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Lepton flavor violation in supersymmetric SO„10… grand unified models
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The study for lepton flavor violation combined with neutrino oscillations may provide more information
about the lepton flavor structure of the grand unified theory. In this paper, we study two lepton flavor violation
processest→mg andZ→tm in the context of supersymmetric SO~10! grand unified models. We find the first
process is detectable in a quite large supersymmetric parameter space if the experimental sensitivity for this
process can reach up to 131029. The latter process may be important in some supersymmetric parameter
space where the former is suppressed. It is especially important in the region with small tanb and large scalar
lepton masses. However, it is detectable at Giga-Z option of the Tesla project only when the value of tanb is
close to the limit set by the present Higgs boson search experiments.
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I. INTRODUCTION

Super-Kamiokande data on the atmospheric neut
anomaly present strong evidence for the existence of n
trino oscillations. The anomaly can be explained bynm2nt

oscillation withdm23
2 5(128)31023 eV2 and a large mix-

ing angle sin2(2umt)50.821 @1,2#. In addition, the long
standing solar neutrino deficit can also be interpreted as
other type of neutrino oscillation@3,4#. Assuming that the
Liquid Scintillation Neutrino Detector~LSND! anomaly@5#
will finally disappear all these observations about neutrin
can be accommodated in a model with three very light ac
left-handed neutrinos. Many such models have been
posed to explain the measured neutrino parameters s
Super-Kamiokande first published the data@6#. Among them
a natural explanation of the neutrino masses is provided
grand unified models which interpret the very light neutri
masses compared with the quarks and charged leptons b
see-saw mechanism@7#. Especially in SO~10! grand unified
models, in which the right-handed~RH! neutrinos have
masses of the order about unification scale and the le
masses and the quark masses are related, correct neu
masses can be obtained@8#. The measured neutrino mass
are even regarded as a new evidence supporting the g
unification idea@9#. As has been argued in Ref.@8# a value
for m(nt);

1
20 eV falls into a natural range predicted by

grand unified model based on either a string-unified G~224!
model or a SO~10! grand unified model. Furthermore, gran
unified theory~GUT! has the advantage that it relates t
neutrino problem, its masses and mixings, with charged
ton and quark masses and mixings into a large fermion fla
problem and thus gives more definite predictions.

Conversely, the parameters measured in the neutrino
tor can provide a window on the grand unified theory stu
and they also give important feedback on the problems
quarks and charged lepton masses as they are all relat
the GUT. A direct inference of neutrinos being massive
the existence of a Kabayashi-Maskawa-like matrix for
lepton sector. However, the processes violating lepton
0556-2821/2001/63~9!/096008~13!/$20.00 63 0960
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vors due to this matrix are too small to be observed beca
of the tiny neutrino masses. In the supersymmetric GUTs
high-energy lepton flavor violation~LFV! interactions may
leave a trace in the mass matrices of scalar partners of
tons by renormalization effects, which drives low-ener
LFV processes since the mass matrix of the charged lep
and that of sleptons cannot be diagonalized simultaneou
Therefore, the study of the LFV process may provide imp
tant information on the flavor structure of the supersymm
ric GUTs. Various LFV processes have been studied in
ferent theoretical frameworks by a number of authors@10–
14#.

There are two purposes of this work. One is to study
LFV processes in the context of supersymmetric SO~10!
grand unified models with a ‘‘lopsided’’ texture for the ma
matrices of the down quark and charged lepton which
been advocated by a number of authors to accommodate
large nm-nt mixing and smallVcb @15,16,8#. If the experi-
mental sensitivity ont→mg can reach down to 131029

@10#, not only can this process be observed but it can even
used to discriminate different fermion textures in the gra
unified models. Another purpose of this work is to prese
the analytic formulas for the branching ratio of the proce
Z→tm in the minimal supersymmetric standard mod
~MSSM! and the numerical study in the class of models co
sidered by us. This calculation seems absent in the literat
This calculation is triggered by the Giga-Z option of the
Tesla project which may expect the 109 Z bosons at reso-
nance@17#. The upper limit for the branching ratios could b
improved down to BR(Z→m6t7), f 32.231028 with f
50.2;1. We find this process is quite interesting pheno
enologically since in some supersymmetric parameter sp
t→mg is suppressed.

The paper is arranged as follows. In Sec. II we discuss
origin of the LFV interactions in a supersymmetric gra
unified model and the renormalization group equatio
~RGEs!. In Sec. III we present the formulas for the branchi
ratios of the two processes. In Sec. IV we briefly introduc
grand unified model proposed in Ref.@15# that we used in
©2001 The American Physical Society08-1
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our calculations. The numerical results are presented in
V and we summarize and give conclusions in Sec. VI.

II. RENORMALIZATION GROUP EQUATIONS AND LOW
ENERGY SUPERSYMMETRIC SPECTRUM

A. Origin of lepton flavor violation

If the SM is extended with massive and nondegene
neutrinos, LFV processes may be induced. However, s
processes are highly suppressed due to the smallness o
neutrino masses. The branching ratio is proportional
dmn

2/MW
2 which is hopeless to be observed@18#. When su-

persymmetry enters the theory the scene changes comple
The LFV may also be induced through the generation mix
of the supersymmetric soft breaking terms of the lepton s
tor. However, arbitrary mixing of these soft terms in t
MSSM are not predictive. In our calculations we adopt t
supergravity mediated supersymmetry breaking mechan
to produce universal soft terms at the GUT scaleMGUT,
because nonuniversal soft terms atMGUT may produce too
large low-energy LFV observable effects@10,11#. The tree
level universal soft terms may induce nondiagonal terms
low energy by radiative corrections including LFV intera
tions at high scale. Our procedure includes calculating
low-energy supersymmetric soft terms which is not gene
tion universal now by integrating the RGEs and then cal
late the LFV branching ratios induced by these nonunive
soft terms.

For a supersymmetric SO~10! grand unified model, the
structure belowMGUT where the grand unification has bee
spontaneously broken is the same as the minimal supers
metric standard model~MSSM! supplemented with MSSM
singlet RH neutrino superfields. The superpotential of
lepton sector is now

W5 f n
i j Ĥ2L̂ i N̂j1 f l

i j Ĥ1L̂ i Ê j1
1

2
Mi j N̂i N̂j1mĤ1Ĥ2 ,

~2.1!

where f n and f l are the Yukawa coupling matrices andM is
the RH neutrino mass matrix.i and j are the generation in
dices. Antisymmetric tensoreab is implict to contract the
SU~2! doublets withe12521. In general,f n and f l cannot
be diagonalized simultaneously, which is the origin of LF
interactions. Diagonalizef n and f l by biunitary rotations

f l
d5UL

† f lUR ,
~2.2!

f n
d5VL

† f nVR ,

whereUL,R ,VL,R are all unitary matrices. Then define

VD5UL
†VL ~2.3!

which is an analogue of the Kobayashi-Maskawa~KM ! ma-
trix VKM in the quark sector.VD is crucial for LFV pro-
cesses. The RH neutrino masses are not much lower in o
compared toMGUT in SO~10! grand unified models. After
the RH neutrinos are decoupled andH2 gets VEV v2 of
weak scale we get three light left-handed~LH! Majorana
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neutrinos with mass matrixmn52( f nv2)M 21( f nv2)T by
the see-saw mechanism. Supposemnmn

† is diagonalized by
VL

n , then the matrix

VMNS5UL
†VL

n ~2.4!

determines the neutrino oscillation parameters. In the p
lished grand unified models which emphasize the neutr
oscillations the largenm-nt mixing angle inVMNS mainly
comes fromUL

† @6#. Thus, on the one hand, we may expe
large rates for LFV processes due to largem-t mixing in
UL

† , which at the same time causes largenm-nt mixing in
VMNS for neutrino oscillations and, on the other hand, a d
ference betweenVD and VMNS may be found by neutrino
oscillations and LFV processes. If so, important informati
about the GUT structure may be derived.

The soft breaking terms for the lepton sector are@19#

Lsoft52mH1

2 H1
†H12mH2

2 H2
†H22~mL̃

2
! i j L̃ i

†L̃ j2~mR̃
2
! i j R̃i* R̃j

2~mñ
2
! i j ñ i* ñ j1FBmH1H21

1

2
BMi j ñ i* ñ j*

1~AEf e!
i j H1L̃ i R̃j1~An f n! i j H2L̃ i ñ j1H.c.G , ~2.5!

where i,j are generations indices. AtMGUT we assume the
universal conditions

mH1

2 5mH1

2 5m0
2 , ~2.6!

mL̃
2
5mR̃

2
5mñ

2
5m0

2 , ~2.7!

AE5An5A0 . ~2.8!

Figure 1 gives the explanation of the occurrence of lo
energy LFV processes. The nondiagonal Yakawa coupli
induceñm-ñt mixing through loop effects. This high-energ
process can be running down by integrating the RGEs to
energy. Thus the study of LFV processes induced by non
versal soft terms can actually reveal high-energy fermion
vor struture. In the basis where thef l is diagonal we can ge
the nondiagonal scalar mass in the first order of approxim
tion as

FIG. 1. Feynman diagrams contributing tot→mg. The univer-
sal scalar neutrino masses become nondegenerate and mixed
nondiagonal Yukawa couplings. This effect gives low-energy sca
neutrino mixing by RGEs running.
8-2
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~dm̃2!23'
1

8p2
f n f n

†~31a2!m0
2 log

MGUT

MR

'
1

8p2
~VD!23~VD!33• f n3

2 ~31a2!m0
2 log

MGUT

MR
,

~2.9!

where in the diagonalized Yukawa matrixf n
d only the ~3,3!

elementf n3
is kept. a is the universal parameterA05am0

andMR is the scale where the RH neutrinos are decoupl

B. RGEs running

The RGEs used by us are given in Appendix A. We ha
paid much effort to keeping the RGEs for the soft terms
lepton sector, which is relevant to our calculations, as co
plete as possible. Specifically speaking, both the diago
and nondiagonal terms are kept in the RGEs. However, o
diagonal terms of the scalar quark soft terms are kept
cause these nondiagonal terms are small and not releva
our calculations. For the Yukawa sector, only the~3,3! ele-
ments of the diagonalized Yukawa matricesf t , f b , f t , and
f n3

are kept. The evolution of the mixing matrixVD from

MGUT to MR is ignored.
an
n

es
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The integration procedure consists of iterative runnings
the RGEs from the GUT scale to the low-energy scaleMZ
and back for every set of inputs ofm0 , m1/2, A0 , tanb and
the sign ofm, which are the universal scalar masses, gaug
masses, scalar trilinear parameter, and the standard vac
expectation values ratio of the two Higgs fields and t
Higgsino mass parameter, until the low-energy gauge c
plings and the Yukawa couplings are all correct within
given range. The parametersm and B are given by low-
energy spontaneous breaking conditions@19,20#.

The RGEs at Appendix A is given in the basis wheref n is
diagonal. The RH neutrinos are decoupled atMR . Below
MR the basis is rotated to the basis wheref l is diagonal. The
MSSM RGEs are obtained by simply dropping the ter
including f n and settingVD equal to 1. The basis rotatio
leads to

~mL̃
2
!below5VD~mL̃

2
!upVD

† ,

~2.10!
~AE!below5VD~AE!upVD

† .

Below MSUSY5250 GeV the SM beta functions are use
@21#. Threshold effects are taking into account by decoupl
the corresponding particles at its running massQ5m(Q).

Taking tanb52;10, we show the numerical results a
follows:
dmL̃
2
5S 0 ~0.92;2.87!31023 ~20.77;22.06!31023

~0.92;2.87!31023 0 ~0.97;3.0!31022

~20.77;22.06!31023 ~0.97;3.0!31022 0
D ~31a2!m0

2 , ~2.11!

AE5S 0.7 ~2.42;8.12!31024 ~22.41;25.88!31024

~2.42;8.12!31024 0.7 ~2.5;8.67!31023

~22.41;25.88!31024 ~2.5;8.67!31023 0.7
D A0 , ~2.12!
ton
ven
where smaller tanb may give larger contribution.

C. Low-energy supersymmetric spectrum

At low energy the supersymmetric particle masses
mixing angles are obtained by diagonalizing the correspo

FIG. 2. The Feynman diagrams contributing to the proc
t→mg.
d
d-

ing chargino, neutralino, scalar neutrino, and scalar lep
mass matrices numerically. The slepton mass matrix is gi
by a 636 matrix as

ml̃
2
5S mLL mLR

mLR
† mRR

D , ~2.13!

wheremLL , mLR , mRR are all 333 matrices given by

~mLL! i j 5~mL̃
2
! i j 1~ml

2!d i j 1MZ
2S 2

1

2
1sin2 uWD cos 2bd i j ,

~mLR! i j 52@~AE! i j 1m tanbd i j #ml
j ,

~mRR! i j 5~mR̃
2
1ml

22MZ
2 sin2 uW cos 2b!d i j .

~2.14!
s

8-3
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The mR̃
2 is diagonal since onlyf l enters its RGE. The full

sneutrino mass matrix has a 12312 structure. However, ac
cording to Refs.@10,11# if we only keep the first order o
these terms perturbed by RH neutrino masses we can ha
very simple structure, which is relevant to generation mix

mñ
2
5mL̃

2
1

1

2
MZ

2 cos 2b. ~2.15!

The mass matrices of chargino and neutrino are standard
given in Appendix B.
p

09600
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III. ANALYTIC FORMULAS

Figure 2 gives the one loop diagrams relevant to the p
cesst→mg. The amplitude of this process can be written
the general form

M5emiūj~p2!ismnp3
n~ALPL1ARPR!ui~p1!em~p3!,

~3.1!

wherePL,R5 1
2 (17g5) are the chirality projection operators

i,j represent initial and final lepton flavor. The most conv
nient way to calculateAL andAR is to pick up the one loop
momentum integral contributions which are proportional
ū j (p2)PL,Rui(p1)2p1•e, respectively. The neutralino ex
changing contribution is
nding
AL
(n)5

1

32p2 S e

A2 cosu
D 2

1

ml̃ a

2 FBj aa* Biaa
126k13k212k326k2 logk

6~12k!4
1

mx
a
0

mi
Bj aa* Aiaa

12k212k logk

~12k!3 G , ~3.2!

AR
(n)5AL

(n) ~B↔A!, ~3.3!

wherek5mx
a
0

2
/ml̃ a

2 . A and B are the lepton-slepton-neutralino coupling vertices given in Appendix B. The correspo

contribution coming from exchanging charginos are

AL
(c)52

g2
2

32p2
Zn

ia* Zn
j a 1

mña

2 FZ2a
2 Z2a

2 * mimj

2MW
2 cos2 b

213k26k21k316k logk

6~12k!4

1
mx

a
2

A2MW cosb
Z1a

1 Z2a
2

mj

mi

324k1k212 logk

~12k!3 G , ~3.4!

AR
(c)52

g2
2

32p2
Zn

ia* Zn
j a 1

mña

2 FZ1a
1 Z1a

1 * 213k26k21k316k logk

6~12k!4

1
mx

a
2

A2MWcosb
Z1a

1 Z2a
2

324k1k212 logk

~12k!3 G , ~3.5!
f

wherek5mx
a
2

2
/mña

2 . Mixing matricesZn , Z1, and Z2 are

given in Appendix B.
The branching ratio is given by

BR~t→mg!5
aem

4p
mi

5~ uALu21uARu2!/Gt , ~3.6!

whereGt52.265310212 GeV.
Figure 3 gives the diagrams contributing to theZ→tm

process. Neglecting masses of the final fermions the am
 li-

tude is given asM5S iaiM i , whereMi are

M1,25ū~p2!gmPL,Rv~p1!em , ~3.7!

M3,45ū~p2!PL,Rv~p1!p1•e, ~3.8!

respectively. The corresponding analytic expressions oai
are given in Appendix C. The branching ratio forZ→tm is
given by Br(Z→mt)5G(Z→t6m7)/GZ , whereGZ52.49
GeV and
8-4
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G~Z→mt!5
1

48pMZ
( uM u25

1

48pMZ

3F ~ ua1u21ua2u2!•2MZ
21~ ua3u21ua4u2!

MZ
4

4 G ,
~3.9!

whereS represents the sum ofm, t spins andZ polariza-
tions.

IV. A SO„10… GRAND UNIFIED MODEL

To give definite predictions we will work within a specifi
model. Before we turn to an introduction of this model it
worth noting that our calculations are not very model sen
tive. That is the reason why we concentrate on the 2-3 g
eration mixing. The mixing between the first two generatio
may be very sensitive to different models and we will d
cuss the processes separately. From Fig. 1, we know thatt-m
mixing is mainly determined by the factordm̃23

2 /m0
2 ,

which, from Eq. ~2.9!, depends only on the paramete
(VD)23•(VD)33, f n3

, MGUT, andMR . MGUT'231016 GeV
is required by any supersymmetric grand unified model.
the context of SO~10! grand unified modelsf n3

is related to

the top Yukawa couplingf t at the GUT scale. In addition
with the SuperK data ofmnt

' 1
20 eV MR'231014 GeV is

roughly determined by the see-saw mechanism. Thus
only model sensitive parameter in fermion textures is (VD)23

FIG. 3. The Feynman diagrams contributing to the procesZ
→mt. The other two self-energy diagrams coming fromt legs are
omitted.
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@(VD)33 is determined by unitary condition of theVD ma-
trix#. In most published SO~10! models the largenm-nt mix-
ing is not produced dominantly byMR mass matrix and thus
produce largem-t mixing, for example, we have (VD)23
•(VD)33;(0.520.3) corresponding tou23;(20°270°).
Thus our discussions on these branching ratios are usefu
estimating the predictions for such a class of unified mod
although they may be different in detail.

We did our calculations within the model given by A
bright et al. @15#. The model gives excellent predictions o
quark and lepton masses and naturally explains the large
of nm-nt mixing and the smallness ofVcb . At MGUT, after
the SO~10! breaking to the MSSM, the fermion mass te
tures are given by

U5S h 0 0

0 0 2e/3

0 e/3 1
D MU ,

D5S 0 d d8eif

d 0 2e/3

d8eif s1e/3 1
D MD ,

~4.1!

N5S h 0 0

0 0 e

0 2e 1
D MU ,

FIG. 4. Branching ratio oft→mg as a function ofm0 for m1
2

5150 GeV, tanb55 andA052m0 ,m0 ,0. The solid line is form
.0 and the dashed line is form,0.
8-5
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L5S 0 d d8eif

d 0 s1e

d8eif 2e 1
D MD ,

~4.2!

whereU, D, N, and L are the up quark, down quark, ne
trino, and lepton mass matrices, respectively. The most
markable feature of the textures is the lopsided param
s;1 at L and D. According to the SU~5! relation D5LT,
the largenm-nt mixing due to thes term in L is related to
the right-handed down quark mixing, which has no obse
able physical effects. The smallness of quark mixingVcb is
determined by the parametere;0.1, which translates to th
right-handed lepton mixing.

The model predicts the lepton sector 2-3 mixing w
u23;63°, which leads to the only model structure sensit
quantity for our processes (VD)23•(VD)33;0.4. Taking all
the fermion masses andVKM elements atMZ given in Ref.
@22# as inputs, we calculate the corresponding values
MGUT with several values of tanb by integrating the RGEs
and fit the parameters in Eqs.~4.1! and ~4.2!. We find
these parameters are not sensitive to the supersymmetri
rameters, except thatMU becomes larger as taking sma
tanb. To keep the predicted neutrino masses in the cor
range we takeMR5531014 GeV when tanb52 and MR
5231014 GeV when tanb55,10 in our later calculations.

V. NUMERICAL RESULTS AND DISCUSSION

The relevant parameters on predicting the branching
tios are the universal supersymmetry soft breaking par
etersm0 , m1/2, A0 , tanb, and the lepton sector mixing ma
trix VD defined in Eq.~2.3!. We will present dependence o
the branching ratio of the processest→mg andZ→tm on
the soft parameters in the model of Ref.@15#. In our calcu-
lations the soft parameters are constrained by various t
retical and experimental considerations@23#, such as the LSP
of the model should be a neutralino and masses of rele
supersymmetric particles be beyond present mass limits
so on.

In Figs. 4–7, we plot the branching ratio oft→mg as
functions of m0 for several sets of other soft paramete
Two experimental bounds are plotted in every figure, wh
correspond to the present experimental limit BR(t→mg)
,1.131026 @24# and the expected sensitivity of future e
periments BR(t→mg),1.031029 @10#. The general trend
of BR(t→mg) is decreasing dramatically asm0 increases.
In Fig. 4, the branching ratio is plotted form1/25150 GeV,
tanb55, andA052m0 ,m0 ,0, taking m either positive or
negative. That branching ratio decreases witha5A0 /m0 is
easily understood due to the Eq.~2.9!. It is interesting to note
that although this process cannot be observed at prese
will be detectable in the future experiments in a large par
the soft parameter space.

Figure 5 presents the branching ratio form1/2
5150, 250, 400 GeV andA05m0 , tanb55. We can find
that the branching ratio is also very sensitive to the para
eter m1/2. It will decrease quickly with increasingm1/2. If
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FIG. 5. Branching ratio oft→mg as a function ofm0 for A0

5m0 , tanb55 andm1/25150,250,400 GeV. The solid line is fo
m.0 and the dashed line is form,0.

FIG. 6. Branching ratio oft→mg as a function ofm0 for
m1/25150 GeV, tanb510, m.0 and A0562m0 ,6m0 ,0. The
solid line is forA0.0 and the dashed line is forA0,0.
8-6
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m1/2.400 GeV, this process will be nonobservable as d
played in the figure. In Fig. 6, we plot the branching ratio f
m1/25150 GeV, tanb510 andA0562m0 , 6m0 , 0. We
find that the sign ofA0 is not very important in the order o
magnitude estimate. However, the sign ofA0 is still relevant
to the precise predictions. We find that this process is
pected to be dectected when tanb is as large as 10. Figure
plots the branching ratio at different tanb. The branching
ratio increases as tanb becomes large. It is explained in Re
@12# that the dominant term of the amplitude fort→mg is
proportional to tanb. We note that at tanb52 the sign ofm
can be significant. The branching ratio whenm is negative is
much smaller than that whenm is positive.

In Figs. 8–10, we present the quantitative results of
branching ratio of the decayZ→tm. We find that in most
parameter spaces this process cannot be detected b
Giga-Z option @17#. However, we can still find several inte
esting features in this process which are different from tht
radiative decay process. The most remarkable feature a
this LFV process is that its branching ratio becomes larg
first and then approaches to a constant whenm0 is increas-
ing, which gives a sharp contrast to the processt→mg. Thus
this process may have advantage over thet→mg process in
some region of parameter space. The reason for this diffe
behavior between the two processes can be traced back t
different coupling structures between the processes as sh
in Eqs. ~3.1! and ~3.7!, ~3.8!. The magnetic structure oft
decay determines that its amplitude is inversely proportio
to the sfermion masses square, whereas there is a v
current coupling in Eq.~3.7! which determines theZ→mt
amplitude’s trend as increasingm0.

Figure 8 shows the branching ratio as a function ofm0 for
m1/25150 GeV, tanb55, and A052m0 ,m0 ,0 with both
positive and negative sign ofm. We find the sign ofm is
quite irrelevant. Figure 9 displays the same function for d
ferentm1/2 values, 150, 250, 400 GeV, withA052m0 and
tanb55. The dependence of BR(Z→tm) on a andm1/2 is
similar to that of BR(t→mg). We note again that the sign o
m is irrelevant. Figure 10 gives the branching ratio f
tanb52,5,10 withA052.5m0 , m1/25150 GeV. We can see
that another important feature of this LFV process is that i
more favorable for the small tanb value in contrast to the
t→mg process. At the extreme case, the branching r
may access 131028, which may be detectable. The relatio
ship between the branching ratio and tanb is easily under-
stood. For small tanb large nonuniversal soft mass ter
dm̃23

2 will be produced due to a largef n3
in Eq. ~2.9!. We

note that when tanb becomes smaller, the BR(Z→tm) in-
creases quickly.

In summary, according to our calculations we find that
t→mg is more feasible thanZ→tm to reveal charged lep
ton flavor violation in the context of SO~10! SUSY GUTs. In
most parameter spacet→mg has a branching ratio that ca
be detected if the future experimental sensitivity for this p
cess can reach up to 131029 @10#. The Z→tm will hope-
fully be detected with the Giga-Z option of the Tesla projec
in a small parameter space with the tanb value near the
boundary of the region excluded by LEP experiments of
09600
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Higgs boson search@25#. We note that the remarkable featu
of the Z decay process is its dependence on the supers
metric soft parameters tanb andm0 is opposite to that oft
decay. Thus it can supplement the LFV search in addition
the t→mg process.

VI. SUMMARY AND CONCLUSION

In this work, we present the dependence of the branch
ratios of two charged lepton flavor violation processest
→mg and Z→tm on the supersymmetry soft breaking p
rameters in the context of SO~10! grand unified models with
the ‘‘lopsided’’ texture of mass matrices for charged lepto
and down quarks. We expect these processes may be
tected in the future experiments. The first process is m
hopeful to be observed. The second process may offer us
information about the soft parameters if it is also observ
The different behaviors of the two processes depending
tanb andm0 implies that the simultaneous study of the tw
processes will be interesting.

We expect the study of the charged lepton flavor proc
may provide another window of high-energy physics in a
dition to the neutrino oscillation study. The combined stu
of the LFV processes and neutrino oscillation may shed li
on the sector of right-handed neutrinos, which may be n
essary in a model to naturally explain the small neutr
masses.
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APPENDIX A

In this appendix we give the renormalization group equ
tions of the MSSM supplemented with RH neutrinos@12,13#.
The two-loop RGEs of the gauge couplings can be found
much of the literature which will not be affected by the pre
ence of the RH neutrinos. We give one-loop RGEs of
Yakawa coupling matrices and the soft terms which are
fected by the presence of RH neutinos. In this appendix
denote the Yukawa couplings of up quark, down quark, l
ton, and neutrino asU, D, E, andN, respectively. Denote the
soft terms asAU•U5UA and so on. The RGEs of th
Yukawa couplings are

dU

dt
5

1

16p2
@2Scigi

213UU†1DD†

1Tr~3UU†1NN†!#U, ~A1!

dD

dt
5

1

16p2
@2Sci8gi

213DD†1UU†

1Tr~3DD†1EE†!#D, ~A2!
8-7
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dE

dt
5

1

16p2
@2Sci9gi

213EE†1NN†

1Tr~3DD†1EE†!#E, ~A3!

dN

dt
5

1

16p2
@2Sci-gi

213NN†1EE†

1Tr~3UU†1NN†!#N, ~A4!

where t5 logQ, ci5( 13
15 ,3,16

3 ), ci85( 7
15 ,3,16

3 ), ci95( 9
5 ,3,0),

ci-5( 3
5 ,3,0). The RGEs ofm and soft parameters of Higg

sector are

dm

dt
5

1

16p2
@2Sci-gi

21Tr~3UU†13DD†

1EE†1NN†!#m, ~A5!

dB

dt
5

2

16p2
@2Sci-gi

2Mi1Tr~3UUA

13DDA1EEA1NNA!#, ~A6!

FIG. 7. Branching ratio oft→mg as a function ofm0 for A0

5m0 , m1/25150 GeV, and tanb52,5,10. The solid line is form
.0 and the dashed line is form,0.
09600
dmHU

2

dt
5

2

16p2
$2Sci-gi

2Mi
213 Tr@U~MQL

2 1MUR

2 !U†

1mHU

2 UU†1UAUA
† #1Tr@MQL

2 NN†1NM ñR

2
N†

1mHU

2 NN†1NANA
† #%, ~A7!

dmHD

2

dt
5

2

16p2
$2Sci-gi

2Mi
213Tr@D~MQL

2 1MDR

2 !D†

1mHD

2 DD†1DADA
† #1Tr@E~ML̃

2
1MR̃

2
!E†

1mHD

2 EE†1EAEA
† #%. ~A8!

Mi in the above expressions are the gaugino masses w
RGEs are same as those in the MSSM.

Then we give RGEs of soft mass terms of lepton sect

dML̃
2

dt
5

2

16p2 F2Sci-gi
2Mi

21
1

2
~NN†ML̃

2
1ML̃

2
NN†!

1
1

2
~EE†ML̃

2
1ML̃

2
EE†!1EMR̃

2
E†1mHD

2 EE†

1EAEA
†1NM ñ

2
N†1mHU

2 NN†1NANA
† G , ~A9!

FIG. 8. Branching ratio ofZ→mt as a function ofm0 for
m1/25150 GeV, tanb55, andA052m0 ,m0 ,0. The solid line is
for m.0 and the dashed line is form,0.
R
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dMR̃
2

dt
5

2

16p2 F2
12

5
g1

2M1
21E†EMR̃

2
1MR̃

2
E†E12~E†ML̃

2
E

1mHD

2 E†E1EA
†EA!G , ~A10!

dM ñR

2

dt
5

2

16p2
@N†NM ñR

2
1M ñR

2
N†N12~N†ML̃

2
N

1mHU

2 N†N1NA
†NA!#. ~A11!

The RGEs of trilinear terms of lepton sector are

FIG. 9. Branching ratio ofZ→mt as a function ofm0 for A0

52m0 , tanb55, andm1/25150,250,400 GeV. The solid line i
for m.0 and the dashed line is form,0.
09600
dAE

dt
5

1

16p2
@22Sci9gi

2Mi12Tr~3ADDD†1AEEE†!

12ANNN†1~5EE†1NN†!AE1AE~EE†2NN†!#,

~A12!

dAN

dt
5

1

16p2
@22Sci-gi

2Mi12Tr~3AUUU†1ANNN†!

12AEEE†1~5NN†1EE†!AN1AN~NN†2EE†!#.

~A13!

FIG. 10. Branching ratio ofZ→mt as a function ofm0 for A0

52.5m0 , m1/25150 GeV, and tanb52,5,10.
In the basis whereN is diagonal and only keep the third family Yukawa coupling constantsf t , f b , f n3
, and f t , then the

RGEs are simplified as

d ft

dt
5

1

16p2
@2Scigi

216 f t
21 f b

21 f n3

2 # f t , ~A14!

d fb

dt
5

1

16p2
@2Sci8gi

216 f b
21 f t

21 f t
2# f b , ~A15!

d fn3

dt
5

1

16p2
@2Sci-gi

214 f n3

2 13 f t
21 f t

2uV33u2# f n3
, ~A16!
8-9
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d ft

dt
5

1

16p2
@2Sci9gi

214 f t
213 f b

21 f n3

2 uV33u2# f t , ~A17!

dm

dt
5

1

16p2
@2Sci-gi

213 f t
213 f b

21 f n3

2 1 f t
2#m, ~A18!

dB

dt
5

2

16p2
@2Sci-gi

2Mi13 f t
2At13 f b

2Ab1 f n3

2 An3
1 f t

2At#, ~A19!

dmHU

2

dt
5

2

16p2
@2Sci-gi

2Mi
213 f t

2~M t̃ L

2
1M t̃ R

2
1mHU

2 1At
2!1 f n3

2 ~M t̃L

2
1M ñR

2
1mHU

2 1An3

2 !#, ~A20!

dmHD

2

dt
5

2

16p2
@2Sci-gi

2Mi
213 f b

2~M t̃ L

2
1Mb̃R

2
1mHD

2 1Ab
2!1 f t

2~M t̃L

2
1M t̃R

2
1mHD

2 1At
2!#, ~A21!

S dML̃
2

dt
D

i j

5
2

16p2 F ~2Sci-gi
2Mi

2!d i j 1V3i* V3 j f t
2S 1

2
@~ML̃

2
! i i 1~ML̃

2
! j j #1M t̃R

2
1mHD

2 1~AE! i i ~AE! j j D
1 f n3

2 S 1

2
@~ML̃

2
!3 jd3i1~ML̃

2
! i3d3 j #1mñ3

2 d i3d j 31MHU

2 d i3d j 31~An! i3~An! j 3D G , ~A22!

S dmR̃

dt D
i i

5
2

16p2 F2
12

5
g1

2M1
212 f t

2@~ML̃
2
! i i 1~MR̃

2
! i i 1mHD

2 1At
2#d i3G , ~A23!

S dmñR

dt
D

i i

5
2

16p2
$2 f n3

2 @~ML̃
2
! i i 1~M ñR

2
! i i 1mHU

2 1An
2#%d i3 , ~A24!

dAt

dt
5

2

16p2
@2Scigi

2Mi16 f t
2At1 f b

2Ab1 f n3

2 An3
#, ~A25!

dAb

dt
5

2

16p2
@2Sci8gi

2Mi16 f b
2Ab1 f t

2 At1 f t
2At#, ~A26!

S dAE

dt D
i j

5
1

16p2
$~22Sci9gi

2Mi16 f b
2 Ab12 f t

2At!d i j 1V3i* V3 j f t
2@5~AE! j j 1~AE! i i #

1 f n3

2 @2~An! i3d j 31~AE!3 jd i32~AE! i3d j 3#%, ~A27!

S dAn

dt D
i j

5
1

16p2
$~22Sci-gi

2Mi16 f t
2At12 f n3

2 An3
!d i j 1V3i* V3 j f t

2@2~AE! i i 1~An! j j 2~An! i i #

1 f n3

2 @5~An!3 jd i31~An! i3d j 3#%. ~A28!
e
se a-

ns
The matrixV in the above equations refers toVD defined in
Eq. ~2.3!. Below MR , RH neutrinos are decoupled and th
RGEs of the MSSM are used. This can be achieved by
ting f n3

50 andVi j 5d i j in the above expressions.
09600
t-

APPENDIX B

In this appendix we list the relevant pieces of the L
grangian and conventions which we take in our calculatio
8-10
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@19#. The Lagrangian pieces are

Lñ ñZ5
2 ig2

2 cosuW
~ ñ I* ]JmñJ!Zm, ~B1!

L l̃ l̃ Z5
ig2

cosuW
S 1

2
ZL

Ii ZL
I j * 2sin2 uWd i j D ~ l̃ i

* ]Jm l̃ j !Z
m,

~B2!

L x1x2Z5
g2

2 cosuW
x̄ j

2gm@Z1 j
1 * Z1i

1PR1Z1 j
2 Z1i

2* PL

1d i j cos 2uW#x i
2Zm , ~B3!
09600
L x0x0Z5
g2

2 cosuW
x̄ i

0gm@~ZN
4i* ZN

4 j2ZN
3i* ZN

3 j !PL

2~ZN
4iZN

4 j* 2ZN
3iZN

3 j* !PR#x j
0Zm

5
g2

2 cosuW
x̄ i

0gm@Ci j PL1Di j PR#x j
0Zm , ~B4!

L x1 l ñ52g2 l̄ IFZ1i
1* PR2

ml I

A2MW cosb
Z2i

2PLGZn
IJx i

2ñJ

1H.c., ~B5!
ices are
L x0l l̃ 5
e

A2 cosuW

x̄ j
0F S ZL

Ii ~ZN
1 j1ZN

2 j cotuW!2cotuW

ml I

MW cosb
ZL

(I 13)iZN
3 j D PL2S 2ZL

(I 13)iZN
1 j*

1cotuW

ml I

MW cosb
ZL

Ii ZN
3 j* D PRG l I l̃ i

* 1H.c.5
e

A2 cosuW

x̄ j
0@AIi j PL1BIi j PR# l I l̃ i

* 1H.c. ~B6!

The abbreviations defined in the above expressions will be used in Appendix C.
The mixing matricesZ in the above expressions are given below. The scalar lepton and scalar neutrino mass matr

given in Sec. II. The corresponding mixing matrices are defined as

ZL
†ml̃

2
ZL5diag~ml i

˜
2
!, i 51, . . . ,6, ~B7!

Zn
†mñ

2
Zn5diag~mn̄ i

2
!, i 51,2,3. ~B8!

The mass matrix of charginos is

Mx5F m2 A2MW sinb

A2MW cosb m
G . ~B9!

The mixing matricesZ6 is defined as

~Z2!TMxZ15diag~mx1
,mx2

!. ~B10!

The mass matrix for neutralinos is

Mx05F m1 0 2MZ cosb sinuW MZ sinb sinuW

0 m2 MZ cosb cosuW 2MZ sinb cosuW

2MZ cosb sinuW MZ cosb cosuW 0 2m

MZ sinb sinuW 2MZ sinb cosuW 2m 0

G , ~B11!
a-
which is diagonalized by

ZN
TMx0ZN5diag~mx

1
0,mx

2
0,mx

3
0,mx

4
0!. ~B12!

APPENDIX C

In this appendix we give the analytic expressions ofai
defined in Sec III.a1 is given by
a15
g2

2 cosuW

g2
2

16p2
@a1~a!1a1~b!1a1~c!1a1~d!

12a1~e!12a1~ f!#, ~C1!

wherea1(i) is coming from the corresponding Feynman di
gram. They are given by
8-11
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a1~a!5uZ1a
1 u2Zn

iaZn
j a* ~22!C00, ~C2!

a1~b!52tan2 uWS 1

2
ZL

IaZL
Ib2 sin2 uWdabD

3~22!Aiaa* Aj baC00, ~C3!

a1~c!52Z1a
1 * Z1b

1 Zn
iaZn

j a* $@~Z1b
2 Z1a

2 *

1dab cos 2uW!mx
a
2mx

b
22~Z1b

1 * Z1a
1

1dab cos 2uW!mña

2
#C02~Z1b

1 * Z1a
1 1dab cos 2uW!

3~B022C00!%, ~C4!

a1~d!52
1

2
tan2uWAiaa* Aj ab@2DabC00

1~Cabmx
a
0mx

b
02Dabml̃ a

2
!C02DabB0#, ~C5!

a1~e!522~0.52 sin2 uW!uZ1a
1 u2Zn

iaZn
j a* ~B01B1!, ~C6!

a1~ f!52tan2 uW~0.52 sin2 uW!Aiaa* Aj aa~B01B1!, ~C7!

wherei, a, anda represent the flavors of lepton, slepton,
sneutrino and chargino or neutralino, respectively.a2 is
given by

a25
g2

2 cosuW

g2
2

16p2
@a2~b!1a2~d!12a2~ f!#, ~C8!

where

a2~b!52tan2 uWS 1

2
ZL

IaZL
Ib2 sin2 uWdabD

3~22!Biaa* Bj aaC00, ~C9!

a2~d!52
1

2
tanuWBiaa* Bj ab@2CabC00

1~Dabmx
a
0mx

b
02Cabml̃ a

2
!C02CabB0#,

~C10!
n

on

09600
a2~ f!5tan2 uW sin2 uWBiaa* Bj aa~B01B1!.
~C11!

Then we have

ai5
g2

2 cosuW

g2
2

16p2
@ai~b!1ai~d!#, i 53,4 ~C12!

and

a3~b!52 tan2 uWS 1

2
ZL

IaZL
Ib2 sin2uWdabDBiaa*

3Aj bamx
a
0~C01C11C2!, ~C13!

a3~d!5tan2 uWBiaa* Aj ab~mx
b
0CabC11mx

a
0DabC2!,

~C14!

a4~b!52 tan2 uWS 1

2
ZL

IaZL
Ib2 sin2uWdabDAiaa*

3Bj bamx
a
0~C01C11C2!, ~C15!

a4~d!5tan2 uWAiaa* Bj ab~mx
b
0DabC11mx

a
0CabC2!.

~C16!

All the coupling verticesA, B, C, D are defined in Appendix
B. TheB0,1 andC0,1,2,00are the standard two-point and thre
point functions whose definitions were given by the progr
LOOPTOOLS @26#. The arguments of functionB from dia-
grams~c!,~d!,~e!,~f! of Eqs.~C2!–~C7! are (MZ

2 ,mx
a
2

2
,mx

b
2

2
),

(MZ
2 ,mx

a
0

2
,mx

b
0

2
), (0,mña

2 ,mx
a
2

2
) and (0,ml̃ a

2 ,mx
a
0

2
), respec-

tively. The arguments of functionsC from diagrams~a!, ~b!,
~c!,~d! are (0,MZ

2 ,0,mx
a
2

2
,mña

2 ,mña

2 ), (0,MZ
2 ,0,mx

a
0

2
,ml̃ a

2 ,

ml̃ b

2 ), (0,MZ
2 ,0,mña

2 ,mx
a
2

2
,mx

b
2

2
), (0,MZ

2 ,0,ml̃ a

2 ,mx
a
0

2
,mx

b
0

2
),

respectively, where the external fermion masses have b
set to zero.
ys.
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