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Various lepton-flavor-violating~LFV! processes in the supersymmetric standard model with right-handed
neutrino supermultiplets are investigated in detail. It is shown that large LFV rates are obtained when tanb is
large. In the case where the mixing matrix in the lepton sector has a similar structure as the Kobayashi-
Maskawa matrix and the third-generation Yukawa coupling is as large as that of the top quark, the branching
ratios can be as large asB(m→eg).10211 and B(t→mg).1027, which are within the reach of future
experiments. If we assume a large mixing angle solution to the atmospheric neutrino problem, the rate for the
processt→mg becomes larger. We also discuss the difference between our case and the case of the minimal
SU~5! grand unified theory.
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PACS number~s!: 12.60.Jv, 11.30.Hv, 12.15.Ff

I. INTRODUCTION

Lepton-flavor-violation~LFV!, if observed in a future ex-
periment, is evidence of new physics beyond the stand
model, because the lepton-flavor number is conserved in
standard model. Since the processes do not suffer from
large ambiguity due to hadronic matrix elements, a detai
analysis of the LFV processes will reveal some properties
high-energy physics.

One of the minimal extensions of the standard model w
LFV is the model with nonvanishing neutrino masses. If t
masses of the neutrinos are induced by the seesaw me
nism @1#, one has a new set of Yukawa couplings involvin
right-handed neutrinos. The introduction of the new Yukaw
couplings generally gives rise to flavor violation in the lepto
sector, similar to its quark sector counterparts. In nonsup
symmetric standard models, however, the amplitudes of
LFV processes are proportional to inverse powers of
right-handed neutrino mass scale which is typically mu
higher than the electroweak scale, and as a consequence
rates are highly suppressed.

If the model is supersymmetrized, the situation becom
quite different. LFV in right-handed neutrino Yukawa cou
plings leads to LFV in slepton masses throug
renormalization-group effects@2#. Then the LFV processes
are only suppressed by powers of supersymmetry-~SUSY-!
breaking scale which is assumed to be at the electrow
scale. Especially, in a previous paper@3#, we pointed out that
a large left-right mixing of the slepton masses greatly e
hances the rates for LFV processes such asm→eg and
t→mg. Because of this effect, they can be within the rea
of near future experiments even if the mixing angle of t
lepton sector is as small as that of the quark sector.
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In this paper, we will extend the previous analysis. We ar
interested in the processesm→eg, t→mg, m→eee, and
m-e conversion in nuclei, and calculate formulas for the in
teraction rates of the above processes. In our calculation,
fully incorporate the mixing of the slepton masses as well a
the mixings in the neutralino and chargino sectors. Also th
lepton Yukawa couplings in Higgsino-lepton-slepton vertice
are retained, which yield another type of enhanced diagra
in the large tanb region. Then we will discuss how large the
interaction rates can be, assuming the radiative electrowe
symmetry-breaking scenario@4#. We find that a large value of
tanb is realized with a relatively light superparticle mass
spectrum, and thus the interaction rates can indeed be
hanced. For the right-handed neutrino sector, we will main
consider the case where the Yukawa couplings of the righ
handed neutrinos are similar to those of the up-type quark
We will also discuss the case of large mixing between seco
and third generations, suggested by the atmospheric neutr
problem. In our numerical analysis, we impose constrain
from negative searches for SUSY particles, as well as th
constraint from the muon anomalous magnetic dipole m
mentg22 to which superparticle loops give non-negligible
contributions especially in the large tanb region.

The organization of our paper is as follows. In the subs
quent section, we will review LFV in slepton masses in th
presence of right-handed neutrinos. In Sec. III, we will giv
formulas of the interaction rates of the various LFV pro
cesses. The results of our numerical study are given in S
IV. In Sec. V, after summarizing our results, we will compare
our case with the case of SU~5! grand unification briefly.
Renormalization-group equations relevant to our analysis a
summarized in Appendix A. In Appendix B, we describe th
interactions among neutralinos~charginos!, fermions, and
2442 © 1996 The American Physical Society
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sfermions. In Appendix C, we will give formulas of th
SUSY contribution tog22.

II. LFV IN SCALAR LEPTON MASSES

Throughout this paper, we consider the minimal SU
standard model~MSSM! plus three-generation right-hande
neutrinos. In this case, the superpotential is given by

W5 f l
i j eabH1

aEi
cL j

b1 f n
i j eabH2

aNi
cL j

b1 f d
i j eabH1

aDi
cQj

b

1 f u
i j eabH2

aUi
cQj

b1meabH1
aH2

b1 1
2M n

i j Ni
cNj

c , ~1!

whereLi represents the chiral multiplet of an SU~2! L doublet
lepton, Ei

c an SU~2! L singlet charged lepton,Ni
c a right-

handed neutrino which is singlet under the standard-m
e

SY
d

odel

gauge group andH1 andH2 two Higgs doublets with oppo-
site hypercharge. SimilarlyQ, U, and D represent chiral
multiplets of quarks of an SU~2! L doublet and two singlets
with different U~1!Y charges. Three generations of lepton
and quarks are assumed and thus the subscriptsi and j run
over 1 – 3. The symboleab is an antisymmetric tensor with
e1251. The Yukawa interactions are derived from the supe
potential via

L51
1

2(i , j
]2W

]f i]f j
c ic j1H.c. ~2!

SUSY is softly broken in our model. The general sof
SUSY-breaking terms are given as
a
riting
2Lsoft5~mQ̃

2
! i
j q̃L

†i q̃L j1~mũ
2! j

i ũRi* ũR
j 1~md̃

2
! j
i d̃Ri* d̃R

j 1~mL̃

2
! i
j l̃ L
†i l̃ L j1~mẽ

2! j
i ẽRi* ẽR

j 1~mñ
2! j

i ñRi* ñR
j 1m̃h1

2 h1
†h11m̃h2

2 h2
†h2

1~Bmh1h21
1
2Bn

i j M n
i j ñRi* ñRj* 1H.c.!1~Ad

i j h1d̃Ri* q̃L j1Au
i j h2ũRi* q̃L j1Al

i j h1ẽRi* l̃ L j1An
i j h2ñRi* l̃ L j1

1
2M1B̃L

0B̃L
0

1 1
2M2W̃L

aW̃L
a1 1

2M3G̃
aG̃a1H.c.!. ~3!

Here the first eight terms are soft terms for sleptons, squarks, and Higgs bosons, while the terms withM12M3 give gaugino
mass terms.

We now discuss LFV in the Yukawa couplings. Suppose that the Yukawa coupling matrixf l
i j and the mass matrix of the

right-handed neutrinosM n
i j are diagonalized asf l id

i j and MRid
i j , respectively.1Then, in this basis, the neutrino Yukaw

couplings f n
i j are not generally diagonal, giving rise to LFV. An immediate consequence is neutrino oscillation. W

f n
i j5Uik f nkV

k j with U, V unitary matrices, we obtain the neutrino mass matrix induced by the seesaw mechanism:

mn5 f n
TM n

21f n

v2

2
sin2b5VTS f n1

f n2

f n3

D UTS 1

MR1

1

MR2

1

MR3

D US f n1

f n2

f n3

D V v22 sin2b, ~4!
e

s
e
-
-
e
-
t

where 1
2v

25^h1&
21^h2&

2.(174 GeV)2 and tanb
5^h2&/^h1&. ~Here, the angular brackets stand for th
vacuum expectation value of the quantity.! Throughout this
paper, we assume thatM n is proportional to the unit matrix
M n

i j5MRd i j , for simplicity. Then, if we disregard possible
complex phases inU, the above can be rewritten as

mn5
1

MR
VTS f n1

2

f n2
2

f n3
2
D V v22 sin2b. ~5!

Thus as far asVÞ1 and the mass eigenvalues are no
degenerate, we have neutrino oscillation which is a targe
current and future experiments.

1We can always choosef l
i j , andM n

i j to be diagonal by using
unitary transformations ofL, Ec andNc.
e

n-
t of

The smallness of the neutrino masses implies that th
scaleMR is very high,;1012 GeV or even higher. In the
standard model with right-handed neutrinos, the flavor-
violating processes such asm→eg, t→mg, etc., whose
rates are proportional to inverse powers ofMR , would be
highly suppressed with such a largeMR scale, and hence
those would never be seen experimentally.

However, if there exists SUSY broken at the electroweak
scale, we may expect that the rates of these LFV processe
will be much larger than the nonsupersymmetric case. Th
point is that the lepton-flavor conservation is not a conse
quence of standard-model gauge symmetry and renormaliz
ability in the supersymmetric case, even in the absence of th
right-handed neutrinos. Indeed, slepton mass terms can vio
late the lepton-flavor conservation in a manner consisten
with the gauge symmetry. Thus the scale of LFV can be
identified with the electroweak scale, much lower than the
right-handed neutrino scaleMR . However, an order-of-unity
violation of lepton-flavor conservation at the electroweak
scale would cause disastrously large rates form→eg and
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others. Also, arbitrary squark masses result in too large ra
for various flavor-changing-neutral-current processes invo
ing squark loops. To avoid these problems, one often cons
ers that sleptons and squarks are degenerate in masses a
those with the same gauge quantum numbers in the tree-le
Lagrangian at a certain renormalization scale. In the follow
ing, we will assume a somewhat stronger hypothesis that
SUSY-breaking scalar masses are universal at the grav
tional scaleM[mPl /A8p;231018 GeV; i.e., we adopt
minimal-supergravity-type boundary conditions. Thus w
will consider the following type of soft terms: universal sca
lar mass (m0), all scalar masses of the type (m

f̃

2
) i
j and m̃hi

2

( i51,2) take common valuem0
2 , universalA parameter,

Af
i j5a f f

i jm0 with a being a constant of order unity, at the
renormalization scaleM .2 As for the gaugino masses, for
simplicity, we choose the boundary conditions so that th
satisfy the so-called grand unified theory~GUT! relation at
low energies. Note that the universal scalar masses are gi
in a certain class of supergravity models with hidden sec
SUSY breaking@5#. Those soft SUSY breaking terms suffe
from renormalization via gauge and Yukawa interaction
which can be conveniently expressed in terms
renormalization-group equations~RGE’s!. The RGE’s rel-
evant to our analysis will be given in Appendix A. An im-
portant point is that, through this renormalization effect, LF
in the Yukawa couplings induces LFV in the slepton mass
at low energies even if the scalar masses are universal at h
energy. Because of this fact, lepton-flavor conservation
violated at low energies.

We can solve the RGE’s numerically with the bounda
conditions given above. It is, however, instructive to consid
here a simple approximation to estimate the LFV contrib
tion to the slepton masses. Since the SU~2! L doublet lepton
multiplets have the lepton-flavor-violating Yukawa coupling
with the right-handed neutrino multiplets, the LFV effec
most directly appears in the mass matrix of the doublet sle
tons. The RGE’s for them can be written as~see Appendix A!

m
d

dm
~mL̃

2
! i
j5S m

d

dm
~mL̃

2
! i
j D
MSSM

1
1

16p2 @~mL̃

2
f n
†f n

1 f n
†f nmL̃

2
! i
j12~ f n

†mñ
2f n1m̃h2

2 f n
†f n1An

†An! i
j #.

~6!

Here (m d/dm (m
L̃

2
) i
j )MSSM denotes the RGE in case of the

MSSM, and the terms explicitly written are additional con
tributions by the right-handed neutrino Yukawa coupling
An iteration gives an approximate solution for the addition
contributions to the mass terms:

2In fact, there is another SUSY-breaking parameterB, which
gives a mixing term of the two Higgs bosonsh1 and h2 . For a
given value of tanb, we fix this parameterB ~and also the SUSY
invariant Higgs boson massm) so that the Higgs bosons have
correct vacuum expectation values,̂h1&5vcosb/A2 and
^h2&5vsinb/A2.
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~Dm
L̃

2
! i
j'2

ln~M /MR!

16p2 @6m0
2~ f n

†f n! i
j12~An

†An! i
j #

52
ln~M /MR!

16p2 ~612a2!m0
2~ f n

†f n! i
j , ~7!

where we have used the universal scalar mass an
A-parameter conditions. In Eq.~7!,

~ f n
†f n! i

j5 f n ik
† f n

k j5Vki* u f nku2Vkj, ~8!

so that the slepton mass (m
L̃

2
) i
j indeed has generation mixing

if V differs from the unit matrix in the basis that the charged
lepton Yukawa couplingsf l are diagonal.

Lack of knowledge of the neutrino Yukawa couplings pre-
vents us from giving a definite prediction of the slepton mas
matrix, and thus the rates of the LFV processes. Neverth
less, it is important to study how large the interaction rate
for the LFV processes can be for some typical cases and
see whether those signals can be tested by experiments.
this paper, we shall consider the following typical two cases
case~1!, the mixing matrixV is identical to the Kobayashi-
Maskawa~KM ! matrix in the quark sectorVKM , and case
~2!, the mixing matrix is given so that it can explain atmo-
spheric neutrino deficit by the large-mixingnt-nm oscilla-
tion. In the latter case, we only considert→mg, the genera-
tion mixing between the second and third ones.

III. INTERACTION RATES FOR LFV PROCESSES

In this section we give formulas of the interaction rates
for the LFV processes we consider. The results of our nu
merical calculation will be given in the next section.

We first explain how the rates form→eg andt→mg can
be enhanced compared with the naive expectation whe
tanb is large. Here, we consider in the basis where the neu
tralino or chargino interactions to the leptons and the slep
tons are flavor diagonal and the effect of flavor violation in
the lepton sector is involved by the mass insertions (m

L̃

2
) i
j

( iÞ j ). First, let us consider contribution fromW-inos and
B-inos, the SU~2! L3 U~1!Y gauginos, neglecting the mixing
in the chargino or neutralino sector. A naive estimate on th
branching ratio yields

B~ l j→ l ig!}
a3

GF
2

@~mL̃

2
! i
j #2

mS
8 , ~9!

wheremS is the typical mass of superparticles,a the fine
structure constant, andGF the Fermi constant. The contribu-
tion from the Feynman diagrams, Figs. 1~a! and 1~b!, follows
this estimate. However, as emphasized in our previous pap
@3#, the diagram of Fig. 1~c! which picks up the left-right
mixing of the sleptons and exchanges theB-ino in the loop
can give a much larger contribution whenmtanb is much
larger than the masses of the other superparticles. Indeed
estimate the ratio of the amplitudes

Amp@1~c!#

Amp@1~a!11~b!#
;
M1mLRj j

2

ml j
mS
2 ;

mtanb

mS

M1

mS
, ~10!
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FIG. 1. Feynman diagrams which give rise to
l j→ l ig. The symbolsẽLi , ñLi , B̃, W̃

0, andW̃2

represent left-handed charged sleptons, left
handed sneutrinos,B-ino, neutralW-ino, and
chargedW-ino, respectively. In~a! and ~b!, the
blob in the the slepton or sneutrino line indicates
the flavor-violating mass insertion of the left-
handed slepton and another blob in the externa
line the chirality flip of the external leptonl j . In
~c!, the blobs in the slepton line indicate the in-
sertions of the flavor-violating mass (m

L̃i

2 j
) and

the left-right mixing mass (mLRj j
2 ), and another

blob in the B-ino line the chirality flip of the
B-ino B̃.
s

we
es
u-

i-

,

o

with ml j
being the charged leptonl j mass. In Ref.@3#, we

numerically showed that this enhancement really occurs
the case of largemtanb.

If we take account of the gaugino-Higgsino mixing in th
chargino or neutralino sector, we find another type of d
gram which enhances the amplitude when tanb is large but
m is comparable to the masses of the other superparticle
is shown in Fig. 2. In this diagram, one has mixing betwe
the Higgsino and the gaugino which is proportional
vsinb, the vacuum expectation value ofh2 , and involves the
Yukawa coupling of Higgsinos, leptons, and slepton
f l j52A2ml j

/(vcosb). The sleptons inside a loop are lef

handed ones. Thus the amplitude is proportional to tanb, and

Amp~2!

Amp@1~a!11~b!#
;tanb. ~11!

Note that this type of diagram includes neutralino-exchan
graphs as well as a chargino-exchange graph.
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In this work, we are interested in the LFV processe
m→eg andt→mg, m2→e2e2e1, andm-e conversion in
nuclei. To obtain the interaction rates for these processes,
perform a full diagonalization of the slepton mass matric
numerically and consider mixing in the chargino and ne
tralino sectors.

We write the interaction Lagrangian of fermions, sferm
ons, and neutralinos as

L5 f̄ i~NiAX
R~ f !PR1NiAX

L~ f !PL!x̃A
0 f̃ X1H.c. ~12!

In this section,f i ( f5 l ,n,d,u) represents a fermion in a
mass eigenstatewith the generation indexi ( i51,2,3), and
f̃ X a sfermion in a mass eigenstate. The subscriptX runs
from 1 to 3 for ñ and from 1 to 6 for the other sfermions
l̃ ,d̃, and ũ. A neutralino mass eigenstate is denoted byx̃A

0

(A51, . . . ,4) andPR,L5 1
2(16g5). The coefficientsNiAX

R( f )

andNiAX
L( f ) depend on the mixing matrices of the neutralin
d

-

FIG. 2. Feynman diagrams which give rise to
the large tanb enhancement due to the gaugino-
Higgsino mixing in the process ofl j→ l ig. The
symbolsẽLi , ñLi , B̃, W̃

0, W̃2, H̃0, andH̃2 rep-
resent left-handed charged sleptons, left-hande
sneutrinos,B-ino, neutralW-ino, chargedW-ino,
neutral Higgsino, and charged Higgsino, respec
tively. The blob in the slepton or sneutrino line
indicates the insertion of the flavor-violating
mass (m

L̃i

2 j
). The blobs in the gaugino-Higgsino

line indicate the mass insertions for gaugino-
Higgsino mixing; that is,m denotes Higgsino
(H̃1-H̃2) mass mixing, vsinb the gaugino-
Higgsino (H̃2-W̃) mass mixing, andM2 the
W-ino mass. The value of tanb comes from the
Yukawa coupling constant f l j;1/cosb and
vacuum expectation value~VEV! of h2 , vsinb.
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FIG. 3. Feynman diagrams for the proce
l j→ l ig. ~a! represents the contributions fro
neutralino x̃A

0 and sleptonl̃ X loops, and~b! the
contributions from charginox̃A

2 and sneutrino
ñX loops.
sector and of the sfermions. Their explicit forms will b
given in Appendix B. Similarly the fermion-sfermion
chargino interaction is written as

L5 l̄ i~CiAX
R~ l !PR1CiAX

L~ l !PL!x̃A
2ñX1 n̄ i~CiAX

R~n!PR

1CiAX
L~n!PL!x̃A

1 l̃ X1d̄i~CiAX
R~d!PR1CiAX

L~d!PL!x̃A
2ũX

1ūi~CiAX
R~u!PR1CiAX

L~u!PL!x̃A
1d̃X1H.c., ~13!

where x̃A
2 (A51,2) is a chargino mass eigenstate. The e

plicit forms of the coefficients can also be found in Append
B.

A. Effective Lagrangian for LFV processes

As a first step to compute the LFV rates, let us write dow
the effective interactions~or amplitudes! relevant for our
purpose.

1. lj
2
˜ l i

2g*

The off-shell amplitude forl j
2→ l i

2g* is generally written
as
e
-

x-
ix

n

T5eea* ūi~p2q!@q2ga~A1
LPL1A1

RPR!

1ml j
isabq

b~A2
LPL1A2

RPR!#uj~p!, ~14!

in the limit of q→0 with q being the photon momentum.
Here, e is the electric charge,e* the photon polarization
vector,ui ~andv i in the expressions below! the wave func-
tion for ~anti! lepton, andp the momentum of the particle
l j . In the present case, the Feynman diagrams contributing to
the above amplitude are depicted by Fig. 3. Each coefficient
in the above can be written as a sum of two terms,

Aa
L,R5Aa

~n!L,R1Aa
~c!L,R ~a51,2!,

whereAa
(n)L,R andAa

(c)L,R stand for the contributions from
the neutralino loops and from the chargino loops, respec-
tively. We calculate them and find that the neutralino contri-
butions are given by
A1
~n!L5

1

576p2NiAX
R~ l !NjAX

R~ l !*
1

m
l̃X

2

1

~12xAX!4
~229xAX118xAX

2 211xAX
3 16xAX

3 lnxAX!, ~15!

A2
~n!L5

1

32p2

1

m
l̃X

2 FNiAX
L~ l !NjAX

L~ l !*
1

6~12xAX!4
~126xAX13xAX

2 12xAX
3 26xAX

2 lnxAX!

1NiAX
L~ l !NjAX

R~ l !*
M x̃

A
0

ml j

1

~12xAX!3
~12xAX

2 12xAXlnxAX!G , ~16!

Aa
~n!R5Aa

~n!LuL↔R ~a51,2!, ~17!

wherexAX5M x̃
A
0

2
/m

l̃X

2
is the ratio of the neutralino mass squaredM x̃

A
0

2
, to the charged slepton mass squaredm

l̃X

2
. ~A summation

over the indicesA andX is assumed to be understood.! The chargino contributions are

A1
~c!L52

1

576p2CiAX
R~ l !CjAX

R~ l !*
1

mñX

2

1

~12xAX!4
$16245xAX136xAX

2 27xAX
3 16~223xAX!lnxAX%, ~18!
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A2
~c!L52

1

32p2

1

mñX

2 FCiAX
L~ l !CjAX

L~ l !*
1

6~12xAX!4
~213xAX26xAX

2 1xAX
3 16xAXlnxAX!

1CiAX
L~ l !CjAX

R~ l !*
M x̃

A
2

ml j

1

~12xAX!3
~2314xAX2xAX

2 22lnxAX!G , ~19!

Aa
~c!R5Aa

~c!LuL↔R ~a51,2!. ~20!

Here,xAX5M x̃
A
2

2
/mñX

2 , whereM x̃
A
2 andmñX

are the masses for the charginox̃A
2 and the sneutrinoñX , respectively.

2. lj
2
˜ l i

2l i
2l i

1

We next consider the processl j
2→ l i

2l i
2l i

1 ~includingm2→e2e2e1). The effective amplitude consists of the contributions
from penguin-type diagrams and from box-type diagrams. The former contribution can be computed using Eq.~14!, with the
result

Tg-penguin5ūi~p1!@q
2ga~A1

LPL1A1
RPR!1ml j

isabq
b~A2

LPL1A2
RPR!#uj~p!

e2

q2
ūi~p2!g

av i~p3!2~p1↔p2!. ~21!

Furthermore, there are the other penguin-type diagrams in which theZ boson is exchanged as shown in Fig. 4. This amplitud
is

TZ-penguin5
gZ
2

mZ
2 ūi~p1!g

m~FLPL1FRPR!uj~p!ūi~p2!g
m~ZL

l PL1ZR
l PR!v i~p3!2~p1↔p2!, ~22!

whereFL(R)5FL(R)
(c) 1FL(R)

(n) . The chargino contributionFL(R)
(c) and the neutralino contributionFL(R)

(n) are3

FL
~c!52

CiAX
R~ l !CjBX

R~ l !*

16p2 F ~OR!A2~OR!B2
4

F ~X,A,B!2
~OL!A2~OL!B2

2
G~X,A,B!G , ~23!

FR
~c!50, ~24!

FL
~n!5

NiAX
R~ l !NjBX

R~ l !*

16p2

~ON!A3~ON!B32~ON!A4~ON!B4
2

~F ~X,A,B!12G~X,A,B!!, ~25!

FR
~n!52FL

~n!uL↔R . ~26!

Here,OL,R andON are orthogonal matrices to diagonalize the mass matrices of the chargino and neutralino~see Appendix B!,
andF (X,A,B) andG(X,A,B) are given by

F ~X,A,B!5 lnxAX1
1

xAX2xBX
S xAX2 lnxAX
12xAX

2
xBX
2 lnxBX
12xBX

D , ~27!

3The penguin-type diagrams of theZ boson contributing to the LFV events do not necessarily need to have a chirality flip of leptons
m→eg. Therefore, the diagrams picking up the Yukawa coupling of Higgsinos, fermions, and sfermions cannot become the dom
contribution inZ-boson penguin-type diagrams and we neglect them in the above equations.

FIG. 4. Penguin-type diagrams for the processl j
2→ l i

2l i
2l i

1 in which a photon
g andZ boson are exchanged. The blob indicates anl j -l i-g vertex such as Fig. 3
or an l j -l i-Z vertex where theZ boson is external.
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G~X,A,B!5
MxA

MxB

m
l̃ X

2

1

xAX2xBX
S xAXlnxAX12xAX

2
xBXlnxBX
12xBX

D . ~28!

In these functions,M x̃A
andml̃X

denote neutralino mass and charged slepton mass in the neutralino contribution, and cha

mass and sneutrino mass in the chargino contribution. And in Eq.~22! the coefficientZL(R)
l denotesZ boson coupling to

charged leptonl L(R): that is,

ZL~R!
l 5T3L~R!

l 2Qem
l sin2uW , ~29!

whereT3L(R)
l andQem

l represent weak isospin (T3L
l 52 1

2, T3R
l 50) and electric charge (Qem

l 521) of l L(R) , respectively.
The box-type Feynman diagrams are given in Fig. 5, and we can write their amplitude as

Tbox5B1
Le2ūi~p1!g

aPLuj~p!ūi~p2!gaPLv i~p3!1B1
Re2ūi~p1!g

aPRuj~p!ūi~p2!gaPRv i~p3!

1B2
Le2$ūi~p1!g

aPLuj~p!ūi~p2!gaPRv i~p3!2~p1↔p2!%1B2
Re2$ūi~p1!g

aPRuj~p!ūi~p2!gaPLv i~p3!2~p1↔p2!%

1B3
Le2$ūi~p1!PLuj~p!ūi~p2!PLv i~p3!2~p1↔p2!%1B3

Re2$ūi~p1!PRuj~p!ūi~p2!PRv i~p3!2~p1↔p2!%

1B4
Le2$ūi~p1!smnPLuj~p!ūi~p2!s

mnPLv i~p3!2~p1↔p2!%1B4
Re2$ūi~p1!smnPRuj~p!ūi~p2!s

mnPRv i~p3!

2~p1↔p2!%, ~30!

where

Ba
L,R5Ba

~n!L,R1Ba
~c!L,R ~a51, . . . ,4!. ~31!

The first term represents the neutralino contribution, which we find to be

e2B1
~n!L5

1

2
J4~A,B,X,Y!NjAX

R~ l !*NiAY
R~ l !NiBY

R~ l !*NiBX
R~ l !1I 4~A,B,X,Y!M x̃

A
0M x̃

B
0NjAX

R~ l !*NiAY
R~ l !*NiBY

R~ l !NiBX
R~ l ! , ~32!

e2B2
~n!L5

1

4
J4~A,B,X,Y!$NjAX

R~ l !*NiAY
R~ l !NiBY

L~ l !*NiBX
L~ l !1NjAX

R~ l !*NiAY
L~ l !*NiBY

R~ l !NiBX
L~ l !2NjAX

R~ l !*NiAY
L~ l !*NiBY

L~ l !NiBX
R~ l !%

2
1

2
I 4~A,B,X,Y!M x̃

A
0M x̃

B
0NjAX

R~ l !*NiAY
L~ l !NiBY

L~ l !*NiBX
R~ l ! , ~33!

FIG. 5. Box-type diagrams for the process
l j

2→ l i
2l i

2l i
1 . Here, ~a! represents the contribu-

tions from neutralinox̃A
0 and sleptonl̃ X loops,

while ~b! the contributions from charginox̃A
2 and

sneutrinoñX loops.
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e2B3
~n!L5I 4~A,B,X,Y!M x̃

A
0M x̃

B
0HNjAX

R~ l !*NiAY
L~ l !NiBY

R~ l !*NiBX
L~ l !1

1

2
NjAX
R~ l !*NiAY

R~ l !*NiBY
L~ l !NiBX

L~ l !J , ~34!

e2B4
~n!L5

1

8
I 4~A,B,X,Y!M x̃

A
0M x̃

B
0NjAX

R~ l !*NiAY
R~ l !*NiBY

L~ l !NiBX
L~ l ! , ~35!

Ba
~n!R5Ba

~n!LuL↔R ~a51, . . . ,4!. ~36!

The chargino contribution is

e2B1
~c!L5

1

2
J4~A,B,X,Y!CjAX

R~ l !*CiAY
R~ l !CiBY

R~ l !*CiBX
R~ l ! , ~37!

e2B2
~c!L5

1

4
J4~A,B,X,Y!CjAX

R~ l !*CiAY
R~ l !CiBY

L~ l !*CiBX
L~ l !2

1

2
I 4~A,B,X,Y!M x̃

A
2M x̃

B
2CjAX

R~ l !*CiAY
L~ l !CiBY

L~ l !*CiBX
R~ l ! , ~38!

e2B3
~c!L5I 4~A,B,X,Y!M x̃

A
2M x̃

B
2CjAX

R~ l !*CiAY
L~ l !CiBY

R~ l !*CiBX
L~ l ! , ~39!

B4
~c!L50, ~40!

Ba
~c!R5Ba

~c!LuL↔R ~a51, . . . ,4!, ~41!

where

iJ4~A,B,X,Y!5E d4k

~2p!4
k2

~k22M x̃A

2 !~k22M x̃B

2 !~k22m
l̃X

2
!~k22m

l̃Y

2
!
, ~42!

i I 4~A,B,X,Y!5E d4k

~2p!4
1

~k22M x̃A

2 !~k22M x̃B

2 !~k22m
l̃X

2
!~k22m

l̃Y

2
!
. ~43!
Here,M x̃A
andml̃X

denote neutralino mass and charged sle
ton mass in the neutralino contribution, and chargino m
and sneutrino mass in the chargino contribution.

3. µ-e conversion in nuclei

Finally, we give the formulas for them-e conversion in
nuclei, i.e., the process@m1(A,Z)→e1(A,Z)# whereZ and
A denote the proton and atomic numbers in a nucleus,
spectively. The contribution again consists of penguin-ty
diagrams and box-type diagrams. The box-type Feynm
diagrams are depicted in Figs. 6~b! and 6~c!. We give the
effective Lagrangian relevant to this process at the qu
level. We find that the penguin-type diagrams give the ter

Leff
penguin52

e2

q2
ē@q2ga~A1

LPL1A1
RPR!1mmisabq

b~A2
LPL

1A2
RPR!#m3 (

q5u,d
Qem
q q̄gaq

1
gZ
2

mZ
2 (
q5u,d

ZL
q1ZR

q

2
q̄gaqēg

a~FLPL1FRPR!m,

~44!

where the first term comes from the penguin-type diagra
of photon exchange and the second oneZ boson exchange
p-
ass

re-
pe
an

ark
ms

ms
.

The coefficientQem
q denotes the electric charge of the quark

q andZL(R)
q is theZ boson coupling to the quarkqL(R) given

by Eq. ~29!.
The box-type diagrams give

Leff
box5e2 (

q5u,d
q̄gaqēg

a~Dq
LPL1Dq

RPR!m, ~45!

with

Dq
L,R5Dq

~n!L,R1Dq
~c!L,R ~q5u,d!. ~46!

The coefficients are calculated to be

e2Dq
~n!L5

1

8
J4~A,B,X,Y!~NmAX

R~ l !*NeBX
R~ l !NqAY

R~q!NqBY
R~q!*

2NmAX
R~ l !*NeBX

R~ l !NqAY
L~q!*NqBY

L~q!!2
1

4
M x̃

A
0M x̃

B
0I 4~A,B,X,Y!

3~NmAX
R~ l !*NeBX

R~ l !NqAY
L~q!NqBY

L~q!*

2NmAX
R~ l !*NeBX

R~ l !NqAY
R~q!*NqBY

R~q!!, ~47!

Dq
~n!R5Dq

~n!LuL↔R ~q5u,d!, ~48!

and
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FIG. 6. Feynman diagrams for them-e con-
version processes at the quark level. In~a!, the
penguin-type diagram is depicted. The blob indi-
cates anl j -l i-g vertex such as Fig. 3 or anl j -l i-
Z vertex such as Fig. 4. In~b! and ~c!, the box-
type diagrams are depicted; i.e.,~b! represents the
contributions from neutralinox̃A

0 , slepton l̃ X ,
and squarkq̃X (q5u,d) loops, and~c! the con-
tributions from charginox̃A

2 , sneutrinoñX , and
squarkq̃X (q5u,d) loops.
s e
e2Dd
~c!L5

1

8
J4~A,B,X,Y!CmAX

R~ l !*CeBX
R~ l !CdAY

R~d!CdBY
R~d!*

2
1

4
M x̃

A
2M x̃

B
2I 4~A,B,X,Y!CmAX

R~ l !*CeBX
R~ l !CdAY

L~d!CdBY
L~d!* ,

~49!

e2Du
~c!L52

1

8
J4~A,B,X,Y!CmAX

R~ l !*CeBX
R~ l !CuAY

L~u!*CuBY
L~u!

1
1

4
M x̃

A
2M x̃

B
2I 4~A,B,X,Y!CmAX

R~ l !*CeBX
R~ l !CuAY

R~u!*CuBY
R~u! .

~50!

Note that we only take account of the vector contributio
for the quark currents. The reason is given as follows. In
limit of low momentum transfer which is appropriate for th
present case (q2.2mm

2 ), we can treat the hadronic curren
in the nonrelativistic limit. Furthermore, contributions from
the coherent process dominate over incoherent one
we concentrate on relevant processes such asm122

48Ti
ns
the
e
t

if

→e122
48Ti. Then, the matrix element for them-e conversion

process is dominated by the contribution from the vector
currents.

B. Decay rates and conversion rate

Now it is straightforward to calculate the decay rates and
the conversion rate, using the amplitudes~or the effective
Lagrangian! given in the above subsection.

1. lj
2
˜ l i

2g decay rate

The decay rate forl j
2→ l i

2g is easily calculated using the
amplitude~14!:

G~ l j
2→ l i

2g!5
e2

16p
ml j
5 ~ uA2

Lu21uA2
Ru2!. ~51!

2. lj
2
˜ l i

2l i
2l i

1 decay rate

Using the expressions for the amplitude, we can calculat
the decay rate:
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G~ l j
2→ l i

2l i
2l i

1!5
e4

512p3ml j
5F uA1

Lu21uA1
Ru222~A1

LA2
R*1A2

LA1
R*1H.c.!1~ uA2

Lu21uA2
Ru2!S 163 ln

ml j

2ml i

2
14

9 D
1
1

6
~ uB1

Lu21uB1
Ru2!1

1

3
~ uB2

Lu21uB2
Ru2!1

1

24
~ uB3

Lu21uB3
Ru2!16~ uB4

Lu21uB4
Ru2!2

1

2
~B3

LB4
L*1B3

RB4
R*1H.c.!

1
1

3
~A1

LB1
L*1A1

RB1
R*1A1

LB2
L*1A1

RB2
R*1 H.c.!2

2

3
~A2

RB1
L*1A2

LB1
R*1A2

LB2
R*1A2

RB2
L*1H.c.!

1
1

3
$2~ uFLLu21uFRRu2!1uFLRu21uFRLu21~B1

LFLL* 1B1
RFRR* 1B2

LFLR* 1B2
RFRL* 1H.c.!

12~A1
LFLL* 1A1

RFRR* 1H.c.!1~A1
LFLR* 1A1

RFRL* 1H.c.!24~A2
RFLL* 1A2

LFRR* 1H.c.!

22~A2
LFRL* 1A2

RFLR* 1H.c.!%G , ~52!
where

FLL5
FLZL

l

mZ
2sin2uWcos

2uW
, ~53!

FRR5FLLuL↔R , ~54!

FLR5
FLZR

l

mZ
2sin2uWcos

2uW
, ~55!

FRL5FLRuL↔R . ~56!

Numerically, we find that a penguin-type contribution in
volvingA2

L andA2
R dominates over the other contributions. I

the large tanb region, its effect is enhanced due to the sam
mechanism as in the case of thel j

2→ l i
2g process. Further-

more, even in the case where tanb is not so large, the con-
tribution of the penguin-type diagram dominates over th
box contribution, because of the logarithmic term in Eq.~52!
which is quite larger than the other terms.4 Then, the above
formula is greatly simplified, and one finds a simple relatio

B~ l j
2→ l i

2l i
2l i

1!

B~ l j
2→ l ig!

.
a

8p S 163 ln
ml j

2ml i

2
14

9 D . ~57!

3. µ-e conversion rate†µ1„A,Z…˜e1„A,Z…‡

Once we know the effective Lagrangian relevant to th
process at the quark level, we can calculate the convers
rate @7#:

4This logarithmic term is obtained as a result of the phase spa
integration of the fermions in the final state, since we have
infrared singularity in the limit ofml i

→0.
-
n
e

e

n

is
ion

G~m→e!54a5
Zeff
4

Z
uF~q!u2mm

5 @ uZ~A1
L2A2

R!2~2Z1N!D̄u
L

2~Z12N!D̄d
Lu21uZ~A1

R2A2
L!2~2Z1N!D̄u

R

2~Z12N!D̄d
Ru2#, ~58!

where

D̄q
L5Dq

L1
ZL
q1ZR

q

2

FL

mZ
2sin2uWcos

2uW
, ~59!

D̄q
R5Dq

LuL↔R ~q5u,d!, ~60!

and Z and N denote the proton and neutron numbers
in a nucleus, respectively.Zeff has been determined in
@6# and F(q2) is the nuclear form factor.
In 22

48Ti, Zeff517.6, F(q2.2mm
2 ).0.54 @7#.

IV. RESULTS OF THE NUMERICAL CALCULATIONS

In this section, we present results of our numerical analy-
sis.

As was discussed in Sec. II, we assume universal scalar
masses. Also for simplicity, we consider the so-called GUT
relation among the gaugino masses:

M1

g1
2 5

M2

g2
2 5

M3

g3
2 . ~61!

Then the SUSY-breaking terms have four free parameters:
the universal scalar mass (m0), the SU~2! L gaugino mass at
low energies (M2), the universalA parameter (A5am0),
and mixing parameter of the two Higgs bosons (B).

Concerning the SUSY invariant Higgs boson massm and
B parameter which parametrize the mixing amongh1 and
h2 , we determined them so that the two Higgs doublets have
correct vacuum expectation values^h1&5vcosb/A2 and

ce
an
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^h2&5vsinb/A2. With this radiative electroweak symmetry
breaking condition@4#, we determine the mass spectra a
mixing matrices of the superparticles. Then, we carefully
vestigate the parameter space where tanb is large and the
masses of superparticles~especially sleptons and electrowea
gauginos! are quite light enough to enhance the LFV rate
As a result, we found that there indeed exists a param
space where the above conditions are satisfied. We chec
for M2580 GeV, that tanb can be as large as about 50.5 This
result implies that there are regions in the parameter sp
where LFV processes have large branching ratios due to
large tanb enhancement mechanism.6

We also put constraints from experiments. Besides
requirement that the lightest superparticle be neutral, we
the consequences of negative searches for superparticle@8#.
We also impose a constraint on the SUSY contribution to
anomalous magnetic dipole moment of the muon@11,12#.
The experimental value of12(g22) is 1165923(8.4)31029

@8#. On the other hand, the theoretical prediction of t
standard model is 11659180(15.3)310210 or
11659183(7.6)310210 @12#, where the difference is due to
different estimates of hadronic contributions. In our pap
we adopt the first one in order to derive a conservat
bound. Therefore, the SUSY contribution should be co
strained as

226.731029,~g22!m
SUSY,46.731029, ~62!

where a 2s experimental error is considered. The SUS
contribution is shown in Fig. 7. Here, we take the parame
a50 at the gravitational scale andM25100 GeV at low
energies. The horizontal line is taken to be the left-hand
selectron mass with aD-term contribution, which we denote
by mẽL

. One finds that a significant region of the parame

space is excluded by this constraint in the large tanb region.
This is because the same enhancement mechanism a
LFV processes works in the diagrams contributing to t
g22. For completeness, we will give formulas of the cont
bution of the superparticle loops to the anomalous magn
dipole moment in Appendix C.

Let us now discuss the branching ratios for each LF
process. First we consider the case where the neutrino m
ing matrix is described by the KM matrix.

A. Case„1…: V5VKM

As in the first trial, we shall consider the case whe
V5V KM , where we take s1250.22, s2350.04, and
-
nd
in-

k
s.
eter
ked,

ace
the

our
use
s
the

he

er,
ive
n-

Y
ter

ed

ter

s the
he
ri-
etic

V
ix-

re

s1350.0035 in the standard notation@8#. We ignore the pos-
sible Kobayashi-Maskawa complex phase and considerV to
be real, for simplicity. The eigenvalues of the neutrino
Yukawa couplings are assumed to be equal to those of u
type quarks at the gravitational scale. Since the magnitude
the top quark Yukawa coupling is close to its perturbativ
bound, this ansatz will maximize the magnitude of LFV in
the slepton mass matrix. Also, to determine the right-hand
neutrino Majorana massMR , we fix thet neutrino mass at
10 eV so that it constitutes the hot component of the da
matter of the Universe. In this case,MR is about 1012213

GeV.
Solving the RGE’s numerically, we obtain the mas

squared matrix for the SU~2! L doublet sleptons at the elec-
troweak scale:

FIG. 7. The values of the SUSY contribution to the anomalou
magnetic dipole moment of muons (g22)m

SUSY as a function of the
left-handed selectron mass with theD-term contribution, which we
denote bymẽL

. Here we assumea50 at the gravitational scale.
Real lines correspond to the case form.0, while dashed lines for
m,0. Here we have takenM25100 GeV and tanb53, 10, 30.
The shaded regions are excluded by the present experiments.
requires
m
L̃

2.S 1.00 ~0.3020.43!31024 2~0.7421.07!31023

~0.3020.43!31024 1.00 2~0.5420.78!31022

2~0.7421.07!31023 2~0.5420.78!31022 0.7720.80
D 3m0

2 , ~63!

5Throughout this paper, we take the top quark massmt5174 GeV@8#. Also we take the bottom quark massmb54.25 GeV@9#, which
corresponds to 3.1 GeV at theZ mass scale.
6Note that the situation here contrasts to the case of Yukawa unification where the radiative breaking with the universal scalar mass

a heavy superparticle spectrum, larger than, say, 500 GeV@10#.
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where tanb varies from 3 to 30,M250, anda50. For a
nonvanishingM2 , the diagonal elements of the above matr
become larger and the flavor-violating off-diagonal eleme
become relatively less important, as the gaugino mass
larger. The effect of a nonvanishinga parameter can be see
from Eq.~7!, which does not change the result drastically.
the following numerical calculations we will takea50.

We find that in Eq.~63! the off-diagonal elements in the
mass matrix are small. This is because the off-diagonal s
ton masses are proportional toV3i* V

3 j in the case of hierar-
chical neutrino masses, which are small if we assume t
V is equal to the KM matrix. Nevertheless, as will be show
shortly, the enhancement in the large tanb region yields large
branching ratios for the LFV processes, which are close
the present experimental upper bounds.

1. µ˜eg

The result of our computation on the branching rat
B(m→eg) is shown in Fig. 8 forM25100 GeV. The hori-
zontal line is taken to be the left-handed selectron mass w
theD-term contribution,mẽL

. Real lines are form.0, while

dashed lines are form,0. We find that the branching ratio
are rather insensitive to the choice of the sign of them pa-
rameter, in particular when tanb is large. For the large
tanb case, some regions of small slepton masses are
cluded by the constraint fromg22. As can be seen from Fig
7, it is less stringent for them.0 case than them,0 case.7

7Here, we should comment that the SUSY contribution to t
b→sg process is also significant and some part of the param

FIG. 8. Branching ratios for the processm→eg in the case~1!
V5VKM as a function of the left-handed selectron mass with t
D-term contribution,mẽL

. Real lines correspond to the case fo
m.0, while dashed lines form,0. Here we have takenM25100
GeV and tanb53, 10, 30. We also show the present experimen
upper bound for this process by the dash-dotted line.
ix
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One can see that even if we impose this constraint, t
branching ratio can be as large as 10211, which is very close
to the present experimental boundB(m→eg)uexpt,4.9
310211. For smaller values of tanb, the branching ratio re-
duces, obeying}tan2b.

We compared the chargino loop contribution with the neu
tralino loop contribution and found that the former domi
nates. This is important when we compare our results wi
the case of SU~5! grand unification.~See Sec. V.!

In Fig. 9, we show the case ofM25200 GeV. The maxi-
mum of the branching ratio is about 10212 for tanb530,
about one order of magnitude smaller than theM25100
GeV case. We also studied the caseM2580 GeV, and found
that the branching ratio is about a factor of 2 larger than th
M25100 GeV case.

2. µ2
˜e2e2e1

Next, let us consider the processm2→e2e2e1. Cur-
rently the experimental upper bound on the branching rat
of this process is 1.0310212 @8#. We show the results of our
calculation to this process in Fig. 10 forM25100 GeV. The
branching ratio has the maximum of;10213 for large tanb
with small gaugino mass. One can check that this process
dominated by penguin-type diagrams. Indeed compared w
the branching ratio ofm→eg, one finds a simple relation

he
eter

space should be excluded@12–14#. However, it is complicated to
estimate the SUSY contribution to theb→sg process, since the
chargino loop can contribute either constructively or destructive
to the others, especially the charged Higgs boson loop. Thus,
seems to us that to determine which regions of the parameter sp
are really eliminated contains some delicate issues as discussed
Ref. @14#. We believe that such an analysis is out of the scope of o
paper. Thus, we do not use the constraint from theb→sg process.

he
r

tal

FIG. 9. Same as Fig. 8 except forM25200 GeV.



n

e

l

e

l

2454 53J. HISANO, T. MOROI, K. TOBE, AND M. YAMAGUCHI
B~m→3e!

B~m→eg!
;731023, ~64!

which is in agreement with the ratio expected by the dom
nance of the penguin-type diagrams, Eq.~57!.

3. µ-e conversion in22
48Ti

Experimentally, them-e conversion rate in nuclei is also
constrained strongly. The experimental upper bound on
conversion rate with the target22

48Ti reaches 4.3310212 @8#.
We show the results of our calculation to this process in F
11 forM25100 GeV. The branching ratio takes its maxim
value of;10213 in the parameter region where tanb is large
and the gaugino masses are small. On the other hand
small tanb and m,0 a cancellation among the diagram
occurs and the event rate damps rapidly. The penguin-t
diagram is not dominant in the small tanb region because
there is not the same logarithmic enhancement
m2→e2e2e1.

4. t˜µg

Finally we present our result fort→mg in Fig. 12. We
find that, withM25100 GeV, the branching ratio is as larg
as 1027, one and a half orders of magnitude smaller than
present experimental boundB(t→mg)uexpt,4.231026 @8#.
Similar to the case ofm→eg, it can be seen that the branch
ing ratio is proportional to tanb squared.

B. Case„2…: Neutrino mixing implied by the atmospheric
neutrino deficit

A class of solutions to the atmospheric and solar neutr
deficits requires a maximal mixing of thet and muon neu-

FIG. 10. Branching ratios for the processm2→e2e2e1 in the
case~1! V5VKM as a function of the left-handed selectron ma
with the D-term contribution,mẽL

. Real lines correspond to the
case form.0, while dashed lines form,0. Here we have taken
M25100 GeV and tanb53, 10, 30. We also show the present e
perimental upper bound for this process by the dash-dotted line
i-
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, for
s
ype

as

e
the
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trinos, yielding a large off-diagonal element in the slepto
mass matrix. The neutrino mixing matrix we take in this
example is

FIG. 11. Them-e conversion rates in nuclei22
48Ti in the case~1!

V5VKM as a function of the left-handed selectron mass with th
D-term contribution,mẽL

. Real lines correspond to the case for
m.0, while dashed lines form,0. Here we have takenM25100
GeV and tanb53, 10, 30. We also show the present experimenta
upper bound for this process by the dash-dotted line.

FIG. 12. Branching ratios for the processt→mg in the case~1!
V5VKM as a function of the left-handed selectron mass with th
D-term contribution,mẽL

. Real lines correspond to the case for
m.0, while dashed lines form,0. Here we have takenM25100
GeV and tanb53, 10, 30. We also show the present experimenta
upper bound for this process by the dash-dotted line.
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V.S 1.00 0.8731021 2

20.6631021 0.755 0.656

2 20.656 0.755
D , ~65!

and thet neutrino mass is assumed to be 0.4 eV@15#. Here,
we only consider the generation mixing of the second a
third generations and ignore the others. The~1,3! and ~3,1!
elements of the mixing matrix cannot be determined from t
solar and atmospheric neutrino deficits. This uncertain
however, does not matter if we only consider the LFV pr
cess among the second and third generations. As in case~1!,
we assume that the magnitude of the third-generation n
trino Yukawa couplingf n3 is equal to the top quark Yukawa
coupling at the gravitational scale. The latter choice will gi
us a maximum violation of LFV in the slepton mass matri

The result forB(t→mg) is shown in Fig. 13. We find
that in some portion of the parameter space, the branch
ratio exceeds the present experimental upper bound, in
ticular when tanb is large and the superparticles are light.

V. CONCLUSIONS AND DISCUSSION

In this paper, we have considered LFV in the minim
supersymmetric standard model~MSSM! with right-handed
neutrino multiplets. In the presence of the Yukawa couplin
of the right-handed neutrinos, the left-handed slepton m
matrixm

L̃

2
loses its universal property even if we assume t

minimal-supergravity-type boundary condition on sfermio
masses. In our case, because of the renormalization effec

FIG. 13. Branching ratios for the processt→mg in the case~2!
neutrino mixing implied by atmospheric neutrino deficit, as a fun
tion of the left-handed selectron mass with theD-term contribution,
mẽL

. Real lines correspond to the case form.0, while dashed lines
for m,0. Here we have takenM25100 GeV and tanb53, 10, 30.
We also show the present experimental upper bound for this pro
by the dash-dotted line.
nd

he
ty,
o-

eu-

ve
x.

ing
par-

al

gs
ass
he
n
t, as

can be seen from Eq.~63!, we obtain LFV inm
L̃

2
as well as

a smaller value of the~3,3! element ofm
L̃

2
compared with the

other diagonal elements, which is a typical feature of th
case with right-handed neutrinos@16#. We have calculated
the interaction rates for the various LFV processes with th
full diagonalization of the slepton mass matrices and of th
chargino and neutralino mass matrices. We emphasized t
enhancement of the interaction rates for large tanb, the ratio
of the vacuum expectation values~VEV’s! of the two Higgs
doublets. This enhancement originates from the fact th
there is freedom to pick up one of two vacuum expectatio
values in the MSSM in the magnetic-dipole-moment-type
diagrams. For example, for the processl j→ l ig, diagrams of
the type Fig. 1~c! and Fig. 2 give the enhancement. Even
when the mixing matrix in the lepton sector has a simila
structure as the KM matrix of the quark sector, the enhanc
ment mechanism can make the branching ratios close to t
present experimental bounds.

It is interesting to compare the LFV processes induced b
the right-handed neutrino Yukawa couplings with those in
the minimal SU~5! grand unified theory@17,18#. In the latter
case, the renormalization-group flow above the GUT sca
results in LFV in the SU~2! L singlet ~right-handed! slepton
masses. Let us consider, for example, the resulting branchi
ratio of m→eg. The diagrams which will give the enhance-
ment in the large tanb region are similar to Figs. 1~c! and
2~a!. The important difference from the previous case is in
Fig. 2. Now, only diagrams involving theB-ino contribute,
since theW-ino does not couple to the singlet sleptons. In
this case, we can see that contributions coming from the tw
diagrams Fig. 1~c! and Fig. 2~a! have opposite signs, and

c-

cess

FIG. 14. Branching ratios for the processm→eg in the case for
the minimal SU~5! grand unified theory, as a function of the right-
handed selectron mass with theD-term contribution,mẽR

. Here we
have takenm.0, M25100 GeV, and tanb53, 10, 30. We also
show the present experimental upper bound for this process by t
dash-dotted line.
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thus partially cancel out with each other. The numerical
sult is shown in Fig. 14. The horizontal line is the mass
the right-handed selectron with theD-term contribution,
mẽR

. Here, we have takenM25100 GeV. The branching

ratio never exceeds 10213, more than two orders of magni
tude beneath the present experimental upper bound. Also
finds regions where the branching ratio becomes very sm
due to the cancellation explained above.

What happens if the standard model with right-hand
neutrinos is embedded in the framework of SU~5! GUT? In
this case, both the mass matrix of the left-handed slept
and that of the right-handed ones have LFV. The situation
quite similar to the case of SO~10! GUT @18,19#. For ex-
ample, if we consider them→eg, the dominant diagram will
be similar to Fig. 1~c!, which, however, picks up (mLR

2 )3
3 ,

proportional to thet-lepton mass. Thus we expect furthe
enhancement in the branching ratio by (mt /mm)

2 compared
to the case we studied in this paper.

To conclude our paper, we should emphasize that
branching ratios of LFV processes induced by right-hand
neutrino Yukawa couplings can be close to the present
e-
of

one
all

ed

ns
is

r

he
ed
ex-

perimental bounds and can be within the reach of future ex
periments. Efforts to search for these LFV signals should b
encouraged.
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APPENDIX A: RENORMALIZATION GROUP EQUATIONS

In this appendix, we give the one-loop renormalization
group equations~RGE’s! for the Yukawa couplings and the
soft SUSY-breaking terms in the scalar potential. The RGE
for the gauge coupling constants and the gaugino masses
unchanged at the one-loop level, since the right-handed ne
trinos are singlet under standard-model gauge symmetr
Yukawa coupling constants:
m
d

dm
f l
i j5

1

16p2 F H 2
9

5
g1
223g2

213Tr~ f df d
†!1Tr~ f l f l

†!J f li j13~ f l f l
†f l !

i j1~ f l f n
†f n! i j G , ~A1!

m
d

dm
f n
i j5

1

16p2 F H 2
3

5
g1
223g2

213Tr~ f uf u
†!1Tr~ f n f n

†!J f n
i j13~ f n f n

†f n! i j1~ f n f l
†f l !

i j G . ~A2!

Soft breaking terms:

m
d

dm
~mL̃

2
! i
j5

1

16p2 F ~mL̃

2
f l
†f l1 f l

†f lmL̃

2
! i
j1~mL̃

2
f n
†f n1 f n

†f nmL̃

2
! i
j12~ f l

†mẽ
2f l1m̃h1

2 f l
†f l1Al

†Al ! i
j12~ f n

†mñ
2f n1m̃h2

2 f n
†f n1An

†An! i
j

2S 65 g12uM1u216g2
2uM2u2D d i

j2
3

5
g1
2Sd i

j G , ~A3!

m
d

dm
~mẽ

2! j
i5

1

16p2 F2~mẽ
2f l f l

†1 f l f l
†mẽ

2! j
i14~ f lmL̃

2
f l
†1m̃h1

2 f l f l
†1AlAl

†! j
i2

24

5
g1
2uM1u2d j

i1
6

5
g1
2Sd j

i G ,
m

d

dm
~mñ

2! j
i5

1

16p2 @2~mñ
2f n f n

†1 f n f n
†mñ

2! j
i14~ f nmL̃

2
f n
†1m̃h2

2 f n f n
†1AnAn

†! j
i #, ~A4!

m
d

dm
Al
i j5

1

16p2 F H 2
9

5
g1
223g2

213Tr~ f d
†f d!1Tr~ f l

†f l !JAl
i j12H 2

9

5
g1
2M123g2

2M213Tr~ f d
†Ad!1Tr~ f l

†Al !J f li j14~ f l f l
†Al !

i j

15~Al f l
†f l !

i j12~ f l f n
†An! i j1~Al f n

†f n! i j G , ~A5!

m
d

dm
An
i j5

1

16p2 F H 2
3

5
g1
223g2

213Tr~ f u
†f u!1Tr~ f n

†f n!JAn
i j12H 2

3

5
g1
2M123g2

2M213Tr~ f u
†Au!1Tr~ f n

†An!J f n
i j

14~ f n f n
†An! i j15~An f n

†f n! i j12~ f n f l
†Al !

i j1~An f l
†f l !

i j G , ~A6!

where

S5Tr~mQ̃

2
1m

d̃

2
22mũ

2
2m

L̃

2
1mẽ

2!2m̃h1
2 1m̃h2

2 . ~A7!
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Here, we followed the GUT convention for the normalizatio
of the U~1!Y gauge coupling constantg1 , such asgY

25 3
5

g1
2 .

APPENDIX B: INTERACTION OF GAUGINOS,
SFERMIONS, AND FERMIONS

In this appendix, we give our notations and conventio
adopted in Sec. III and give vertices relevant for our calc
lation.

Let us first discuss fermions. We denote byl i , ui , and
di the fermion mass eigenstates with the obvious mean
The subscripti ( i51,2,3) represents the generation. As f
the neutrinos, their masses are small and negligible. In
convention,n i is the SU~2! L isodoublet partner toeLi .

Next we consider sfermions. Letf̃ Li and f̃ Ri be the super-
partners off Li and f Ri , respectively. Here,f stands forl ,
u, or d. The mass matrix for the sfermions can be written
the form

~ f̃ L
† , f̃ R

† !S mL
2 mLR

2T

mLR
2 mR

2 D S f̃ L
f̃ R

D , ~B1!

wheremL
2 andmR

2 are 333 Hermitian matrices andmLR
2 is a

333 matrix. These elements are given from Eqs.~1!, ~3! as

mL
25m

f̃L

2
1mf

21mZ
2cos2b~T3L

f 2Qem
f sin2uW!, ~B2!

mR
25m

f̃R

2
1mf

22mZ
2cos2b~T3R

f 2Qem
f sin2uW!, ~B3!

mLR
2 5H 2Afvsinb/A22mfmcotb ~ f5u!,

Afvcosb/A22mfmtanb ~ f5d,l !,
~B4!

whereT3L(R)
f andQem

f are weak isospin and electric charg

respectively. Here,m
f̃L

2
5m

Q̃

2
for squarks,m

f̃L

2
5m

L̃

2
for slep-

tons, andm
f̃R

2
are each right-handed sfermion soft breakin

masses. We assume the above mass matrix to be real. Th
in general, not diagonal and includes mixing between diff
ent generations. We diagonalize the mass matrixM2 by a
636 real orthogonal matrix Uf as

UfM2UfT5~diagonal!, ~B5!

and we denote its eigenvalues bym
f̃X

2
(X51, . . .,6). The

mass eigenstate is then written as

f̃ X5UX,i
f f̃ Li1UX,i13

f f̃ Ri ~X51, . . . ,6!. ~B6!

Conversely, we have

f̃ Li5UiX
fT f̃ X5UXi

f f̃ X , ~B7!
n

ns
u-

ing.
or
our

in

e,

g

is is,
er-

f̃ Ri5Ui13,X
fT f̃ X5UX,i13

f f̃ X . ~B8!

Attention should be paid to the neutrinos since there is no
right-handed sneutrino in the MSSM. LetñLi be the super-
partner of the neutrinon i . The mass eigenstateñX
(X51,2,3) is related toñLi as

ñLi5UXi
n ñX . ~B9!

We now turn to charginos. The mass matrix of the chargi-
nos is given by

2Lm5~W̃R
2 H̃2R

2 !S M2 A2mWcosb

A2mWsinb m D S W̃L
2

H̃1L
2 D

1H.c. ~B10!

This matrixMC is diagonalized by 232 real orthogonal ma-
tricesOL andOR as

ORMCOL
T5~diagonal!. ~B11!

Define

S x̃1L
2

x̃2L
2 D 5OLS W̃L

2

H̃1L
2 D , S x̃1R

2

x̃2R
2 D 5ORS W̃R

2

H̃2R
2 D . ~B12!

Then

x̃A
25x̃AL

2 1x̃AR
2 ~A51,2!, ~B13!

forms a Dirac fermion with massM x̃
A
2.

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

2Lm5
1

2
~B̃LW̃L

0H̃1L
0 H̃2L

0 !MNS B̃L

W̃L
0

H̃1L
0

H̃2L
0

D 1H.c., ~B14!

where
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MN5S M1 0 2mZsinuWcosb mZsinuWsinb

0 M2 mZcosuWcosb 2mZcosuWsinb

2mZsinuWcosb mZcosuWcosb 0 2m

mZsinuWsinb 2mZcosuWsinb 2m 0

D . ~B15!
The diagonalization is done by a real orthogonal mat
ON :

ONMNON
T5diagonal. ~B16!

The mass eigenstates are given by

x̃AL
0 5~ON!ABX̃BL

0 ~A,B51, . . . ,4!, ~B17!

where

X̃AL
0 5~B̃L ,W̃L

0 ,H̃1L
0 ,H̃2L

0 !. ~B18!

We have thus Majorana spinors

x̃A
05x̃AL

0 1x̃AR
0 ~A51, . . . ,4!, ~B19!

with massM x̃
A
0.

We now give the interaction Lagrangian of fermions, sfe
mions, and charginos,

L int5 l̄ i~CiAX
R~ l !PR1CiAX

L~ l !PL!x̃A
2ñX1 n̄ i~CiAX

R~n!PR

1CiAX
L~n!PL!x̃A

1 l̃ X1d̄i~CiAX
R~d!PR1CiAX

L~d!PL!x̃A
2ũX

1ūi~CiAX
R~u!PR1CiAX

L~u!PL!x̃A
1d̃X1H.c., ~B20!

where the coefficients are

CiAX
R~ l !52g2~OR!A1UX,i

n ,
rix

r-

CiAX
L~ l !5g2

ml i

A2mWcosb
~OL!A2UX,i

n ,CiAX
R~n!52g2~OL!A1UX,i

l ,

CiAX
L~n!5g2

ml i

A2mWcosb
~OL!A2UX,i13

l ,

CiAX
R~d!5g2H 2~OR!A1UXi

u 1
mui

A2mWsinb
~OR!A2UX,i13

u J ,
CiAX
L~d!5g2

mdi

A2mWcosb
~OL!A2UX,i

u ,

CiAX
R~u!5g2H 2~OL!A1UX,i

d 1
mdi

A2mWcosb
~OL!A2UX,i13

d J ,
CiAX
L~u!5g2

mui

A2mWsinb
~OR!A2UX,i

d . ~B21!

The interaction Lagrangian of fermions, sfermions, and
neutralinos is similarly written as

L int5 f̄ i~NiAX
R~ f !PR1NiAX

L~ f !PL!x̃A
0 f̃ X , ~B22!

where f stands forl , n, d, andu. The coefficients are
NiAX
R~ l !52

g2

A2
H @2~ON!A22~ON!A1tanuW#UX,i

l 1
ml i

mWcosb
~ON!A3UX,i13

l J ,
NiAX
L~ l !52

g2

A2
H ml i

mWcosb
~ON!A3UX,i

l 12~ON!A1tanuWUX,i13
l J , NiAX

R~n!52
g2

A2
@~ON!A22~ON!A1tanuW#UX,i

n ,

NiAX
L~n!50,

NiAX
R~d!52

g2

A2
H F2~ON!A21

1

3
~ON!A1tanuWGUX,i

d 1
mdi

mWcosb
~ON!A3UX,i13

d J ,
NiAX
L~d!52

g2

A2
H mdi

mWcosb
~ON!A3UX,i

d 1
2

3
tanuW~ON!A1UX,i13

d J ,
NiAX
R~u!52

g2

A2
H F ~ON!A21

1

3
~ON!A1tanuWGUX,i

u 1
mui

mWsinb
~ON!A4UX,i13

u J ,
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NiAX
L~u!52

g2

A2
H mui

mWsinb
~ON!A4UX,i

u 2
4

3
tanuW~ON!A1UX,i13

u J . ~B23!

APPENDIX C: ANOMALOUS MAGNETIC DIPOLE MOMENT OF THE MUON

The magnetic dipole moment interaction of the muon is written

ie

2mm
F~q2!ū~pf !smnq

menu~pi !, ~C1!

whereq5pf2pi ande the polarization vector of the external photon. Then, the anomalous magnetic dipole moment of m
is

~g22!m[2F~q250!. ~C2!

We can write SUSY contributions as (g22)m
SUSY5(g(C)1g(N))m . The first termgm

(C) represents the chargino-loop contribution
as

gm
~C!5

1

48p2

mm
2

mñX

2 uC2AX
L~ l ! u2

213xAX26xAX
2 1xAX

3 16xAXlnxAX
~12xAX!4

1
1

16p2

mmM x̃
A
2

mñX

2 C2AX
L~ l !C2AX

R~ l !*
2314xAX2xAX

2 22lnxAX
~12xAX!3

1~L↔R!, ~C3!

wherexAX5M x̃
A
2

2
/mñX

2 .

The neutralino-loop contributiongm
(N) is

gm
~N!52

1

48p2

mm
2

m
l̃X

2 uN2AX
L~ l ! u2

126xAX13xAX
2 12xAX

3 26xAX
2 lnxAX

~12xAX!4
2

1

16p2

mmM x̃
A
0

m
l̃X

2 N2AX
L~ l !N2AX

R~ l !*
12xAX

2 12xAXlnxAX
~12xAX!3

1~L↔R!,

~C4!

wherexAX5M x̃
A
0

2
/m

l̃X

2
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