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Lepton flavor violation in a class of lopsided SO„10… models
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A class of predictive SO~10! grand unified theories with highly asymmetric mass matrices, known as
lopsided textures, which was developed to accommodate the observed mixing in the neutrino sector, can
effectively determine the rate for charged lepton flavor violation~LFV!, and in particular the branching ratio
for m→eg. Assuming that the supersymmetric GUT breaks directly to the constrained minimal supersymmet-
ric standard model~CMSSM!, we find that in light of the combined constraints on the CMSSM parameters
from direct searches and from the WMAP satellite observations, the resulting predicted rate form→eg in this
model class can be within the current experimental bounds for low tanb, but that the next generation ofm
→eg experiments would effectively rule out this model class if LFV is not detected.
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I. INTRODUCTION

Neutrinos have been observed to oscillate between fla
states@1–8#, which implies neutrino mass and mixing. I
addition, the combined observations suggest that both
atmospheric and solar mixing angles are nearly maxim
known as the large angle mixing solution~LMA !. Interest-
ingly, the LMA solution implies that the lepton mixing sce
nario is radically different from the quark sector. Specifica
uUm3u of the Maki-Nakagawa-Sakata~MNS! matrix is much
larger than uVcbu of the Cabibbo-Kobayashi-Maskaw
~CKM! matrix. Over the last few years a number of mod
that employ the seesaw mechanism@9# in conjunction with
various flavor symmetries have been developed to add
this difference@10–21#. Recently, a particularly interestin
and highly successful class of supersymmetric SO~10! grand
unified theories~GUTs! has emerged that makes use
asymmetric mass matrices known as lopsided textures@11–
13#. In these models, the charged lepton sector is respon
for the large atmospheric mixing angle while the Majora
singlet neutrino matrix has a simple form that results in
large solar mixing angle. Throughout this paper we will re
to these models as the AB model class@11#.

After GUT breaking, these models can reduce to
R-parity conserving minimal supersymmetric standard mo
~MSSM! with specific model dependent relationships amo
the Yukawa couplings. In addition to the seesaw constra
already provided by the neutrino physics~and the demand
that these models reproduce all the low energy physics of
standard model!, the Wilkinson Microwave Anisotropy
Probe ~WMAP! satellite observations@22# provide strong
constraints on the available supersymmetric parameter s
if the lightest supersymmetic particle~LSP! is assumed to
compose the dark matter@23–25#. For a choice of con-
strained MSSM~CMSSM! parameters, the definite flavo
structure of the AB model class results in specific predictio
of lepton flavor violation and in particular the rate form
→eg. We determine how much of the currently viab
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CMSSM parameter space, as allowed by the WMAP obs
vations, results in am→eg rate consistent with experimenta
limits for the AB model class.

We organize this paper as follows. In Sec. II we outli
the essential details of the AB models, the supersymme
parameter space, and the calculation form→eg. We con-
sider m→eg since at the present time, with the curre
bound @26# of the branching ratio BR(m→eg),1.2
310211, this process gives the strongest constraints on
ton flavor violation in the class of models that we discu
Furthermore, the MEG experiment at PSI@27# expects to
improve on this bound with the expected sensitivity
BR(m→eg)&5310214. This experiment will provide strin-
gent limits on models with charged lepton flavor violation.
Sec. III we display our numerical results onm→eg together
with the combined constraints from the WMAP satellite o
servations and direct search limits, and in Sec. IV we pres
our conclusions. The Appendix provides further calculatio
details.

II. THE AB MODEL DEFINITION

The AB model class is based on an SO~10! GUT with a
U(1)3Z23Z2 flavor symmetry and uses a minimum set
Higgs fields to solve the doublet-triplet splitting proble
@11–13#. The interesting feature of these models is the use
a lopsided texture. The approximate form of the charged l
ton and the down quark mass matrix in these models is gi
by

YE;S 0 0 0

0 0 e

0 s 1
D , YD;S 0 0 0

0 0 s

0 e 1
D , ~1!

wheres;1 ande!1. As pointed out by the authors of Re
@11#, this asymmetric structure naturally occurs within
minimal SU~5! GUT where the Yukawa interaction for th
down quarks and leptons is of the forml i j 5̄i10j5H (5H de-
notes the Higgs scalars!. In an SU~5! GUT, the left-handed
leptons and the charge conjugate right-handed down qu
belong to the5̄ while the 10 contains the charge conjuga
©2004 The American Physical Society04-1
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right-handed leptons and the left-handed down qua
Therefore the lepton and down quark mass matrices are
lated to each other by a left-right transpose. Since SU~5! is a
subgroup of SO~10!, this feature is retained in an SO~10!
GUT. This lopsided texture has the ability to explain w
uUm3u@uVcbu. Making use of this observation, the AB mod
els contain the Dirac matricesU,N,D,L for the up-like
quarks, Dirac neutrino interaction, down-like quarks, and
leptons, respectively@13#,

U5S h 0 0

0 0 e/3

0 2e/3 1
D MU , N5S h 0 0

0 0 2e

0 e 1
D MU ,

~2!

D5S 0 d d8eif

d 0 s1e/3

d8eif 2e/3 1
D MD ,

L5S 0 d d8eif

d 0 2e

d8eif s1e 1
D MD , ~3!

where

MU'113 GeV, MD'1 GeV,

s51.78, e50.145,

d58.631023, d857.931023, ~4!

f5126°, h5831026.

The given values ofMD and MU best fit the low energy
data with tanb'5. However, the mass scale itself is set on
after electroweak symmetry breaking and it is therefore p
sible, with the use of tanb, to extract dimensionless Yukaw
matricesYU , YN , YD , and YE. It is advantageous to us
dimensionless couplings since the renormalization gr
equations are initialized above the electroweak symm
breaking scale. The corresponding dimensionless up-
down-like Yukawa matrices retain the form of Eqs.~2!, and
~3! but are scaled by two overall dimensionless factors:MU8
andMD8 . By varying the overall dimensionless scale facto
other values of tanb can be accommodated while retainin
accurate fits to the low energy data after renormalizat
group running. Our code implements the one-loop beta fu
tions @28–30# for the CMSSM with neutrino singlets an
reproduces the results of Refs.@11–13#. Furthermore, we ob-
tain accurate~within the stated errors in Ref.@31#! fits to the
low energy data for tanb55 –50 which corresponds toMU8
50.82–0.85 andMD8 50.016–0.20.

The lopsided texture of the AB model class nicely fits t
large atmospheric mixing angle; however, in order to obt
the large solar mixing angle a specific hierarchical form
the heavy Majorana singlet neutrino matrix needs to be c
sen@12,13#, namely,
03500
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MN5S b2h2 2beh ah

2beh e2 2e

ah 2e 1
D LN , ~5!

where the parameterse andh are as defined in Eq.~4!. The
parametersa and b are of order 1 andLN;231014 GeV.
Since the Majorana singlet neutrino matrix is not related
the Dirac Yukawa structure, it is not surprising that this m
trix should take on a form independent of the rest of t
model. Once these choices have been made, the AB m
class is highly predictive and accurately fits all the low e
ergy standard model physics and the neutrino mixing ob
vations.

It should be emphasized that all these relations are defi
at the GUT scale and are therefore subject to renormaliza
group running. If we assume that the GUT symmetry bre
to the standard model gauge symmetries,SU(3)3SU(2)
3U(1), andthat supersymmetry is broken supergravitio
ally through a hidden sector in a flavor independent man
the AB model class will give well defined predictions fo
charged lepton flavor violation~LFV!. There may also be
contributions to the off-diagonal elements from renormaliz
tion group running between the GUT and gravity sca
@32,33#. Since the particulars of GUT and supersymme
breaking—as well as the possibility of new physics abo
the GUT scale—can have model dependent effects on
branching ratio form→eg, we do not consider an interval o
running between the GUT and gravity scales.

The specific model predictions for the Dirac Yukawa co
plings and the form of the Majorana singlet neutrino mat
will feed into the soft supersymmetry breaking slepton m
terms through renormalization group running, generating
diagonal elements that will contribute to flavor changi
neutral currents@34#. The amount of flavor violation con
tained in the AB model class can be examined through
branching ratio of the processm→eg.

III. NUMERICAL RESULTS FOR m\eg

After GUT and supersymmetry breaking, the model cla
reduces to the CMSSM with heavy gauge singlet neutrino
make use of the seesaw mechanism. It should be noted
given our assumptions about how the GUT and supersym
try breaks, the CMSSM studies of Refs.@23–25# directly
impact this model class. As discussed in the preceding
tion, the renormalization group running from the supersy
metry breaking scale to the weak scale alters the simple G
relationship for the sfermion mass matrices. The diago
part of the sfermion mass matrices is not strongly mo
dependent. The model dependence appears in the
diagonal parts of the sfermion mass matrices that come f
the particular textures of the model class—i.e., the mixin
Therefore, flavor changing neutral current processes ar
primary interest, since they test the off-diagonal sferm
mass matrix structure. As discussed in the Introducti
m→eg is the best constraining process for this model cla
We note that the prediction for the anomalous magnetic m
ment of the muon in this model class is consistent with
4-2
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CMSSM analysis found in Ref.@23#.
The leptonic part of the superpotential is

W5eabHd
aEYELb1eabHu

aNYNLb1
1

2
NMNN, ~6!

whereYE, YN are Yukawa matrices, andMN is the singlet
Majorana neutrino mass matrix. The totally antisymmet
symbol is definede12511. We explain our notation in de
tail in the Appendix. On integrating out the heavy sing
neutrinos, Eq.~6! reduces to

W5eabHd
aEYELb2

1

2
nTmnn, ~7!

where

mn5
v2

2
YN

TMN
21YNsin2b ~8!

is the seesaw induced light neutrino mass matrix. The c
ficientsb andv are defined in terms of Higgs fields expe
tation values by

v2

2
5^Hd

0&21^Hu
0&25~174 GeV!2, tanb5

^Hu
0&

^Hd
0&

. ~9!

The neutrino mass matrix~8! is in general not diagonal an
this is the source of lepton flavor violating interactions.

We assume that supersymmetry is broken softly in t
breaking occurs through operators of mass dimension 2
3. The soft supersymmetry breaking Lagrangian relevan
LFV studies is

Lbreaking52dabL̃a†mL̃
2L̃b2ẼmẼ

2Ẽ†2ÑmÑ
2 Ñ†

2mHd

2 dabHd
a* Hd

b2mHu

2 dabHu
a* Hu

b

1S 2beabHd
aHu

b2
1

2
ÑBÑÑ1c.c.D

1~2eabHd
aẼAEL̃b2eabHu

aÑANL̃b1c.c.!

1S 2
1

2
M1B̃B̃2

1

2
M2W̃aW̃a1c.c.D ~10!

~see the Appendix for the notational details!. The CMSSM
assumes universal soft supersymmetry breaking param
at the supersymmetry breaking scale, which we take to b
order the GUT scale, leading to the following GUT relation

mL̃
2
5mẼ

2
5mÑ

2
5m0

2
•I , ~11!

mHd

2 5mHu

2 5m0
2 , ~12!

AE5AN50, ~13!

M15M25m1/2, ~14!

wherem0 andm1/2 denote the universal scalar mass and
universal gaugino mass, respectively (I is the 333 unit ma-
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trix!. We conservatively assume that the trilinear termsAE
andAN vanish at the supersymmetry breaking scale.

We run the parameters of the CMSSM using the ren
malization group equations@28–30# working in a basis
where the Majorana neutrino singlet matrix is diagonal,
tegrating out each heavy neutrino singlet at its associa
scale. After integrating down to the electroweak scale,
rotate the Yukawa couplings to the mass eigenbasis. In o
to understand the origin of flavor violation in this mod
class, we first give a qualitative estimate. The leading
approximation of the off-diagonal slepton mass term is giv
by

~DmL̃
2
! i j '2

3

8p2
m0

2~YN
†YN! i j lnS MGUT

LN
D ~15!

~assuming that the trilinears vanish at the GUT scale!, and
using this approximation together with mass insertion te
niques@28,33#, the branching ratio form→eg is

BR~m→eg!;
a3

GF
2

@~mL̃
2
!12#

2

ms
8

tan2b

'
a3

GF
2ms

8U 3

8p2
m0

2ln
MGUT

LN
U2

u~YN
†YN!12u2tan2b,

~16!

wherems is a typical sparticle mass. We see that since
flavor structure of the AB model class is specified so p
cisely, the branching ratio form→eg is well determined. In
our calculation of the decay rate, we use the full one-lo
expressions derived from the diagrams in Fig. 1~see the
Appendix for more details!.

The WMAP satellite observations@22# strongly limit the
available CMSSM parameter space if the LSP composes
dark matter@23–25#. We display our results over CMSSM
parameter ranges determined by Refs.@23# and @24#, which
not only impose that the resulting model has LSP relic d
sities in the range determined by WMAP@22#, but that they
have spectra consistent with the CERNe1e2 collider LEP
direct search limits@31#, as well as the rate forb→sg. Fol-
lowing these authors we ignore the focus point region
parameter space that occurs at very largem0 and whose lo-
cation depends onmt andMH in an extremely sensitive man
ner.

In Fig. 2, we show contours of the branching ratiom
→eg in the m1/2-m0 plane for a variety of tanb with the m
parameter both positive and negative. The parameters o
AB model class have been chosen such that all the low
ergy predictions fit the standard model data, and we h
chosena51 and b52 for the Majorana singlet neutrino
mass matrix given in Eq.~5!. As indicated in Ref.@13#, there
are a number of possible model choices for the Majora
singlet parametersa andb that are consistent with the LMA
solution. However, we find that the rate form→eg is largely
unaffected by the allowed range@13# for these parameters
1.0&a&2.4 and 1.8&b&5.2. Figure 2~a! demonstrates the
lepton flavor bounds for tanb55 with m.0 . The small
4-3
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FIG. 1. Feynman diagrams contributing tom→eg.
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linelike shaded area in the lower part of the panel is
allowed region from the combined WMAP and laborato
limits. The remaining panels show that the contours of c
stant branching ratio migrate to the right of the plots~i.e., to
high values ofm1/2 and m0) as tanb is increased. In each
case we overlay the approximate WMAP and laboratory c
straint bounds represented by a shaded region@23#. The
choice for the sign ofm is indicated in each panel. As tanb
is pushed up, larger portions of the parameter space bec
excluded. This is an expected feature since the branc
ratio is proportional to tan2b. Notice that by tanb;25, m
03500
e

-

-
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.0, the branching ratio allowed contours no longer hav
significant overlap with the WMAP region. As a result, w
find that the AB model class is consistent with the curre
experimental bound onm→eg for low tanb ~i.e., tanb
&20) for m.0. For completeness, in panels~b! and~e!, we
show two cases wherem,0. The branching ratio ofm
→eg is largely insensitive to the sign ofm; however, the
WMAP region is moderately affected@24#. A small part of
the allowed WMAP region is currently permitted for larg
tanb ~i.e., ;35) as indicated in panel~e!. The upcoming
limits @27# that MEG will establish, BR(m→eg)&5
r
FIG. 2. Contour plots of BR(m→eg) in the m02m1/2 plane: Panels~a!, ~c!, ~d!, and ~f! show the contours of the branching ratio fo
tanb55, 15, 25, and 50 respectively, withm.0. Panels~b! and~e! show the contours with tanb510 and 35 respectively withm,0. In
all cases the shaded region corresponds to the approximate combined WMAP and laboratory constraints.
4-4
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LEPTON FLAVOR VIOLATION IN A CLASS OF . . . PHYSICAL REVIEW D 70, 035004 ~2004!
310214, will effectively rule out this model class if LFV is
not seen. Interestingly, if LFV is seen at MEG, this mod
will suggest that tanb is low based on flavor bounds alon

IV. CONCLUSIONS

The AB model class@11–13#, based on a U(1)3Z23Z2
flavor symmetry, is a highly successful and predictive G
scenario. This model class has the ability to accommodat
the observed neutrino phenomena and reproduce the low
ergy physics of the standard model. If it is assumed t
supersymmetry is broken via minimal supergrav
~mSUGRA! and that the GUT breaks directly to th
CMSSM, the AB model class is highly restrictive and hen
allows for a precise determination for the rate of charg
lepton flavor violation. In particular, we examined the pr
cessm→eg, since at the present time this flavor violatin
muon decay channel gives the strongest constraints on fl
changing neutral currents in the lepton sector.

As the WMAP satellite data@22# and laboratory direct
searches@31# have already severely restricted the availa
CMSSM parameter space, them→eg flavor bounds allow a
strong test of the AB model class. We find that given t
current bounds@26# on m→eg, BR(m→eg),1.2310211,
the AB model class favors low to moderate tanb ~i.e., &20)
with m.0; however, there is a small region that is not e
cluded for tanb&35 with the sign ofm negative. If MEG at
PSI @27# does not detect a positive LFV signal, BR(m
→eg)&5310214, the AB model class will be effectively
ruled out, given our conservative assumptions concern
GUT and supersymmetry breaking. It remains an open qu
tion as to whether or not other supersymmetry and/or G
breaking schemes within the AB model class will be able
avoid these flavor violating bounds.
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APPENDIX

In this section, we establish our notation and clarify so
of the calculational details. We include the full one-loop a
plitude for the ratem→eg with generalized complex mixing
matrices using the conventions that we detail below. It
highly probable that practitioners in the field are aware of
generalized rate expression, but to our knowledge it has
been explicitly stated in the literature. Formulas similar
those given here can be found in Ref.@28#.

We express the supersymmetric Lagrangian using
two-component Weyl formalism.La5(L1

a ,L2
a ,L3

a)T denotes
a column vector in generation space containing the SU~2!
doublet lepton chiral superfields; 1,2,3 are generation lab
anda51,2 are the SU~2! indices.E5(E1 ,E2 ,E3) denotes a
row vector in generation space containing SU~2! singlet
charged lepton superfields. The gauge singlet neutrino ch
superfields are denoted byN5(N1 ,N2 ,N3). Similarly, for
the quark superfields:Qa5(Q1

a ,Q2
a ,Q3

a)T denotes the SU~2!
doublet, Q15u5(u1 ,u2 ,u3)T, Q25d5(d1 ,d2 ,d3)T; and
the SU~2! singlet quark superfields areU5(U1 ,U2 ,U3), D
5(D1 ,D2 ,D3). Hd

a , Hu
a are the SU~2! Higgs doublet super-

fields of opposite hypercharge with the standard compone
Hd

a515Hd
0 , Hd

a525Hd
2 , Hu

a515Hu
1 , Hu

a525Hu
0 . The cor-

responding scalar components of the superfields are writ
respectively, asL̃a, L̃15 ñ, L̃25ẽ; Ẽ; Ñ; Q̃a, Q̃15ũ, Q̃2

5d̃; D̃; Ũ ~all are vectors in generation space!. The fermi-
onic components of the Higgs superfield, the Higgsinos,
denoted asH̃d

a , H̃u
a . The superpotentialW is given by

W5eabHd
aEYELb1eabHu

aNYNLb1
1

2
NMNN

1eabHd
aDYDQb1eabHu

aUYUQb1meabHd
aHu

b ,

~A1!

where YE, YN , YD , YU are Yukawa matrices,MN is the
singlet Majorana neutrino mass matrix,m is the Higgs pa-
rameter that breaks the U~1! Peccei-Quinn symmetry, and th
totally antisymmetric symbol is definede12511. The soft
supersymmetry breaking Lagrangian is
Lbreaking52dabL̃a†mL̃
2L̃b2ẼmẼ

2Ẽ†2ÑmÑ
2 Ñ†2dabQ̃a†mQ̃

2Q̃b2D̃mD̃
2 D̃†2ŨmŨ

2 Ũ†2mHd

2 dabHd
a* Hd

b2mHu

2 dabHu
a* Hu

b

1S 2beabHd
aHu

b2
1

2
ÑBÑÑ1c.c.D1~2eabHd

aẼAEL̃b2eabHu
aÑANL̃b1c.c.!1~2eabHd

aD̃ADQ̃b

2eabHu
aŨAUQ̃b1c.c.!1S 2

1

2
M1B̃B̃2

1

2
M2W̃aW̃a2

1

2
M3G̃bG̃b1c.c.D , ~A2!
g
where B̃ denotes the electroweak U~1! gaugino field;W̃a,
a51,2,3, denote the electroweak SU~2! gaugino fields;G̃b,
b51, . . . ,8, denote the strong interaction, SU~3!, gaugino
fields;mL̃

2 , mẼ
2 , mÑ

2 , mQ̃
2 , mD̃

2 , mŨ
2 , Bn , AE, AN , AD , AU ,
mHd

2 , mHu

2 , b, M1 , M2 , M3 are the supersymmetry breakin
parameters, and at the GUT scale:

mL̃
2
5mẼ

2
5mÑ

2
5mQ̃

2
5mD̃

2
5mŨ

2
5m0

2
•I , ~A3!
4-5
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mHd

2 5mHu

2 5m0
2 , ~A4!

AE5AN5AD5AU50, ~A5!

M15M25M35m1/2, ~A6!

wherem0 andm1/2 denote the universal scalar mass and
universal gaugino mass, respectively (I is the 333 unit ma-
trix!. After running the CMSSM renormalization group equ
tions @28–30#, we rotate all the Yukawa couplings to a dia
onal basis, and in particular the lepton sector,

YE→UE* YEVE
†5diagonal, ~A7!

mL̃
2→VEmL̃

2VE
† , ~A8!

mẼ
2→UE* mẼ

2UE
T , ~A9!

AE→UE* AEVE
† . ~A10!
rix
a

U

03500
e

-

Not all of the bi-unitary rotation matrices can be absorb
away through the field redefinitions as the left-handed n
trinos become massive below the see-saw scale and
electroweak symmetry breaking.

Neutralinos

The neutralinosx̃1
0, x̃2

0, x̃3
0, x̃4

0 are mass eigenstates of th

neutral gauginosB̃, W̃3 and neutral HiggsinosH̃d
0 , H̃u

0 . The
neutralino mass Lagrangian is given by

L52~B̃ W̃3 H̃d
0 H̃u

0!MneS B̃

W̃3

H̃d
0

H̃u
0

D 1c.c., ~A11!

where
Mne5S M1 0 2mZcosb sinuW mZsinb sinuW

0 M2 mZcosb cosuW 2mZsinb cosuW

2mZcosb sinuW mZcosb cosuW 0 2m

mZsinb sinuW 2mZsinb cosuW 2m 0

D . ~A12!
en

an
An orthonormal rotation leads to the mass eigenstates:

S x̃1
0

x̃2
0

x̃3
0

x̃4
0

D 5OneS B̃

W̃3

H̃d
0

H̃u
0

D , ~A13!

where One is a real, orthogonal matrix. The mass mat
~A12! can therefore be decomposed in terms of real m
eigenvalues,M x̃

a
0, a51,2,3,4,

Mne5One
T diag~M x̃

1
0 M x̃

2
0 M x̃

3
0 M x̃

4
0!One, ~A14!

and ~A11! can be rewritten as

L52
1

2 (
a51

4

M x̃
a
0x̃a

0x̃a
0 . ~A15!

Charginos

The charginos are mass eigenstates of the charged S~2!
gauginos and charged Higgsinos,

L52~W̃1 H̃u
1!MCS W̃2

H̃d
2 D 1c.c., ~A16!
ss

where

W̃65
W̃17 iW̃2

A2
~A17!

and the mass matrix is

MC5S M2 A2mWcosb

A2mWsinb m
D ~A18!

(mW is the W-boson mass!. The mass eigenstates are giv
by

S x̃1
2

x̃2
2D 5OLS W̃2

H̃d
2 D , S x̃1

1

x̃2
1D 5ORS W̃1

H̃u
1 D , ~A19!

whereOR andOL are real orthogonal matrices, and they c
be chosen so that the mass eigenvaluesM x̃

1
2, M x̃

2
2 are posi-

tive, and

MC5OR
Tdiag~M x̃

1
2 M x̃

2
2!OL . ~A20!

Equation~A16! can be written as

L52M x̃
1
2x̃1

1x̃1
22M x̃

2
2x̃2

1x̃2
21c.c. ~A21!
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Sleptons

Masses of the charged sleptons are given by the Lagr
ian

L52ẽ†mLL
2 ẽ2ẽ†mRL

2†Ẽ†2ẼmRL
2 ẽ2ẼmRR

2 Ẽ† ~A22!

with the mass matrices

mLL
2 5ml

21mL̃
2
1mZ

2cos 2bS sin2uW2
1

2D •I , ~A23!

mRR
2 5ml

21mẼ
2
2mZ

2cos 2b sin2uW•I , ~A24!

mRL
2 52mmltanb1

v cosb

A2
AE ~A25!

where

ml5diag~ml1
ml2

ml3
!, ~A26!

andml1
, ml2

, ml3
are electron, muon, and tau masses, resp

tively. The above Lagrangian written in terms of mass eig
statesf̃ 1 , . . . ,f̃ 6 ~six complex scalar fields! is

L52 (
b51

6

mf̃b

2
f̃ b* f̃ b ~A27!

with

S f̃ 1

f̃ 2

f̃ 3

f̃ 4

f̃ 5

f̃ 6

D 5Uf̃S ẽ1

ẽ2

ẽ3

Ẽ1*

Ẽ2*

Ẽ3*

D , ~A28!

andUf̃ is a complex unitary matrix defined by

S mLL
2 mRL

2†

mRL
2 mRR

2 D 5Uf̃
†diag~mf̃1

2
mf̃2

2
mf̃3

2
mf̃4

2
mf̃5

2
mf̃6

2
!Uf̃ .

~A29!

Similarly, the light sneutrinos~the heavy singlet sneutrino
are ignored since they have decoupled well above the w
scale!

L52ñ†M ñ
2
ñ, ~A30!

where

M ñ
2
5mL̃

2
1

1

2
mZ

2cos 2b•I . ~A31!

The sneutrino mass Lagrangian written in terms of m
eigenstatesñ1 , ñ2 , ñ3 ~three complex scalar fields! reads
03500
g-

c-
-

ak

s

L52 (
b51

3

mñb

2
ñb* ñb ~A32!

with the mass eigenstates defined by

S ñ1

ñ2

ñ3

D 5UñS ñ1

ñ2

ñ3

D , ~A33!

andUñ is a complex unitary matrix satisfying

M ñ
2
5Uñ

†diag~mñ1

2
mñ2

2
mñ3

2
!Uñ . ~A34!

Lepton flavor violating interactions

The interactions leading to the lepton flavor violating pr
cess l j→ l i1g involve two effective Lagrangians
neutralino-lepton-slepton and chargino-lepton-sneutri
Written in the mass eigenbasis they are

L5(
i 51

3

(
a51

4

(
b51

6

Niab
L f̃ bEi x̃a

01Niab
R* f̃ b* ei x̃a

01c.c.

~A35!

and

L5(
i 51

3

(
a51

2

(
b51

3

Ciab
L ñbEi x̃a

21Ciab
R* ñb* ei x̃a

11c.c.,

~A36!

where

Niab
L 52

g2

A2
S 2 tanuW~Uf̃!b~ i 13!

* ~One!a1

1
mli

mWcosb
~Uf̃!bi* ~One!a3D , ~A37!

Niab
R 5

g2

A2
S tanuW~Uf̃!bi* ~One!a11~Uf̃!bi* ~One!a2

2
mli

mWcosb
~Uf̃!b~ i 13!

* ~One!a3D , ~A38!

and

Ciab
L 5

g2mli

A2mW cosb
~OL!a2~Uñ!bi* , ~A39!

Ciab
R 52g2~OR!a1~Uñ!bi* . ~A40!

The on-shell amplitude forl j→ l i1g can be written in the
general form

M5eem* l̄ i~p2q!@~ iml j
smnqn~ALL1ARR!# l j~p!;

~A41!
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here we have used Dirac spinorsl i(p2q) and l j (p) for the
charged leptonsi and j with momentap2q and p, respec-
tively; L5(12g5)/2 and R5(11g5)/2. Each of the dipole
coefficients AL and AR have contributions from the
neutralino-lepton-slepton and the chargino-lepton-sneut
interaction, namely,

AL5AL
(n)1AL

(c) , ~A42!

AR5AR
(n)1AR

(c) , ~A43!

whereAL
(n) , AR

(n) , AL
(c) , AR

(c) can be evaluated from the Feyn
man diagrams in Fig. 1;

AL
(n)5

1

32p2 (
a51

4

(
b51

6
1

mf̃b

2 FNiab
L Njab

L* J1S M x̃
a
0

2

ml̃ b

2 D
1Niab

L Njab
R*

uM x̃
a
0u

ml j

J2S M x̃
a
0

2

ml̃ b

2 D G , ~A44!

AL
(c)52

1

32p2 (
a51

2

(
b51

3
1

mñb

2 FCiab
L Cjab

L* J3S M x̃
a
2

2

mñb

2 D
1Ciab

L Cjab
R*

M x̃
a
2

ml j

J4S M x̃
a
2

2

mñb

2 D G , ~A45!
rd

03500
o

AR
(n)5AL

(n)uL↔R , ~A46!

AR
(c)5AL

(c)uL↔R . ~A47!

The functionsJ1(x), J2(x), J3(x), J4(x) are defined as

J1~x!5
126x13x212x326x2ln x

6~12x!4
, ~A48!

J2~x!5
12x212x ln x

~12x!3
, ~A49!

J3~x!5
213x26x21x316x ln x

6~12x!4
,

~A50!

J4~x!5
2314x2x212 lnx

~12x!3
. ~A51!

Finally, the decay rate forl j
2→ l i

21g is given by

G~ l j
2→ l i

21g!5
e2

16p
ml j

5 ~ uALu21uARu2!, ~A52!

and i 51, j 52 for m→e1g.
l
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