4 DBr~m→eg! ~29!

e

the

ine

FIG. 7. Dependence of the branching ratio ofm→eg on the
second-generation right-handed neutrino Majorana massM n2

in the
MSSM with the right-handed neutrinos under the assumption of
‘‘just so’’ solution with VD3150. We takeVD21520.71 and the mu
neutrino mass as 1.031025 eV, as suggested by the ‘‘just so’’ so
lution. Other input parameters are the same as those in Fig. 5.
dotted line shown in the figure is the present experimental bou
tanb53, 10, and 30, and the larger tanb corresponds to the uppe
curve.
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.731023Br~m→eg!. ~30!

For the m-e conversion rateG(m→e) a similar relation
holds at tanb.1 region,

G~m→e!.16a4Zeff
4 ZuF~q2!u2Br~m→eg!. ~31!

Here Z is the proton number in the nucleus, andZeff is the
effective charge,F(q2) the nuclear form factor at the mo
mentum transferq. For 22

48Ti, Zeff517.6 andF(q2.2mm
2 )

.0.54 @20,21#. We express the magnitude of them-e con-
version with the normalization the muon capture rate in
nucleus. Then the normalized conversion rateR(m2

→e2;22
48Ti) is approximately

R~m2→e2;22
48Ti!.631023Br~m→eg!. ~32!

The future experiment for them-e conversion is planned to
reachR(m2→e2;22

48Ti) ,10218 @22#.

III. THE LEPTON FLAVOR VIOLATION IN THE SU „5…
SUSY GUT WITH RIGHT-HANDED NEUTRINOS

In the SUSY GUT the gauge coupling unification is pr
dicted, and the predicted weak mixing angle is consist
with the experimental data at the 1% level of accura
Moreover if the unified gauge group is SO~10!, the right-
handed neutrinos are introduced automatically into the m
ter multiplet. However, in order to accommodate the o
served large mixing angle in the framework of the SO~10!

FIG. 8. Dependence of the branching ratio ofm→eg on the
third-generation right-handed neutrino Majorana massM n3

and
VD31 in the MSSM with the right-handed neutrinos. Here the t
neutrino mass is 0.07 eV andVD32520.71, as suggested by th
atmospheric neutrino result. We neglectf n2

here. The curves mea
the contours on which the branching ratio ofm→eg is 10221,
10218, 10215, and 10212, respectively. The shaded region is alrea
excluded experimentally. tanb is set to be 3. TheW-ino mass is
130 GeV, the left-handed selectron mass 170 GeV, and
Higgsino mass parameterm positive.
11600
i

nt
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SUSY GUT, one needs unnatural extension of the simp
version of the SO~10! SUSY GUT. Hence in this article we
do not discuss the SO~10! SUSY GUT. Here we investigate
the SU~5! SUSY GUT with the right-handed neutrinos a
one of the extension of the MSSMRN in which the sm
neutrino mass is naturally obtained and the large neut
mixing angle is possible without unnatural fine-tuning. W
here call this model as SU~5!RN, for brevity. After introduc-
ing the model we estimate the off-diagonal elements of
slepton soft mass matrices using the one-loop level ren
malization group equations~RGE’s! under an assumption o
the minimal SUGRA scenario. With them we study the LF
processest→mg andm→eg. After that we comment on the
b→sg branching ratio. We show that the LFV rates in th
model is larger in general than those in the MSSMRN mod
due to the fact that in this model the right-handed slep
mass matrix also can have non-negligible off-diagonal e
ments, in addition to the left-handed one@23,24,25#.

First we introduce the model. This model has three fam
lies of matter multipletsc i , f i , andh i , which are10, 5* ,
and 1 dimension representations of SU~5!, respectively.c i
contains the quark doublet, the charged lepton singlet,
the up-type quark singlet, whilef i the down-type quark sin-
glet and the lepton doublet andh i the right-handed neutrino
respectively. The model has5 and5* dimension representa
tion Higgs multiplets,H and H̄. H consists of the MSSM
Higgs multipletH2 and a colored Higgs multipletHC , and
H̄ another MSSM Higgs multipletH1 and another colored
Higgs multipletH̄C . The GUT gauge symmetry is spontan
ously broken into the SM one at the GUT scaleMGUT.2
31016GeV. Above the GUT scale the superpotentialW of
the matter sector of this model is

e

FIG. 9. Dependence of the branching ratio ofm→eg on the
third-generation right-handed neutrino Majorana massM n3

and
VD31 in the MSSM with the right-handed neutrinos. The input p
rameters are the same as those in Fig. 8 except that we takeb
530 here. The curves mean the contours on which the branc
ratio of m→eg is 10218, 10215, and 10212, respectively. The
shaded region is already excluded experimentally.
5-8
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W5
1

4
f ui j

c i
ABc j

CDHEeABCDE1& f di j
c i

ABf jAH̄B

1 f n i j
h if jAHA1

1

2
Mh ih j

h ih j ,

whereA,B,... areindices of SU~5! and run from 1 to 5. We
also introduce the soft SUSY breaking terms associated
the GUT multiplets. The relevant part of them is4

2LSUSY breaking5~mc
2 ! i j c̃ i

†c̃ j1~mf
2 ! i j f̃ i

†f̃ j1~mh
2 ! i j h̃ i

†h̃ j

1mh
2h†h1m

h̄

2
h̄†h̄1H 1

4
Aui j

c̃ i c̃ jh

1&Adi j
c̃ if̃ j h̄1An i j

h̃ if̃ jh1H.c.J , ~33!

wherec̃ i , f̃ i , and h̃ i are the scalar components of thec i ,
f i , and h i chiral multiplets, respectively, andh and h̄ are
the Higgs bosons. In the minimal SUGRA scenario the
coefficients are given at the gravitational scale as

~mc
2 ! i j 5~mf

2 ! i j 5~mh
2 ! i j 5d i j m0

2,

mh
25m

h̄

2
5m0

2,

Aui j
5 f ui j

a0 , Adi j
5 f di j

a0 , An i j
5 f n i j

a0 . ~34!

At the GUT scale we choose a basis where the up-t
quark and the neutrino Yukawa coupling matrices are dia
nalized as

f ui j
5 f ui

eifuid i j ,

f di j
5~VKM* ! ik f dk

~VD
† !k j ,

f n i j
5 f n i

eifn id i j , ~35!

where f c i
(c5u,d,n) are the eigenvalues off c i j

, respec-

tively, VKM the Kobayashi-Maskawa matrix at the GU
scale, andVD a unitary matrix which describes the gener
tion mixing in the lepton sector.fc i

(c5u,n) are phase fac-

tors which satisfyfu1
1fu2

1fu3
50 and fn1

1fn2
1fn3

50. However these phases are completely irrelevant for
discussion below.

At the GUT scale the Yukawa coupling constants resp
sible to the down-type quark masses and those responsib
the charged lepton masses are supposed to unify as

f di
5 f ei

. ~36!

4For simplicity we neglect the Yukawa couplinglHSH̄ and the
soft SUSY-breaking parameters associated with it, whereS is an
adjoint representation Higgs multiplet causing the break
SU~5!GUT→SU~3!c3SU(2)L3U(1)Y .
11600
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This relation is consistent with the particle spectrum at
low energy only for the third-generation. In order to expla
the fermion masses of the first- and the second-generati
one has to consider the effect of the nonrenormalizable te
also. At that time those terms can be another source of L
@26,27#, but we do not take them into account for simplicit

Below the GUT scale we take the basis in which t
Yukawa coupling constant matrix responsible for charg
lepton masses is diagonalized. The basis we take at low
ergy region is related to that of GUT multiplets by the fo
lowing embedding:

c i5$Qi ,e2 ifuiŪ i ,~VKM ! i j Ē j%,

f i5$VDi j D̄ j ,VDi j L j%,

h i5$e2 ifn iN̄i%. ~37!

Then the superpotentialW is expanded in terms of the
MSSM fields as

W5 f ui
QiŪ iH21~VKM* ! i j f dj

QiD̄ jH11 f di
ĒiLiH1

2 f n i
VDi j N̄iL jH21 f uj

~VKM ! j i Ēi Ū jHC

2
1

2
f ui

eifuiQiQiHC1~VKM* ! i j f dj
e2 ifuiŪ i D̄ j H̄C

2~VKM* ! i j f dj
QiL j H̄C1 f n i

VDi j N̄i D̄ jHC1
1

2
M n in j

N̄i N̄ j .

~38!

Here we should notice that the fifth term of the right-ha
side of the above equation is no longer generation-diago
This is nothing but a direct consequence of the GUT un
cation, that is, one of the central goals of the grand unifi
tion is to embed the leptons and the quarks into the sa
multiplet, which forces the mixing in the quark sector relat
to that of the lepton sector. No redefinition ofĒ in
generation-space can eliminate this mixing, as can be s
from Eq. ~38!. This mixing causes the off-diagonal elemen
of (mẽ

2) via radiative corrections.
As for the origin of the observed mixing angle betwe

the left-handed neutrinos a parallel discussion to that of
previous section applies. The Majorana mass matrix in
~38! has an intergenerational mixing as

M n in j
5Uik* M nk

Uk j
† . ~39!

The mass matrix of the left-handed neutrinos (mn) is then

~mn! i j 5VDik
T ~m̄n!klVDl j , ~40!

where

~m̄n! i j 5mn iD
@M 21# i j mn jD

[VMik
T mnk

VMk j . ~41!
g
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FIG. 10. Candidates of the Feynman diagrams which give dominant contributions tot1→m1g when tanb*1 and (mẽ
2)32 is not

negligible. The arrows represent the chirality.
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Here alsomn iD
5 f n i

v sinb/&, the same notation as that o
the previous section. The discussion in the previous sec
shows that the large mixing angle fromVM requires a fine-
tuning between the elements ofM n in j

@Eq. ~12!#. Therefore
as for the large mixing angle between neutrinos it is natu
that its origin is in the mixing matrixVD in Eq. ~38!. Here
we assumeUi j 5d i j , for simplicity, which means that the
mixing comes only fromVD .

Now we evaluate the off-diagonal elements of the slep
mass matrices at the low energy. As stated above, both
left- and right-handed slepton’s ones have non-neglig
off-diagonal elements at one-loop level. Assumingmne

!mnm
!mnt

we neglectf n1
, and alsof u1

and f u2
to obtain

approximate formulas for the off-diagonal elements of
slepton mass matrices as

~mẽ
2! i j .2

3

8p2 f u3

2 ~VKM !3i~VKM* !3 j~3m0
21a0

2!log
Mgrav

MGUT
,

~42!

~m
L̃

2
! i j .2

1

8p2 S f n3

2 VD3i* VD3 j log
Mgrav

M n3

1 f n2

2 VD2i* VD2 j log
Mgrav

M n2
D ~3m0

21a0
2!, ~43!

Ae
i j .2

3

8p
a0S f ei

VD3i* VD3 j f n3

2 log
Mgrav

M n3

1 f ei
VD2i* VD2 j f n2

2 log
Mgrav

M n2

13 f ej
VKM3 j* VKM3 i f u3

2 log
Mgrav

MGUT
D , ~44!
11600
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for iÞ j . These formulas are obtained by a logarithmic a
proximation from the RGE’s~given in Appendix D!.

Now we study the individual LFV processes. First w
concentrate on thet→mg decay. Fort→mg the most im-
portant contribution is from diagrams which involves (m

L̃

2
)32

and W-inos @that is, diagrams of Figs. 10~a! and 10~b!#,
which is the common feature with the MSSMRN case. The
diagrams dominate because the largeVD32 element, sug-
gested by the atmospheric neutrino anomaly, enhan
(m

L̃

2
)32 as

~m
L̃

2
!32.2

1

8p2 ~3m0
21a0

2!VD33* VD32f n3

2 log
Mgrav

M n3

,

~45!

which is the same situation as in the MSSMRN case. T
main difference from the MSSMRN case is a presence
(mẽ)32, but the contribution to thet→mg is too small at the
broad parameter region to be comparable to those from F
10~a! and 10~b!, because (mẽ)32 is suppressed by sma
(VKM)32 @28#. Our result of numerical calculation, Fig. 11
indeed shows that almost the same situation as in
MSSMRN case is realized. In the figure we plot the dep
dence of the branching ratio oft→mg on the third genera-
tion right-handed Majorana massM n3

for tanb53, 10, and
30. The upper curve corresponds to larger tanb. We take the
B-ino mass as 65 GeV, the right-handed selectron mass
GeV, and the tau neutrino mass 0.07 eV, as expected f
the atmospheric neutrino result. We takea050 for simplic-
ity. The figure shows us that the branching ratio oft→mg is
nearly proportional to the square ofM n3

. At the right-hand

side of each curve the Yukawa coupling constantf n3
blows

up below the gravitational scale, so the perturbative tre
ment is no longer valid in this region. In the region ne
M n3

.1014GeV the branching ratio is close to or even b
5-10
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yond the current experimental bound, Br(t→mg),3.0
31026 @14#. At relatively small M n3

region (M n3
&4

31012GeV) the contribution from the right-handed slept
mass matrix@the diagrams shown in Figs. 10~c! and 10~d!#
tends to dominate, and the curves of the branching r
show deviation from simple straight lines.

Next the m→eg process. Since we knowVD325O(1)
from the atmospheric neutrino result we can calculate (m

L̃

2
)23

as

~m
L̃

2
!23.2

1

8p2 f n3

2 VD32* VD33~3m0
21a0

2!log
Mgrav

M n3

.

~46!

On the other hand (mẽ
2)31 is determined from the GUT sym

metry as

~mẽ

2
!31.2

3

8p2 f u3

2 ~VKM !33~VKM* !31~3m0
21a0

2!log
Mgrav

MGUT
.

~47!

Then we can definitely calculate the diagram shown in F
12~e!, which contributes toAR

(me) defined in Eq.~20!. This
contribution is proportional tomt , and it tends to dominate

FIG. 11. Dependence of the branching ratio oft→mg on the
third-generation right-handed neutrino Majorana massM n3

in the
SU~5! SUSY GUT with the right-handed neutrinos. Here the t
neutrino massmnt

is 0.07 eV andVD32520.71, as suggested b
the atmospheric neutrino result. We take theB-ino mass
M1 65 GeV, the right-handed selectron massmẽR

160 GeV. The
three curves correspond to the case where tanb53, 10, and 30,
respectively. The branching ratio becomes larger for larger tab
value.
11600
io

.

over the other contribution toAR
(me) . We need to knowVD31

andVD21 to calculateAL
(me) . However, we can evaluate onl

the lower bound of the branching ratio from the structu
given in Eq.~21! even if we do not know them. The contr
bution from the diagram 12~e! can be so large that it reache
the present experimental bound at some parameter reg
@28#.

We can imagine some cases where much larger rate
this lower bound is predicted by the contribution fromAL

(me) .
One of such cases is thatVD31 is large. In this case, the
diagrams in Figs. 12~a!–12~d! and 12~f! are enhanced sinc
(m

L̃

2
)31 and (m

L̃

2
)21 are proportional toVD31 as

~m
L̃

2
!31.2

1

8p2 ~3m0
21a0

2! f n3

2 VD33* VD31 log
Mgrav

M n3

,

~48!

~m
L̃

2
!21.2

1

8p2 ~3m0
21a0

2! f n3

2 VD32* VD31 log
Mgrav

M n3

.

~49!

While the diagram 12~f! is enhanced bymt , the contribution
is suppressed by (mẽ

2)32, which is proportional to (VKM)32.
As a result, the diagrams 12~a!–12~d! dominate sinceVD32 is
large. Also, if f n2

andVD21 are non-negligibly large, (mẽ
2) is

enhanced as

FIG. 12. Candidates of the Feynman diagrams which give do
nant contributions tom1→e1g when tanb*1 and the off-diagonal
elements of (mẽ

2) are non-negligible. The arrows represent t
chirality.
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~m
L̃

2
!21.2

1

8p2 S f n3

2 VD32* VD31 log
Mgrav

M n3

1 f n2

2 VD22* VD21 log
Mgrav

M n2
D ~3m0

21a0
2!, ~50!

FIG. 13. Dependence of the branching ratio ofm→eg on the
third-generation right-handed neutrino Majorana massM n3

and
VD31 in the SU~5! SUSY GUT with the right-handed neutrinos
Here we take the tau neutrino massmnt

0.07 eV and the mu neu
trino mass is neglected. The curves mean the contours on whic
branching ratio ofm→eg is 10214, 10213, 10212, and 10211, re-
spectively. The shaded region is already excluded experiment
We take theB-ino massM1 65 GeV, the right-handed selectro
massmẽR

160 GeV, and tanb53.

FIG. 14. Dependence of the branching ratio ofm→eg on the
third-generation right-handed neutrino Majorana massM n3

and
VD31 in the SU~5! SUSY GUT with the right-handed neutrinos. Th
curves mean the contours on which the branching ratio ofm→eg is
10213, 10212, and 10211, respectively. The shaded region is alrea
excluded experimentally. The input parameters are the sam
those in Fig. 13 except that in this figure tanb530.
11600
and the diagrams 12~a! and 12~c! dominate over the othe
contributions.

Now we examine these expectations numerically. First
set f n2

to zero and later investigate the nonzerof n2
case. We

calculate the dependence of the branching ratio ofm→eg on
M n3

and VD31 in Figs. 13 and 14. In the figures we tak

VD32521/& and the tau neutrino mass 0.07 eV, as su
gested by the atmospheric neutrino result. We neglectmnm

here. Other parameters are theB-ino mass 65 GeV, the right
handed selectron mass 160 GeV, tanb53 and 30, and the
Higgsino massm.0. From the Figs. 13 and 14 we can s
that for VD31&1023 the diagram 12~e! dominates over the
others. At relatively largerVD31 region (VD31*1022.5) the
diagrams 12~a!–12~d! become dominant, and the predicte
rate is large enough to reach the experimental bound
VD31.1022 if tanb530(3) andM n3

*1013.5(1014.5) GeV.

Next let us consider the finitef n2
case. We show in Figs

15 and 16 the dependence of them→eg branching ratio on
VD31 and the typical right-handed neutrino Majorana ma
MN . In the figures the parameters that describe the MS
large angle solution are taken as the same as those we us
the MSSMRN case, and other parameters are taken as
same as in Figs. 13 and 14. We assume in the figure
universality of the right-handed Majorana mass, that
M n1

5M n2
5M n3

([MN). We can see from the figures tha
the enhancement due to the MSW large angle solution is

he

ly.

as

FIG. 15. Dependence of the branching ratio ofm→eg on the
typical right-handed neutrino Majorana massMN and VD31 in the
SU~5! SUSY GUT with the right-handed neutrinos. We assume
MSW large angle solution, which suggestsmnm

to be 0.004 eV and
VD21520.42. We take the tau neutrino massmnt

0.07 eV and
VD32520.60, as suggested by the atmospheric neutrino result.
assume the universality of the right-handed Majorana massesM n1

5M n25M n3[MN , for simplicity. The curves mean the contou
on which the branching ratio ofm→eg is 10213, 10212, and 10211,
respectively. The shaded region is already excluded experiment
We take theB-ino massM1 65 GeV, and the right-handed sele
tron massmẽR

160 GeV. In this figure tanb53.
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large that the dependence of the rate onVD31 is small, and
that the almost same situation as in the MSSMRN is rep
duced here again, as can be seen when comparing thes
ures with Fig. 5. Since the dominant contribution is det
mined by the second term of Eq.~50!, the rate is almost
determined from the value ofM n2

becausef n2

2 }M n2
for

fixed mnm
. Hence we can conclude from Figs. 15, 16 that

tanb530(3) the excluded region ofM n2
extends to 9

31012(131014) GeV, at least for the parameters chosen
our calculation.

We also calculated for the parameters suggested from
MSW small angle solution and the ‘‘just so’’ solution. Fo
the MSW small angle solution the difference from thef n2

50 case is at most the factor 2 enhancement, and for
‘‘just so’’ solution no difference from thef n2

50 case can be
seen.

Finally we comment on theb→sg process. This mode
has a characteristic feature that the right-handed neutr
couple to the right-handed down-type quarks with the la
mixing through the ninth term of Eq.~38!. This coupling
induces the off-diagonal elements in the right-handed do
type squark soft mass matrix via the radiative correctio
which are as large as

~m
d̃R

2
! i j .2

1

8p2 f nk

2 VDk j* VDki~3m0
21a0

2!log
Mgrav

MGUT
.

~51!

This fact causes us an expectation that theb→sg rate may
become larger by the effect of the diagram which conta
(m

d̃

2
)23, by an exact analogy to that of the lepton sector. W

FIG. 16. Dependence of the branching ratio ofm→eg on the
typical right-handed neutrino Majorana massMN and VD31 in the
SU~5! SUSY GUT with the right-handed neutrinos. We assume
MSW large angle solution and the atmospheric neutrino result.
the input parameters are the same as those in Fig. 15 except th
take tanb530 in this figure. The curve means the contour on wh
the branching ratio ofm→eg is 10211. The shaded region is al
ready excluded experimentally.
R

11600
-
fig-
-
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he

he
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e

examined whether this is true or not, and concluded tha
tiny enhancement indeed occurs but it is too small to
experimentally distinguishable. This is because the he
gluino suppresses the contribution.

IV. CONCLUSION

In this article taking the solar and the atmospheric n
trino experiment results into account we investigated the l
ton flavor violating decay processes, such asm→eg or t
→mg in the MSSM with the right-handed neutrino
~MSSMRN! and in the SU~5! SUSY GUT with the right-
handed neutrinos@SU~5!RN#.

In the MSSMRN we first studied the branching ratio
t→mg. It gets larger for larger tanb and almost proportiona
to M n3

2 for fixed mnt
. A large rate naturally follows from the

large mixing betweennt and nm , suggested by the atmo
spheric neutrino result. If tanb530(10) the rate reaches th
current experimental bound for M n3

;231014(6

31014) GeV. We investigated them→eg rate under three
kinds of the solar neutrino solutions, the MSW large a
small angle solutions and the ‘‘just so’’ solution. We argu
that them→eg depends onf n2

, and that especially the larg

VD21 and the largef n2
, which the MSW large angle solution

suggests, naturally results in such a large rate that the
dicted rate is beyond the current experimental bound ifM n2

is larger than 831012(831013) GeV for tanb530(3). We
also investigated the dependence ofm→eg on VD31. For
tanb530 andVD3151022, M n3

*331013GeV is excluded
for our input parameters.

In the SU~5!RN we calculated thet→mg rate. Here also
the large mixing betweennt and nm leads to a large rate
which is almost the same situation as in the MSSMRN. F
m→eg in this model, we can predict the lower bound of th
branching ratio of it. This lower bound is calculable from th
value of mnt

and the large mixing angle betweennt-nm ,
suggested from the atmospheric neutrino result, and it tu
out to be within accessible region by near future expe
ments. They are supposed to probe them→eg branching
ratio to 10214 level @18#, and then the regionM n3

.1013(1012) GeV can be probed for tanb53(30) andmnt

50.07 eV. We considered the relation betweenm→eg and
three kinds of the solar neutrino solutions. The large r
naturally follows from the MSW large angle solution, sim
larly to the MSSMRN case, while in the MSW small ang
solution and in the ‘‘just so’’ solution there is only a littl
difference from thef n2

50 case.
If the LFV processes are discovered or the experime

bounds are improved by near future experiments, the in
esting insight on the lepton sector will be obtained. The b
effort to implement it is strongly desired.
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APPENDIX A: DEFINITIONS AND CONVENTIONS
IN THE MSSM

In this appendix we collect our notations of the MSS
used in our article. The superpotential of the MSSMWMSSM
is defined as5,6

WMSSM[ f ei j
H1ĒiL j1 f di j

H1QiD̄ j1 f ui j
H2QiŪ j1mH1H2 .

~A4!

We usei andj as the generation indices running from 1 to
Ē, D̄, and Ū are the superfields associated with the rig
handed electroneR , the right-handed down-type quarkdR
and the right-handed up-type quarkuR , respectively.Q and
L are ones associated with the quark doubletqL and the
lepton doubletl L defined by

qL5S uL

dL
D , l L5S n

eL
D , ~A5!

and H1 and H2 the Higgs doublets whose SU(2)L compo-
nents we denote as

H15S H1
0

H1
2D , H25S H2

1

H2
0 D . ~A6!

The scalar components ofH1
0 and H2

0 develop the vacuum
expectation values~VEV’s! as

^H1
0&[

v1

&
, ^H2

0&[
v2

&
, ~A7!

which satisfyv1
21v2

25v2 with v.246 GeV. We define the
ratio of these VEV’s as tanb,

5Supersymmetric couplings and masses of chiral multiplets
given as

2L5E d2u W1H.c. ~A1!

Our convention is unusual in order to keep the chargino mass
trix in accordance with the Haber-Kane convention@29#.

6We implicitly assume the contraction convention over SU(2L

doublet indices (a,b,...51,2) of two doubletsA andB

A5SA1

A2D, B5SB1

B2D ~A2!

as

AB[eabA
aBb, ~A3!

whereeab is an antisymmetric tensor withe1252e2151.
11600
d

d
-

.
-

tanb[
v2

v1
. ~A8!

The Yukawa couplings are given by the fermion masses
the Kobayashi-Maskawa matrix as

f ei j
52&

mei

v cosb
d i j ,

f di j
52&

mdi

v cosb
d i j ,

f ui j
5&

mui

v sinb
~VKM ! i j . ~A9!

We also introduce the soft SUSY breaking terms in the L
grangian,

2LSUSY breaking5~m
L̃

2
! i j l̃ Li

† l̃ L j1~mẽ
2! i j ẽRi* ẽR j1~m

Q̃

2
! i j q̃Li

† q̃L j

1~mũ
2! i j ũRi* ũR j1~m

d̃

2
! i j d̃Ri* d̃R j1m̃h1

2 h1
†h1

1m̃h2
2 h2

†h21~Au
i j h2q̃Li ũR j* 1Ad

i j h1q̃Li d̃R j*

1Ae
i j h1ẽRi* l̃ L j1Bhh1h21H.c.!

1S 1

2
M1B̃LB̃L1

1

2
M2W̃L

aW̃L
a

1
1

2
M3g̃L

ag̃L
a1H.c.D . ~A10!

Here the first seven terms are the soft SUSY breaking ma
for the doublet-sleptonl̃ L , the right-handed charged slepto
ẽR , the doublet-squarkq̃L , the right-handed up-type~down-
type! squark ũR(d̃R), and the Higgs bosons.B̃, W̃, and g̃
stand forB-ino, W-ino, and gluino respectively, and the s
perscripta is the gauge group index for each correspond
gauge group.

Now we discuss the slepton mass matrices. LetẽLi and
ẽRi be the superpartners of the left-handed electroneLi and
the right-handed electroneRi , respectively. Then the slepto
mass matrix (m̄ẽ

2) i j is

2L5~ ẽLi
† ,ẽRi

† !~m̄ẽ
2! i j S ẽL j

ẽR j
D

[~ ẽLi
† ,ẽRi

† !S ~mL
2! i j ~mLR

2T ! i j

~mLR
2 ! i j ~mR

2 ! i j
D S ẽL j

ẽR j
D . ~A11!

HeremL
2 andmR

2 are 333 Hermitian matrices andmLR
2 is a

333 matrix. They are given as

~mL
2! i j 5~m

L̃

2
! i j 1mei

2 d i j 1mZ
2d i j cos 2bS 2

1

2
1sin2 uWD ,

~A12!

re

a-
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~mR
2 ! i j 5~mẽ

2! i j 1mei

2 d i j 2mZ
2d i j cos 2b sin2 uW ,

~A13!

~mLR
2 ! i j 5Ae

i j v cosb/&2mei
md i j tanb. ~A14!

As for the neutrinos we should notice that there is
right-handed sneutrino in the MSSM. Letñ i be the superpart
ner of the left-handed neutrinon i . The mass matrix of
sneutrino (m̄ñ

2) i j is

2L5 ñ i
†~m̄ñ

2! i j ñ j ,

~m̄ñ
2! i j 5~m

L̃

2
! i j 1

1

2
mZ

2d i j cos 2b.

~A15!

Next we discuss the mass matrix of gauginos. First
consider chargino mass matrixMC . It is a 232 matrix that
appears in the chargino mass terms,

2Lm5~W̃R
2H̃2R

2 !S M2

&mW sinb
&mW cosb

m D S W̃L
2

H̃1L
2 D 1H.c.

~A16!
n-
k
y
re
u

11600
e

MC is diagonalized by 232 real orthogonal matricesOL
andOR as

ORMCOL
T5diag~M x̃

1
2,M x̃

2
2!. ~A17!

Define the mass eigenstatesx̃AL(R) (A51,2) by

S x̃1L
2

x̃2L
2 D 5OLS W̃L

2

H̃1L
2 D , S x̃1R

2

x̃2R
2 D 5ORS W̃R

2

H̃2R
2 D . ~A18!

Then

x̃A
25x̃AL

2 1x̃AR
2 ~A51,2! ~A19!

forms a Dirac fermion with massM x̃
A
2.

Finally we consider neutralinos. The mass matrix of t
neutralino sector is given by

2Lm5
1

2
~B̃LW̃L

0H̃1L
0 H̃2L

0 !MNS B̃L

W̃L
0

H̃1L
0

H̃2L
0

D 1H.c., ~A20!

where
MN5S M1

0
2mZ sinuW cosb
mZ sinuW sinb

0
M2

mZ cosuW cosb
2mZ cosuW sinb

2mZ sinuW cosb
mZ cosuW cosb

0
2m

mZ sinuW sinb
2mZ cosuW sinb

2m
0

D . ~A21!
The diagonalization is done by a real orthogonal matrixON ,

ONMNON
T5diag~M x̃

1
0,...,M x̃

4
0!. ~A22!

The mass eigenstates are given by

x̃AL
0 5~ON!ABX̃BL

0 ~A,B51, . . . ,4!, ~A23!

where

X̃AL
0 5~B̃L ,W̃L

0,H̃1L
0 ,H̃2L

0 !. ~A24!

We have thus Majorana spinors

x̃A
05x̃AL

0 1x̃AR
0 ~A51,...,4! ~A25!

with massM x̃
A
0.

Now we give the interaction Lagrangian of lepto
slepton-chargino~-neutralino! in a basis of the slepton wea
eigenstate and the chargino~neutralino! mass eigenstate. B
writing the interactions in this basis we can get a transpa
view in the discussion of the multimass insertion techniq
discussed in Appendices B and C. The Lagrangian is
nt
e

2Lint5 ñ i
†x̃A

2~CLR
A~ i !PR1CLL

A~ i !PL!ei

1ẽLi
† x̃A

0~NLR
A~ i !PR1NLL

A~ i !PL!ei

1ẽRi
† x̃A

0~NRR
A~ i !PR1NRL

A~ i !PL!ei1H.c., ~A26!

where the coefficients are

CLL
A~ i !5g2~OR!A1 ,

CLR
A~ i !52

&mei

v cosb
~OL!A2 ,

NLL
A~ i !5

g2

&
@2~ON!A22~ON!A1 tanuW#,

NRL
A~ i !5

&mei

v cosb
~ON!A3 ,

NLR
A~ i !5

&mei

v cosb
~ON!A3 ,

NRR
A~ i !5&g2~ON!A1 tanuW . ~A27!
5-15
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APPENDIX B: MULTIMASS INSERTION TECHNIQUE

Mass insertion technique is useful to understand lepton flavor violating processes in the MSSM since only off-d
elements of the slepton mass matrices are source of the flavor violation. In this appendix we introduce the multimass
technique with the nondegenerate masses. The multimass inserted diagrams may not be necessarily suppresse
single-mass inserted ones when the slepton mass matrix has several small flavor-violating elements. Also, thoug
previous mass insertion formulas the degeneracy of the slepton masses is sometimes assumed, such a degene
necessarily maintained at low energy even if the universal scalar mass hypothesis is assumed in the higher energy
rule to derive the mass-inserted amplitudes is very simple. We can derive them by taking the finite difference on am
which have no mass-insertion. In this section we derive general formulas ofei

1→ej
1g keeping in mind that we apply them t

more realistic cases ofm1→e1g andt1→m1g in the next section.
We refer to the slepton mass matrices as (m̄

l̃

2
),

2L5 (
l̃ 5ẽ,ñ

~m̄
l̃

2
! i j l̃ i

† l̃ j , ~B1!

where

ẽi5~ ẽL ,m̃L ,t̃L ,ẽR ,m̃R ,t̃R!T @ for l̃ i5ẽi ~ i 51 – 6!#,

ñ i5~ ñe ,ñm ,ñt!
T @ for l̃ i5 ñ i ~ i 51 – 3!#. ~B2!

The explicit forms of these matrices are given in Appendix A. Here we assume that all the off-diagonal elements of the
mass matrices, both flavor violating and conserving ones, are much smaller than the diagonal elements@(m̄

l̃

2
) i i @(m̄

l̃

2
) jk ( j

Þk).#
In the mass-insertion technique the internal slepton lines are classified to two types at one loop level. First type is a

line on which the momentum of slepton is not changed as

~B3!

where we call the diagonal components of the slepton mass matrices, (m̄
l̃

2
) i i , as m̄

l̃ i

2
. We would like to consider theei

1

→ej
1g process, and so in the above figure we mean that an antislepton is going from left to right with a momentumk. The

product of propagators in the above equation is referred to asFN ,

FN~m̄
l̃ 1

2
,m̄

l̃ 2

2
,...,m̄

l̃ N

2
![

1

k22m̄
l̃ 1

2

1

k22m̄
l̃ 2

2 ¯

1

k22m̄
l̃ N

2 . ~B4!

The second type is a slepton line where the momentum is changed, by an emission of a photon with an outgoing m
p, as
116005-16
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~B5!

The sum of product of propagators in this equation is referred to asGN ,

GN~m̄
l̃ 1

2
,m̄

l̃ 2

2
,...,m̄

l̃ N

2
![

1

~k1p!22m̄
l̃ 1

2

1

k22m̄
l̃ 1

2

1

k22m̄
l̃ 2

2 ¯

1

k22m̄
l̃ N

2 1
1

~k1p!22m̄
l̃ 1

2

1

~k1p!22m̄
l̃ 2

2

1

k22m̄
l̃ 2

2 ¯

1

k22m̄
l̃ N

2

1¯1
1

~k1p!22m̄
l̃ 1

2

1

~k1p!22m̄
l̃ 2

2 ¯

1

~k1p!22m̄
l̃ N

2

1

k22m̄
l̃ N

2 . ~B6!
-

lin
e

ses
ms.
These functionsFN and GN can be given as a finite differ
ence ofFN21 andGN21 ,

FN~m̄
l̃ 1

2
,m̄

l̃ 2

2
,...,m̄

l̃ N

2
!5D@FN21~m̄

l̃

2
,m̄

l̃ 3

2
,...,m̄

l̃ N

2
!;m̄

l̃

2
#

3~m̄
l̃ 1

2
,m̄

l̃ 2

2
!, ~B7!

GN~m̄
l̃ 1

2
,m̄

l̃ 2

2
,...,m̄

l̃ N

2
!5D@GN21~m̄

l̃ 2

2
,m̄

l̃ 3

2
,...,m̄

l̃ N

2
!;m̄

l̃

2
#

3 ~m̄
l̃ 1

2
,m̄

l̃ 2

2
!, ~B8!

where

D@ f ~x!;x#~x1 ,x2![
1

x12x2
@ f ~x1!2 f ~x2!#. ~B9!

Then, by taking finite difference in sequence, each scalar
can be represented as a linear combination of flavor cons
ing scalar lines,F1 or G1 ,
11600
e
rv-

FN~m̄
l̃ 1

2
,m̄

l̃ 2

2
,...,m̄

l̃ N

2
!5DN21@F1~m2!;m2#

3~m̄
l̃ 1

2
,m̄

l̃ 2

2
,...,m̄

l̃ N

2
!,

GN~m̄
l̃ 1

2
,m̄

l̃ 2

2
,...,m̄

l̃ N

2
!5DN21@G1~m2!;m2#

3~m̄
l̃ 1

2
,m̄

l̃ 2

2
,...,m̄

l̃ N

2
!, ~B10!

where

DN21@ f ~x!;x#~x1 ,x2 ,...,xN![(
i 51

N S )
j Þ i

1

xi2xj
D f ~xi !.

~B11!

Because of this fact, we can get amplitudes with any mas
inserted from the corresponding flavor-conserving diagra

Before we derive amplitudes ofei
1→ej

1g( i . j ), we in-
troduce a mass functionI N

M as
5-17
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i I N
M~m1

2,m2
2,...,mN

2 !5E d4k

~p!2 k2M)
i

N
1

k22mi
2 .

~B12!

This function I N
M can be reduced toI N21

M or I N
M21 by the

following rules:

I N
M~m1

2,m2
2,...,mN

2 !5D@ I N21
M ~m2,m3

2,...,mN
2 !;m2#~m1

2,m2
2!,

~B13!

I N
M~m1

2,m2
2,...,mN

2 !5mN
2 I N

M21~m1
2,m2

2,...,mN
2 !

1I N21
M21~m1

2,m2
2,...,mN21

2 !,

~B14!

and then, allI N
M for N.21M can be derived fromI 1

0,

I 1
0~m2!5S 12 log

m2

L2Dm2, ~B15!

FIG. 17. Assignment of the momenta to the external leptons
the external photon in a lepton flavor violating diagram. An an
charged leptonei

1 going into the left vertex with momentump is
annihilated there, and a photon with an outgoing momentumq and
an anticharged leptonej

1 with an outgoing momentump2q are
emitted.
e
.

11600
whereL is a renormalization point. Also, the signs ofI N
M and

DL@ I N
M# are definitely determined as

~21!N1MI N
M~m1

2,m2
2,¯ ,mN

2 !.0, ~B16!

d
-

FIG. 18. Patterns of the chirality flips in the lepton flavor vi
lating diagrams in theei

1→ej
1g decay (i . j ). In the diagrams~a!

and~b! the lepton chirality is flipped on the external lines, while
~c! and ~d! it is flipped at a vertex of lepton-slepton-neutralin
~-chargino!. In ~e! it flips on the internal slepton line. Chirality flip
on the internal slepton line does not occur in the diagram wit
virtual chargino because of the absence of the right-han
sneutrino at the low energy region.
~B17!
o

Then, we can discuss about relative signs between sev
diagrams definitely by usingI N

M and the finite differences
Furthermore, since the mass dimension ofI N

M is (412M
22N), we can derive the following relation:

~21M2N!I N
M~m1

2,m2
2,...,mN

2 !

5(
i 51

N

mi
2I N11

M ~m1
2,...,mi

2,mi
2,...,mN

2 ! ~B18!
ralfor N.21M , since

d

dx
$x222M1NI N

M~xm1
2,xm2

2,...,xmN
2 !%50. ~B19!

Because of Eqs.~B13!, ~B14!, ~B18! there are some ways t
represent one function, for example,
5-18
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I 5
2~m2,m2,m2,M2,M2!523m2I 5

1~m2,m2,m2,m2,M2!.
~B20!

We will derive amplitudes ofei
1→ej

1g ( i . j ) by the
mass-insertion technique. The amplitude is generally writ
as

T5eea* v̄ i~p!isabqb~AL
~ i j !PL1AR

~ i j !PR!v j~p2q!. ~B21!

Here, e is the electric charge,e* the photon polarization
vector,v i andv j the wave functions for the external lepton
Assignment of momenta of the external fields is shown
Fig. 17. Since above term is violating the lepton chirality,
is convenient to decomposeAL

( i j ) andAR
( i j ) as
th

p-
o

11600
n

n
t

AL
~ i j !5AL

~ i j !uc11AL
~ i j !uc21AL

~ i j !un11AL
~ i j !un21AL

~ i j !un3 ,

AR
~ i j !5AR

~ i j !uc11AR
~ i j !uc21AR

~ i j !un11AR
~ i j !un21AR

~ i j !un3 .
~B22!

AL,R
( i j ) un1,c1 come from diagrams in which the lepton chirali

is flipped on the external lines@Figs. 18~a! and 18~b!#.
AL,R

( i j ) un2,c2 are contributions from the diagrams in which th
chirality is flipped on a vertex of lepton-slepton-neutralin
~-chargino! @Figs. 18~c! and 18~d!#. AL,R

( i j ) un3 are contributions
from those with the chirality flip on the internal slepton lin
@Fig. 18~e!#. Subscriptsc andn represent that they are from
chargino and neutralino diagrams, respectively.

The neutralino contribution toAL
( i j )un1 , derived from a

diagram where the chirality of lepton is flipped in the exte
nal lepton line, is given by
AL
~ i j !un152

1

6~4p!2 mei
NLL

A~ i !* NLL
A~ j ! (

N51

`

(
l 1 ,...,l N21

~m̄ẽ
2! l 0l 1

~m̄ẽ
2! l 1l 2

¯~m̄ẽ
2! l N21l N

3DN@ I 5
2~m̄ẽ

2,m̄ẽ
2,m̄ẽ

2,M x̃
A
0

2
,M x̃

A
0

2
!,m̄ẽ

2#~m̄ẽl 0

2 ,m̄ẽl 1

2 ,...,m̄ẽl N

2 ! ~ l 05 i ,l N5 j !,

AR
~ i j !un15~AL

~ i j !un1!L↔R,l 05 i 13,l N5 j 13 , ~B23!
the

n
n-
nd is
lino

p-
-

wheremei
is the i th generation charged lepton mass, and

explicit form of I 5
1 is

I 5
2~m̄ẽ

2,m̄ẽ
2,m̄ẽ

2,M x̃0
2 ,M x̃0

2
!52

1

m̄ẽ
2

1

2~12x!4 ~126x13x2

12x326x2 logx! ~B24!

with x5Mx̃0
2 /m̄ẽ

2. NLL
A( i ) is a coupling constant between sle

ton and neutralino, and our definition of couplings of slept
to neutralino~or chargino! is

2Lint5 ñ i
†x̃A

2~CLR
A~ i !PR1CLL

A~ i !PL!ei1ẽLi
† x̃A

0~NLR
A~ i !PR

1NLL
A~ i !PL!ei1ẽRi

† x̃A
0~NRR

A~ i !PR1NRL
A~ i !PL!ei1H.c.

~B25!

Here, CLL
A( i ) , NLL

A( i ) , and NRR
A( i ) correspond to the~lepton-
e

n

chirality conserving! gaugino interactions, andCLR
A( i ) , NRL

A( i ) ,
andNLR

A( i ) are the~lepton-chirality violating! Higgsino inter-
actions. These coupling constants are represented by
MSSM parameters in Appendix A.

Sign of the term withN off-diagonal inserted-masses i
AL

( i j )un1 is definitely determined by signs of coupling co
stants of slepton to neutralino and the inserted masses, a
independent of the diagonal slepton masses and neutra
masses since

~21!N11DN@ I 5
2~m̄ẽ

2,m̄ẽ
2,m̄ẽ

2,M x̃0
2 M x̃0

2
!,m̄ẽ

2#

3~m̄ẽ0

2 ,m̄ẽ1

2 ,...,m̄ẽN

2 !.0. ~B26!

A contribution from a neutralino diagram where the le
ton chirality is flipped in the vertex of slepton-lepton
neutralino is given as
AL
~ i j !un252

1

2~4p!2 M x̃
A
0NLR

A~ i !* NLL
A~ j ! (

N51

`

(
l 1 ,...,l N21

~m̄ẽ
2! l 0l 1

~m̄ẽ
2! l 1l 2

¯~m̄ẽ
2! l N21l N

3DN@ I 4
1~m̄ẽ

2,m̄ẽ
2,M x̃

A
0

2
,M x̃

A
0

2
!;m̄ẽ

2#~m̄ẽl 0

2 ,m̄ẽl 1

2 ,...,m̄ẽl N

2 ! ~ l 05 i ,l N5 j !,

AR
~ i j !un25~AL

~ i j !un2!L↔R,l 05 i 13,LN5 j 13 . ~B27!

The explicit form ofI 4
1 in Eq. ~B27! is
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I 4
1~m̄ẽ

2,m̄ẽ
2,M x̃0

2 ,M x̃0
2

!52
1

m̄ẽ
2

1

~12x!3 ~12x212x logx! ~B28!

with x5Mx̃0
2 /m̄ẽ

2, and the sign ofDN@ I 4
1# is (21)N11 from Eq. ~B17!.

A contribution from a neutralino diagram where the lepton chirality is flipped in the internal slepton line is given a

AL
~ i j !un352

1

2~4p!2 M x̃
A
0NRR

A~ i !* NLL
A~ j ! (

N51

`

(
l 1 ,...,l N21

~m̄ẽ
2! l 0l 1

~m̄ẽ
2! l 1l 2

¯~m̄ẽ
2! l N21l N

3DN@ I 4
1~m̄ẽ

2,m̄ẽ
2,M x̃

A
0

2
,M x̃

A
0

2
!;m̄ẽ

2#~m̄ẽl 0

2 ,m̄ẽl 1

2 ,...,m̄ẽl N

2 ! ~ l 05 i 13,l N5 j !,

AR
~ i j !un35~AL

~ i j !un3!L↔R,l 05 i ,l N5 j 13 . ~B29!

A contribution from a chargino diagram where the lepton chirality is flipped in the external lepton line is given as

AL
~ i j !uc15

1

6~4p!2 mei
CLL

A~ i !* CLL
A~ j ! (

N51

`

(
l 1 ,...,l N21

~m̄ñ
2! l 0l 1

~m̄ñ
2! l 1l 2

¯~m̄ñ
2! l N21l N

3DN@ I 5
2~m̄ñ

2,m̄ñ
2,M x̃

A
2

2
,M x̃

A
2

2
,M x̃

A
2

2
!;m̄ñ

2#~m̄ñ l 0

2 ,m̄ñ l 1

2 ,...,m̄ñ l N

2 ! ~ l 05 i ,l N5 j !,

AR
~ i j !uc15O~mej

!. ~B30!

The explicit form ofI 5
2 in Eq. ~B30! is

I 5
2~m̄ñ

2,m̄ñ
2,M x̃2

2 ,M x̃2
2 ,M x̃2

2
!52

1

m̄ñ
2

1

2~12x!4 ~213x26x21x316x logx! ~B31!

with x5M x̃2
2 /m̄ñ

2, and the sign ofDN@ I 5
2# is (21)N11.

A contribution from a chargino diagram where the lepton chirality is flipped in the vertex of lepton-sneutrino-charg
given as

AL
~ i j !uc25

1

~4p!2 M x̃
A
2CLR

A~ i !* CLL
A~ j ! (

N51

`

(
l 1 ,¯ ,l N21

~m̄ñ
2! l 0l 1

~m̄ñ
2! l 1l 2

¯~m̄ñ
2! l N21l N

3DN@ I 4
1~m̄ñ

2,M x̃
A
2

2
,M x̃

A
2

2
,M x̃

A
2

2
!;m̄ñ

2#~m̄ñ l 0

2 ,m̄ñ l 1

2 ,...,m̄ñ l N

2 ! ~ l 05 i ,l N5 j !,

AR
~ i j !uc25O~mej

!. ~B32!
re

dels

nly

al
The explicit form ofI 4
1 in Eq. ~B32! is

I 4
1~m̄ñ

2,M x̃2
2 ,M x̃2

2 ,M x̃2
2

!5
1

m̄ñ
2

1

2~12x!3

3~324x1x212 logx!

~B33!

with x5M x̃2
2 /m̄ñ

2, and the sign ofDN@ I 4
1# is (21)N11.

APPENDIX C: APPLICATION OF MASS INSERTION
FORMULAS TO t1

˜µ1g AND µ1
˜e1g

In this section we apply the formulas derived in the p
vious section tot1→m1g and m1→e1g processes. We
neglect mm(me) in the calculation of t1→m1g (m1
11600
-

→e1g). First we considert1→m1g. The whole contribu-
tion to t1→m1g can be written as

AL
~tm!5AL

~tm!uc11AL
~tm!uc21AL

~tm!un11AL
~tm!un21AL

~tm!un3 ,

AR
~tm!5AR

~tm!uc11AR
~tm!uc21AR

~tm!un11AR
~tm!un21AR

~tm!un3 ,
~C1!

in the same notation as the previous section. In many mo
the dominant contributions tot→mg are from the diagrams
with single insertion of (m

L̃

2
)32, (mẽ

2)32, Ae
32, or Ae

23.
Among these lepton flavor violating coupling constants o
(m

L̃

2
)32 and (mẽ

2)32 are important for tanb*1. We here show
explicit expressions of the diagrams with single off-diagon
slepton mass matrix element insertion for tanb*1. From the
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formula we derived in the previous Appendix, the contrib
tions from diagrams with the lepton chirality flipped in th
external line@Figs. 18~a! and 18~b!# are given as

AL
~tm!uc152mt

1

6

a2

4p
~OR!A1

2 F ~m
L̃

2
!32

mñm

2 2mñt

2 G H 1

mñm

2 f c1~xAñm
!

2
1

mñt

2 f c1~xAñt
!J , ~C2!

AR
~tm!uc15O~mm!, ~C3!

AL
~tm!un15mt

1

12

a2

4p
„~ON!A2

1~ON!A1 tanuW…
2F ~m

L̃

2
!32

mm̃L

2 2mt̃L

2 G H 1

mm̃L

2 f n1~xAm̃L
!

2
1

mt̃L

2 f n1~xAt̃L
!J , ~C4!

AR
~tm!un15mt

1

3

aY

4p
~ON!A1

2 F ~mẽ
2!32

mm̃R

2 2mt̃R

2 G H 1

mm̃R

2 f n1~xAm̃R
!

2
1

mt̃R

2 f n1~xAt̃R
!J , ~C5!

wherexA l̃5M x̃A

2 /m
l̃

2
with l 5nm , nt , mL , tL , mR , andtR

and x̃A5x̃A
2 and x̃A

0. The coefficient functionsf c1(x) and
f n1(x) are given as
11600
-
f c1~x![

1

2~12x!4 ~213x26x21x316x logx!, ~C6!

f n1~x![
1

2~12x!4 ~126x13x212x326x2 logx!,

~C7!

which are positive definite and monotonically decreasi
Following coefficient functions are also defined to be po
tive definite and monotonically decreasing.

The diagrams where the lepton chirality is flipped in t
vertices give the following contributions:

AL
~tm!uc25mt

a2

4p

M x̃
A
2

&mW cosb
~OR!A1~OL!A2F ~m

L̃

2
!32

mñm

2 2mñt

2 G
3H 1

mñm

2 f c2~xAñm
!2

1

mñt

2 f c2~xAñt
!J , ~C8!

AR
~tm!uc25O~mm!, ~C9!

AL
~tm!un252mt

1

4

a2

4p

M x̃
A
0

mZ cosuW cosb
~ON!A3„~ON!A2

1~ON!A1 tanuW…F ~m
L̃

2
!32

mm̃L

2 2mt̃L

2 G H 1

mm̃L

2 f n2~xAm̃L
!

2
1

mt̃L

2 f n2~xAt̃L
!J , ~C10!
AR
~tm!un25mt

1

2

aY

4p

M x̃
A
0

mZ sinuW cosb
~ON!A3~ON!A1F ~mẽ

2!32

mm̃R

2 2mt̃R

2 G H 1

mm̃R

2 f n2~xAm̃R
!2

1

mt̃R

2 f n2~xAt̃R
!J , ~C11!

where the functionsf c2(x) and f n2(x) are defined as

f c2~x![2
1

2~12x!3 ~324x1x212 logx!, ~C12!

f n2~x![
1

~12x!3 ~12x212x logx!. ~C13!

Finally the contribution from the diagrams in which the lepton chirality is flipped on the internal slepton lines are

AL
~tm!un352

1

2

a2

4p
~ON!A1„~ON!A21~ON!A1 tanuW…tanuW~mLR

2 !33~m
L̃

2
!32M x̃

A
0

3H 1

mt̃R

2

1

mt̃R

2 2mt̃L

2

1

mt̃R

2 2mm̃L

2 f n2~xAt̃R
!1

1

mt̃L

2

1

mt̃L

2 2mt̃R

2

1

mt̃L

2 2mm̃L

2 f n2~xAt̃L
!

1
1

mm̃L

2

1

mm̃L

2 2mt̃R

2

1

mm̃L

2 2mt̃L

2 f n2~xAm̃L
!J , ~C14!
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AR
~tm!un352

1

2

a2

4p
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1~ON!A1 tanuW…tanuW~mLR
2 !33~mẽ

2!32M x̃
A
0H 1

mt̃L
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!J . ~C15!

Next we present the mass insertion formula form1→e1g. Here we assume mass degeneracy between selectron and s
then

mñe
5mñm

[mñ ,

mẽL
5mm̃L

[ml̃ L
,

mẽR
5mm̃R

[ml̃ R
.

The contributions from diagrams with the lepton chirality flipped in the external line@Figs. 18~a! and 18~b!# are given as
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~me!uc15mm

1

6
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2!211

~mẽ
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2 f n1~xAt̃R
!J ,

~C19!

with

gc1~x![ f c1~x!1x fc18 ~x!,

gn1~x![ f n1~x!1x fn18 ~x!. ~C20!

Here primes onf c1,n1(x) mean differentiation aboutx.
The diagrams where the lepton chirality is flipped in the vertices give the following contributions:

AL
~me!uc252mm

a2

4p

M x̃
A
2

&mW cosb
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2
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2
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mñ
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AR
~me!uc25O~me!, ~C22!
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Here the functionsgc2(x) andgn2(x) are defined, similarly togc1,n1(x), as

gc2~x![ f c2~x!1x fc28 ~x!,

gn2~x![ f n2~x!1x fn28 ~x!. ~C25!

The contributions from Fig. 18~e! in which the lepton chirality is flipped in the slepton lines are the following:
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APPENDIX D: RENORMALIZATION GROUP EQUATIONS

In this Appendix we show the one-loop level renormalization group equations~RGE’s! relevant to our discussion in th
text. In the equations below we use a shorthand notation, that is, for matrices in generation spaceA andB we define$A,B% by

$A,B% i j [(
k

~AikBk j1BikAk j!. ~D1!

1. RGE’s for the MSSMRN model

First we devote ourselves to the MSSMRN model. The RGE’s for the gauge coupling constants and the gaugino m
unchanged from the MSSM since the right-handed neutrinos are singlet under the standard model gauge group. First w
RGE’s of the Yukawa coupling constants:

16p2m
d

dm
f ei j

5H 2
9

5
g1

223g2
213 Tr~ f df d

†!1Tr~ f ef e
†!J f ei j

13~ f ef e
†f e! i j 1~ f ef n

†f n! i j , ~D2!

16p2m
d

dm
f n i j

5H 2
3

5
g1

223g2
213 Tr~ f uf u

†!1Tr~ f n f n
†!J f n i j

13~ f n f n
†f n! i j 1~ f n f e

†f e! i j . ~D3!

Next RGE’s of the soft massess andA parameters:

16p2m
d

dm
~m

L̃

2
! i j 52S 6

5
g1

2UM1U216g2
2UM2U2D d i j 2

3

5
g1

2Sd i j 1$mL̃

2
, f e

†f e1 f n
†f n% i j 12~ f e

†mẽ
2f e1m̃h1

2 f e
†f e1Ae

†Ae! i j

12~ f n
†mñ

2f n1m̃h2
2 f n

†f n1An
†An! i j , ~D4!

16p2m
d

dm
~mẽ

2! i j 52
24

5
g1

2uM1u2d i j 1
6

5
g1

2Sd i j 12$mẽ
2, f ef e

†% i j 14~ f emL̃

2
f e

†1m̃h1
2 f ef e

†1AeAe
†! i j , ~D5!

16p2m
d

dm
~mñ

2! i j 52$mñ
2, f n f n

†% i j 14~ f nm
L̃

2
f n

†1m̃h2
2 f n f n

†1AnAn
†! i j , ~D6!

16p2m
d

dm
Aei j

5H 2
9

5
g1

223g2
213 Tr~ f d

†f d!1Tr~ f e
†f e!J Aei j

12H 2
9

5
g1

2M123g2
2M213 Tr~ f d

†Ad!1Tr~ f e
†Ae!J f ei j

14~ f ef e
†Ae! i j 15~Aef e

†f e! i j 12~ f ef n
†An! i j 1~Aef n

†f n! i j , ~D7!

16p2m
d

dm
An i j

5H 2
3

5
g1

223g2
213 Tr~ f u

†f u!1Tr~ f n
†f n!J An i j

12H 2
3

5
g1

2M123g2
2M213 Tr~ f u

†Au!1Tr~ f n
†An!J f n i j

14~ f n f n
†An! i j 15~An f n

†f n! i j 12~ f n f e
†Ae! i j 1~An f e

†f e! i j , ~D8!

where

S5Tr~m
Q̃

2
1m

d̃

2
22mũ

22m
L̃

2
1mẽ

2!2m̃h1
2 1m̃h2

2 . ~D9!

Hereg1 is the U~1! gauge coupling constant in the GUT convention, which is related to the U(1)Y gauge coupling constantgY

by gY
25(3/5)g1

2.

2. RGE’s for the SU„5…RN model

Next we list the RGE’s for the SU~5!RN model. The superpotential of the matter sector is

W5
1

4
f ui j

c i
ABc j

CDHEeABCDE1& f di j
c i

ABf jAH̄B1 f n i j
h if jAHA1

1

2
Mh ih j

h ih j ,

and the soft SUSY breaking terms are
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2LSUSY breaking5~mc
2 ! i j c̃ i

†c̃ j1~mf
2 ! i j f̃ i

†f̃ j1~mh
2 ! i j h̃ i

†h̃ j1mh
2h†h1m

h̄

2
h̄†h̄

1H 1

4
Aui j

c̃ i c̃ jh1&Adi j
c̃ if̃ j h̄1An i j

h̃ if̃ jh1H.c.J 1
1

2
M5l5Ll5L1H.c. ~D10!

We denote the SU~5!GUT gauge coupling constant asg5 , the SU~5!GUT gauginol5 , and its soft Majorana massM5 . We
neglect a couplinglHSH̄, as stated in the text.

First is the RGE’s for the dimensionless coupling constants:

16p2m
d

dm
g5523g5

3, ~D11!

16p2m
d

dm
f di j

5F2
84

5
g5

214 Tr~ f d
†f d!G f di j

16~ f df d
†f d! i j 13~ f uf u

†f d! i j 1~ f df n
†f n! i j , ~D12!

16p2m
d

dm
f ui j

5F2
96

5
g5

213 Tr~ f u
†f u!1Tr~ f n

†f n!G f ui j
16~ f uf u

†f u! i j 12~ f df d
†f u! i j 12~ f uf d* f d

T! i j , ~D13!

16p2m
d

dm
f n i j

5F2
48

5
g5

213 Tr~ f u
†f u!1Tr~ f n

†f n!G f n i j
16~ f n f n

†f n! i j 14~ f n f d
†f d! i j . ~D14!

Next is for the soft masses:

16p2m
d

dm
M5526g5

2M5 , ~D15!

16p2m
d

dm
mh

252
96

5
g5

2M5
216 Tr~ f uf u

†!mh
216 Tr~ f umc

2 f u
†1 f u

†mc
2Tf u1AuAu

†!12 Tr~ f n f n
†!mh

2

12 Tr~ f nmf
2 f n

†1 f n
Tmh

2 f n* 1AnAn
†!, ~D16!

16p2m
d

dm
mh̄

2
52

96

5
g5

2M5
218 Tr~ f df d

†!mh̄
2
18 Tr~ f dmf

2 f d
†1 f d

†mc
2Tf d1AdAd

†!, ~D17!

16p2m
d

dm
~mc

2 ! i j 52
144

5
g5

2M5
2d i j 1$mc

2,2 f d* f d
T13 f u* f u

T% i j 14@~ f d* f d
T! i j mh̄

2
1~ f d* mf

2Tf d
T1Ad* Ad

T! i j #

16@~ f u* f u
T! i j mh

21~ f u* mc
2Tf u

T1Au* Au
T! i j #, ~D18!

16p2m
d

dm
~mf

2 ! i j 52
96

5
g5

2M5
2d i j 1$mf

2 ,4f d
†f d1 f n

†f n% i j 18@~ f d
†f d! i j mh̄

2
1~ f d

†mc
2Tf d1Ad

†Ad! i j #

12@~ f n
†f n! i j mh

21~ f n
†mh

2Tf n1An
†An! i j #, ~D19!

16p2m
d

dm
~mh

2 ! i j 55$mh
2, f n* f n

T% i j 110@~ f n* f n
T! i j mh

21~ f n* mf
2Tf n

T1An* An
T! i j #. ~D20!

Finally A terms:

16p2m
d

dm
Adi j

5F2
84

5
g5

214 Tr~ f d
†f d!GAdi j

12F2
84

5
g5

2M514 Tr~ f d
†Ad!G f di j

110~ f df d
†Ad! i j 13~ f uf u

†Ad! i j 18~Adf d
†f d! i j

16~Auf u
†f d! i j 1~Adf n

†f n! i j 12~ f df n
†An! i j , ~D21!

16p2m
d

dm
Aui j

5F2
96

5
g5

213 Tr~ f u
†f u!1Tr~ f n

†f n!GAui j
12F2

96

5
g5

2M513 Tr~ f u
†Au!1Tr~ f n

†An!G f ui j
12~ f df d

†Au! i j

19~ f uf u
†Au! i j 12~Auf d* f d

T! i j 14~Adf d
†f u! i j 19~Auf u

†f u! i j 14~ f uf d* Ad
T! i j , ~D22!
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d

dm
An i j

5F2
48

5
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213 Tr~ f u
†f u!1Tr~ f n
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12F2
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5
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