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Lepton dipole moments and rare decays in theCP-violating MSSM
with nonuniversal soft-supersymmetry breaking
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We investigate the muon anomalous magnetic dipole moment~MDM !, the muon electric dipole moment
~EDM! and the lepton-flavor-violating decays of thet lepton,t→mg andt→3m, in theCP-violating minimal
supersymmetric standard model with nonuniversal soft-supersymmetry breaking. We evaluate numerically the
muon EDM and the branching ratiosB(t→mg) and B(t→3m), after taking into account the experimental
constraints from the electron EDM and muon MDM. Upon imposition of the experimental limits on our
theoretical predictions for the aforementioned branching ratios and the muon MDM, we obtain an upper bound
of about 10223e cm on the muon EDM which lies well within the explorable reach of the proposed experiment
at BNL.
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I. INTRODUCTION

Recently, the Muon-gm22 Collaboration has reported th
world average experimental value on the muon anoma
magnetic dipole moment~MDM ! @1#:

am[
1

2
~gm22!5~1165920368!310210 ~0.7 ppm!.

In the framework of the standard model~SM!, the value of
am(SM) is currently evaluated to be@2#

am~SM!5~1165917767!310210 ~0.6 ppm!.

The experimental value differs from the SM prediction
1.6 standard deviation (1.6s). Even though the 1.6s devia-
tion is not very serious, this gap might be filled up by
contribution from new physics beyond the SM. It seems t
a weak-scale new physics would fix the discrepancy@3,4#. In
the framework of the SM, the contribution toam is tradition-
ally divided into several pieces:

am5am
QED1am

hadronic1am
EW.

The QED loop effects have already been computed to h
orders@5,6#. A thorough analysis on hadronic contribution
to the muon anomalous magnetic dipole moment is prese
in Ref. @7#. At the one-loop level, the contribution of th
standard model is formulated as@8–12#

am
EW5

5

3

GFmm
2

8A2p2 F11
1

5
~124sW

2 !21OS mm
2

mW
2 D G .

The two-loop electroweak-~EW-!sector contributions toam
are also discussed in Ref.@13#. Provided the recent measur
ment ofam is taken to be a signal of new physics beyond
SM, whose corrections toam are extensively discussed i
literature, some authors@14# have analyzed the muon anom
lous magnetic dipole moment in the minimal supersymme
0556-2821/2003/68~1!/016004~21!/$20.00 68 0160
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standard model~MSSM!. Considering the possibleCP-
violation phases, Ibrahimet al.made a similar analysis in th
N51 supergravity model@15#. A systematic analysis on
lepton-flavor-violating processes andam-value within the
framework of the supersymmetry seesaw mechanism
given by Hisanoet al. @16#. Involving the coupling of the
second-generation with the third generation superpartic
the contributions ofR-parity violation toam have been evalu-
ated@17# and discussions onam in the supersymmetric gran
unified theories~GUTs! are also made by some theoris
@18#. A comparative study onam in various supersymmetric
models has also been presented in some recent works@19#.
Provided one of the neutral Higgs bosons is of small ma
the authors of Ref.@20# calculated the anomalous magne
dipole moment of a muon in the two-Higgs doublet mod
An analysis of the muon anomalous magnetic dipole mom
in other extensions of the standard model has been g
@21#. Alternatively, we will apply the effective Lagrangia
@22,23# to analyze the muon anomalous magnetic dipole m
ment in the CP-violating MSSM with nonuniversal soft-
supersymmetry breaking, i.e., this interaction which viola
the lepton flavor conservation is mediated by the nonuniv
sal soft-supersymmetry breaking parameters. It is w
known that the lepton-flavor-violating decays are also id
processes to detect possible ‘‘new’’ physics beyond the S
So far, the experiments have not found any substantive
dence of such processes yet, instead, the experimental o
vation only sets upper bounds on those decay branching
tios, for example B(t→mg) and B(t→3m) @26#.
Obviously, any new physics must be constrained by th
bounds.

In this work, we investigate the lepton-flavor-violating d
cayst→mg, t→3m, and the muon MDM, electric dipole
moment ~EDM! in the framework of the MSSM with the
nonuniversal soft-supersymmetry breaking. In the supers
metric theories, there are many new physicalCP-violating
phases that are absent in the SM. Considering the renor
ization condition onCP-odd Higgs boson@27#, we can
©2003 The American Physical Society04-1
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choose them-parameter1 in the superpotential, and set th
nondiagonal elements of the bilinear soft-supersymme
breaking parametersmLIJ

2 , mRIJ
2 , mQIJ

2 , mUIJ
2 , mDIJ

2 , (IÞJ)
and soft trilinear couplingsAu, Ad, Al with the physicalCP
phases after properly redefining the fields in the theory.2 Up
to one-loop order, thoseCP-violating phases induce the mix
ing among theCP-even andCP-odd Higgs boson@28,29#
and modify the Higgs boson couplings to the up- and dow
quarks, and to the gauge bosons drastically@29#. The current
experimental lower bound on the mass of the lightest neu
Higgs can be reduced to 60 GeV@29#. At present, the experi
mental upper bound on the electron EDM is set@26#: udeu
,0.5310226e cm. In order to rationally predict the muo
EDM, we need to take the electron EDM as a rigorous c
straint into account. It is well known that the two-loop Ba
Zee-type diagrams@24# may also give a large contribution t
the electron EDM@25#, thus in our discussion, we includ
the relevant two-loop Barr-Zee-type contributions to t
EDM of charged leptons.

Here, we adopt the notation of Ref.@30#, the relevant
nonuniversal soft-supersymmetry breaking terms and Fe
man rules can also be found in Ref.@30#. Our paper is orga-
nized as follows. In Sec. II, we introduce theCP-violating
MSSM with nonuniversal soft-supersymmetry breaking.
Sec. III, we analyze the loop-corrections to theēJeIg effec-
tive vertex. The muon anomalous magnetic dipole mom
and the decay width oft→mg in the supersymmetric mod
els are eventually formulated. Thet→3m is analyzed in Sec
IV. Within the experimentally allowed range for the co
cerned parameters, our numerical analysis is presente
Sec. V. Upon imposition of the experimental limits on t
theoretical predictions of the branching ratios and the e
tron EDM and muon MDM, we obtain an upper bound
the muon EDM. Then we will make a brief summary abo
the method and model we employ in this work and disc
the obtained results in the last section. The tedious form
are collected in Appendixes.

II. THE MSSM WITH NONUNIVERSAL
SOFT-SUPERSYMMETRY BREAKING

The most general form of the superpotential which has
gauge invariance and retains all the conservation laws of
SM is written as
01600
y

-

al

-

n-

nt

in

c-

t
s

as

e
e

W5me i j Ĥ i
1Ĥ j

21e i j hIJ
l Ĥ i

1L̂ j
I R̂J

1e i j hIJ
d Ĥ i

1Q̂j
I D̂J1e i j hIJ

u Ĥ i
2Q̂j

I ÛJ. ~1!

HereĤ1, Ĥ2 are the Higgs superfields;Q̂I and L̂ I are quark
and lepton superfields in doublets of the weakSU~2! group,
where I51, 2, 3 are the indices of generations; the remain
superfieldsÛI , D̂I andR̂I are the quark superfields of u- an
d-types and charged leptons in singlets of the weakSU~2!
respectively. Indices i, j are contracted for theSU~2! group,
and hl , hu,d are the Yukawa couplings. To break the sup
symmetry, the nonuniversal soft-supersymmetry break
terms are introduced as

Lso f t52mH1
2 Hi

1* Hi
12mH2

2 Hi
2* Hi

22mLIJ
2 L̃ i

I* L̃ i
J

2mRIJ
2 R̃I* R̃J2mQIJ

2 Q̃i
I* Q̃i

J2mUIJ
2 ŨI* ŨJ

2mDIJ
2 D̃I* D̃J1~m1lBl11m2lA

i lA
i 1m3lG

a lG
a

1H.c.!1@mBe i j Hi
1H j

21e i j AIJ
l Hi

1L̃ j
I R̃J

1e i j AIJ
d Hi

1Q̃j
I D̃J1e i j AIJ

u Hi
2Q̃j

I ŨJ1H.c.#, ~2!

where mH1
2 , mH2

2 , mLIJ
2 , mRIJ

2 , mQIJ
2 , mUIJ

2 and mDIJ
2 are the

square masses of the superparticles,m3 , m2 , m1 denote the
masses of lG

a (a51, 2, ••• 8), lA
i ( i 51, 2, 3) and lB ,

which are theSU(3)3SU(2)3U(1) gauginos.B is a free
parameter in unit of mass. InLso f t , the nonuniversal terms
are ~a! in the bilinear couplings:mLIJ

2 ,mUIJ
2 ,mDIJ

2 with IÞJ;
whereas for I5J, mLII

2 ,mUII
2 ,mDII

2 are the universal sof
terms;~b! in the trilinear couplings:AIJ

l ,AIJ
u ,AIJ

d with IÞJ
are the nonuniversal parts, whereas as I5J, AII

l ,AII
u ,AII

d are
the universal parts.AIJ

l , AIJ
u , AIJ

d (I , J51, 2, 3) are the
soft-supersymmetry breaking parameters that result in m
splitting between leptons, quarks and their supersymme
partners. With the soft-supersymmetry breaking terms in
~2!, we can study the phenomenology in the minimal sup
symmetric extension of the standard model~MSSM!. The
resultant 636 square-mass matrix of the charged scalar l
tons is written as
hich

rocesses,
he
mẼ
2
5S mLIJ

2
1FmeI

2
1S 1

2
1sW

2 D cos 2bmZ
2Gd IJ 2meIm* tanbd IJ1

2mWsW

e
cbAIJ

l

2meIm tanbd IJ1
2mWsW

e
cbAJI

l* mRIJ
2

1~meI
2

1sW
2 cos 2bmZ

2!d IJ
D , ~3!

1Please be noted, here we use them-parameter following the literature. We hope that it will not cause any confusion with the muon w
is sometimes written asm.

2At the Lagrangian level, all the couplings may be complex. However some phases are unphysical; for evaluating the physical p
they are not necessary and we can remove those phases by redefining the wave function asC→eifC. This step is the same as to define t
physicalCP phase of the Cabibbo-Kobayashi-Maskawa~CKM! matrix elements in the SM case.
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while the 333 sneutrino square-mass matrix is expressed

mñ
2
5S 2

1

2
cos 2bmZ

2d IJ1mLIJ
2 D , ~4!

with meI (I 51, 2, 3) being the mass of the charged lept
of the I-th generation. Two mixing matricesZñ,Ẽ which di-
agonalize the square-mass matrices of the sneutrino
charged slepton respectively are defined as

Z ñ
†
mñ

2Zñ5diag~mñ1

2 , mñ2

2 ,mñ3

2
!,

Z Ẽ
†
mẼ

2ZẼ5diag~mẼ1

2 , mẼ2

2 ,•••,mẼ6

2
!. ~5!

As for the up- and down-type scalar quarks, we can de
the mixing matrices similarly

Z Ũ
†

mŨ
2 ZŨ5diag~mŨ1

2 , mŨ2

2 ,•••,mŨ6

2
!,

Z D̃
†

mD̃
2 ZD̃5diag~mD̃1

2 , mD̃2

2 ,•••,mD̃6

2
!, ~6!

the expressions for those mass matricesmŨ
2 , mD̃

2 can be
found in Ref.@30#.

In order to suppress unexpectedly large effective FC
interactions, it is natural to assumemLIJ

2
!mLII

2 , mRIJ
2

!mRII
2

and AIJ
l !AII

l with JÞI . Accurate to orderO„@DxS̃i j
/(xSi

2

2xSj

2 )#2
…, we write down the expression of the mixing m

trices which diagonalize the scalar fermion square-mass
trices

Z ñ
†i j

5Uñ i j
, ~ i , j 51,2,3! ~7!

and

Z Ẽ
†a i

5UẼa i
cosu Ẽi

1UẼa(31 i )
sinu Ẽi

e2 iwẼi,

Z Ẽ
†a(31 i )

52UẼa i
sinu Ẽi

eiwẼi1UẼa(31 i )
cosu Ẽi

~a51,•••,6; i 51,2,3!. ~8!

In general, theN3N transformation matricesUSa i
can be

written as

USii
512(

j Þ i

uDxSi j
u2

2~xSi
2xSj

!2
,

USi j
5

DxSi j

xSj
2xSi

1 (
kÞ i , j

DxSik
DxSk j

~xSj
2xSi

!~xSj
2xSk

!
, ~9!

where uDmSi j

2 u!umSi

2 2mSj

2 u ( i , j 51, •••, N). The symbols

are defined asDxSi j
[DmSi j

2 /mW
2 , xSi

[mSi

2 /mW
2 with S

5 ñ, Ẽ. For the sneutrinos,Dmñ
2 ( iÞ j )5mLi j

2 . The expres-

i j

01600
s
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e
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sions for the off-diagonal elements of the charged slep
square-mass matrix are more complicated:

DmẼi j

2
5cosu Ẽi

cosu Ẽj
mLi j

2

1sinu Ẽi
sinu Ẽj

ei (fẼj
2fẼi

)mRi j
2

1
2mWsWcb

e
@cosu Ẽj

sinu Ẽi
e2 ifẼiAji

l*

1cosu Ẽi
sinu Ẽj

eifẼjAi j
l #,

DmẼi (31 j )

2
5

2mWsWcb

e
@cosu Ẽi

cosu Ẽj
Ai j

l

2sinu Ẽi
sinu Ẽj

e2 i (fẼi
1fẼj

)Aji
l* #

2cosu Ẽi
sinu Ẽj

e2 ifẼjmLi j
2

1cosu Ẽj
sinu Ẽi

e2 ifẼimRi j
2 ,

DmẼ(31 i ) j

2
5DmẼj (31 i )

2* ,

DmẼ(31 i )(31 j )

2
5cosu Ẽi

cosu Ẽj
mRi j

2

1sinu Ẽi
sinu Ẽj

ei (fẼi
2fẼj

)mLi j
2

2
2mWsWcb

e
@cosu Ẽi

sinu Ẽj
e2 ifẼjAji

l*

1cosu Ẽj
sinu Ẽi

eifẼiAi j
l #,

DmẼ(31 i ) i

2
5DmẼi (31 i )

2
50, ~ i , j 51, 2, 3; iÞ j !.

~10!

For a special case where there is degeneracy among th
genvalues of the square-mass matrix, the explicit forms
the mixing matrices are given in Appendix A.

As we will find in the following sections, the effective
Lagrangians ofēJeIg and e

I→3e
J

are mediated by a com
bination of the following couplings:

Gn(a)
$ i j I bJa%

5Z1
1i* Z1

1 jZ n
Ib* Z n

Ja ,

Gn(b)
$ i j I bJa%

5Z1
1iZ2

2 jZ n
Ib* Z n

Ja ,

Gn(c)
$ i j I bJa%

5Z1
1i* Z2

2 j* Z n
Ib* Z n

Ja ,

Gn(d)
$ i j I bJa%

5Z2
2i* Z2

2 jZ n
Ib* Z n

Ja ,
4-3
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GL(a)
$ i j I bJa%

5FZ Ẽ
Ja* ~Z N

1i* sW1Z N
2i* cW!

2
meJcW

mWcb
Z Ẽ

(31J)a* Z N
3i* GFZ Ẽ

Ib
~Z N

1 j sW

1Z N
2 j cW!2

meIcW

mWcb
Z Ẽ

(31I )bZ N
3 j G ,

GL(b)
$ i j I bJa%

5F2sWZ Ẽ
(31J)a* Z N

1i1
meJcW

mWcb
Z Ẽ

Ja* Z N
3i G

3FZ Ẽ
Ib

~Z N
1 j sW1Z N

2 j cW!

2
meIcW

mWcb
Z Ẽ

(31I )bZ N
3 j G ,

GL(c)
$ i j I bJa%

5FZ Ẽ
Ja* ~Z N

1i* sW1Z N
2i* cW!

2
meJcW

mWcb
Z Ẽ

(31J)a* Z N
3i* GF2sWZ Ẽ

(31I )bZ N
1 j*

1
meIcW

mWcb
Z Ẽ

IbZ N
3 j* G ,

GL(d)
$ i j I bJa%

5F2sWZ Ẽ
(31J)a* Z N

1i1
meJcW

mWcb
Z Ẽ

Ja* Z N
3i G

3F2sWZ Ẽ
(31I )bZ N

1 j* 1
meIcW

mWcb
Z Ẽ

IbZ N
3 j* G . ~11!

Generally, we can recast the combined couplings in term
Eq. ~7! and Eq.~8!. For example, we can write the couplin

Gn(a)
$ i j I bJa%

as

Gn(a)
$ i j I bJa%

5Z1
1i* Z1

1 jF dbIdaJ1daJ

DxñbI

xñ I
2xñb

U
IÞb

1dbI

DxñaJ
*

xñJ
2xña

U
JÞa

G , ~12!

where the first term just contributes to the muon MDM a
EDM, while the other terms contribute to both the mu
MDM, EDM and the flavor changing neutral current~FCNC!
processes of leptons. The other couplings can also be wr
down in a similar way; for saving space, we omit those co
crete expressions here.

It is well known that one can apply the mass inserti
approximation~MIA ! to simplify the expressions of supe
symmetric contributions to FCNC processes which are
duced via loop diagrams@31,32#. In that approach, a sma
off-diagonal mass is inserted into the mass matrix which
written in the basis of the weak interaction and an appro
mate degeneracy of the squark masses is assumed. Thu
01600
of
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drawback is obvious while evaluating some processes wh
degeneracy of masses does not exist. Instead, in this w
we carry out all the calculations rigorously in the mass ba
and keep appropriate pole masses in the propagators
mixing entries between various flavors at the vertices.
only expand the mixing matrix Z ñ

†i j in the soft-
supersymmetry breaking terms with respect to the mix
parameters@DxS̃i j

/(xSi

2 2xSj

2 )#2 which are small as long a

iÞ j .
To be more explicit, we would like to compare our a

proach with the MIA method, and point out the improv
ments of our scheme from the MIA.

~i! When the mixing between left- and right-handed sf
mions is negligible, i.e. uS;0 (S5Ũ i , D̃ i , Ẽi) and
uDmSi j

2 u!umSi

2 2mSj

2 u ( i , j 51, . . . ,N), our results are in ac-

cord with the result of MIA at the lowest order ofDxSi j
.

When uSÞ0 (S5Ũ i , D̃ i , Ẽi), indeed, our approach is a
improvement over the MIA.

~ii ! When all the eigenvalues of the mass matrix are
proximately degenerate, just as proved in@32#, our results are
the same as that of MIA at the lowest order ofDxSi j

.
~iii ! As some eigenvalues of the mass matrix are o

approximately degenerate, simple applications of the M
method are invalid@33#. Now, there is a large flavor mixing
in the sfermion sector~certainly, such flavor changing effect
will be suppressed by the mass of the heavy sfermion in
detectable processes!.

In our numerical results, we will extensively discuss t
first and third statements. In the following section, we gi
the formulas of the muon MDM, EDM, and the decay wid
of t→mg.

III. THE MUON ANOMALOUS MAGNETIC AND
ELECTRIC DIPOLE MOMENTS

The effective Lagrangian is extensively applied to eva
ating rare decay widths ofb, c-quarks@34–37#. Derivation
of the Lagrangian is carried out according to the followi
principle: if all the massesmi ’s of the internal particles in the
loops are much larger than the external momenta i.e.mi

2

@p2, thus the heavy particles can be integrated out. In
case, all the SUSY particles are integrated out and their c
tributions are attributed into the Wilson coefficients in t
effective Lagrangian.

For the W-boson propagator, we adopt the nonlinearRj

gauge whose gauge fixing term is@38#

Lgauge2 f ixing52
1

j
f †f ~13!

with f 5(]mW1m2 ieAmW1m2 i jmWf1) and specifically
we setj51 in the later calculations. A thorough discussio
about the gauge invariance in this situation has been g
@39,40#.

The Feynman diagrams forēJeIg in the supersymmetric
model are drawn in Fig. 1, the effective Lagrangian is writt
as
4-4
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FIG. 1. The Feynman diagrams which co

tribute to the e
I
e

J
g effective Lagrangian in

MSSM.
5

he

nt
ts
s-

the
L ēJeIg5
4GF

A2
(
i 51

Ci
7~mW!O i

7 , ~14!

and the operator basis consists of ten operators

O 1
75

1

~4p!2
ēJ~ iD” !3v7eI ,

O 2
75

1

~4p!2
ēJ$ iD” ,eF•s%v7eI ,

O 3
75

1

~4p!2
ēJiD m~ ieFmn!gnv7eI ,

O 4
25

1

~4p!2
meJēJ~ iD” !2v2eI ,

O 5
25

1

~4p!2
meJēJeF•sv2eI ,
01600
O 4
15

1

~4p!2
meIēJ~ iD” !2v1eI ,

O 5
15

1

~4p!2
meIēJeF•sv1eI . ~15!

This basis also exists in the case of SM@35#. In these opera-
tors, Dm[]m2 ieQeAm , Fmn[]mAn2]nAm denoting the
electromagnetic field strength tensor andF•s[Fmnsmn.
The terms of dimension-four which are related to t
ēJgrv6eI vertex cancel each other as long as we leteI and
eJ leptons be on their mass shells@35#, so that they do not

exist in L ēJeIg
at all. To shorten the text length, we prese

the one-loop contributions to the Wilson coefficien
Ci

7(mW) in an Appendix. Here, we give the detailed expre
sions for the two-loop Barr-Zee-type diagrams~Fig. 2!. After
integrating out the heavy degrees of freedom, we obtain
two-loop Wilson coefficients:
n
FIG. 2. The two-loop Barr-Zee-type Feynma
diagrams which contribute to theeIeJg effective
Lagrangian in MSSM.
4-5
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C5(22 loop)
1 ~mW!5

e tanb

128A2p2mWsW
H Nc (

K,L,i , j
Z Ũ

Ki* Z D̃
L j* VKL~GH1Ũi D̃ j !* @QuG~xH2,xŨi

,xD̃ j
!1QdG~xH2,xD̃ j

,xŨi
!#

2 (
K,i , j

Z ñ
Ki* Z Ẽ

K j* ~GH1ñ i Ẽ j !* G~xH2,xẼj
,xñ i

!14A2Nc(
Ũ,D̃

QqG~cW
2 xA

2 ,cW
2 xQ̃i

2 ,cW
2 xQ̃j

!

3F2GAQ̃i* Q̃jS Tq(
K

Z Q̃
Ki* Z Q̃

K j
2Qq

2sW
2 d i j D ~Tl1sW

2 !1~GAQ̃i* Q̃j !* S Tq(
K

Z Q̃
KiZ Q̃

K j* 2Qq
2sW

2 d i j D sW
2 G

14A2(
Ẽ

G~cW
2 xA

2 ,cW
2 xẼi

2 ,cW
2 xẼj

!FGAẼi* ẼjS Tl(
K

Z Ẽ
Ki* Z Ẽ

K j
2sW

2 d i j D ~Tl1sW
2 !

2~GAẼi* Ẽj !* S Tl(
K

Z Ẽ
KiZ Ẽ

K j* 2sW
2 d i j D sW

2 G14A2
sW

2

xA
FNc(

Ũ,D̃

Qq
2GAQ̃j* Q̃jFS xQ̃i

xA
D

1(
Ẽ

GAẼj* ẼjFS xẼj

xA
D G J d IJ ,

C5(22 loop)
2 ~mW!5

e tanb

128A2p2mWsW
H Nc (

K,L,i , j
Z Ũ

KiZ D̃
L j

VKL* ~GH1Ũi D̃ j !@QuG~xH2,xŨi
,xD̃ j

!1QdG~xH2,xD̃ j
,xŨi

!#

2 (
K,i , j

Z ñ
KiZ Ẽ

K j
~GH1ñ i Ẽ j !G~xH2,xẼj

,xñ i
!14A2Nc(

Ũ,D̃

QqG~cW
2 xA

2 ,cW
2 xQ̃i

2 ,cW
2 xQ̃j

!

3F2GAQ̃i* Q̃jS Tq(
K

Z Q̃
Ki* Z Q̃

K j
2Qq

2sW
2 d i j D sW

2 1~GAQ̃i* Q̃j !* S Tq(
K

Z Q̃
KiZ Q̃

K j* 2Qq
2sW

2 d i j D ~Tl1sW
2 !G

14A2(
Ẽ

G~cW
2 xA

2 ,cW
2 xẼi

2 ,cW
2 xẼj

!FGAẼi* ẼjS Tl(
K

Z Ẽ
Ki* Z Ẽ

K j
2sW

2 d i j D sW
2

2~GAẼi* Ẽj !* S Tl(
K

Z Ẽ
KiZ Ẽ

K j* 2sW
2 d i j D ~Tl1sW

2 !G24A2
sW

2

xA
FNc(

Ũ,D̃

Qq
2GAQ̃j* Q̃jFS xQ̃i

xA
D

1(
Ẽ

GAẼj* ẼjFS xẼj

xA
D G J d IJ ~16!

with q5ui , di , Qui
5

2
3

, Qdi
5

1
3

, Tui
52Tdi

52Tl i
5

1
2

( i 51,2,3) andNc53 is the color factor. The two-loop function

F(a), G(a,b,c) are given by

F~a!5E
0

1

dx
x~12x!

a2x~12x!
lnS x~12x!

a D ,

G~a,b,c!5E
0

1

dxxH ax~12x!ln a

~a21!@ax~12x!2bx2c~12x!#

1
x~12x!@bx1c~12x!#

@ax~12x!2bx2c~12x!#@x~12x!2bx2c~12x!#
lnS bx1c~12x!

x~12x! D J . ~17!
p
s

ct
The couplings between the scalar quarks and Higgs are
sented in Appendix C. Integrating out the heavy degree
freedom in the loops, effective vertices ofgHV whereH is a
neutral or charged Higgs boson and V stands for the ve
01600
re-
of

or

gauge bosons W or Z, are obtained@25#. The gauge invariant
forms of the vertices should be

factor3@~k•q!gmn2kmqn#
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FIG. 3. The Feynman diagrams which co

tribute to thee
I→3e

J
in MSSM.
d
e
ia
ffi

-

ra
s

s

m

and
m,
where qm and kn are the four-momenta of the photon an
vector gauge boson~W or Z! and the factor depends on th
heavy degrees of freedom, the two-loop Barr-Zee type d
grams only induce the nonzero contributions to the coe
cient C5

6 .
SettingI 5J52 in Eq. ~14!, we obtain the muon anoma

lous magnetic dipole moment in the MSSM:

dam
SUSY

5
GFmm

2

A2p2 FC2
11C2

21
1

2
~C5

21C5
1!G

I 5J52

. ~18!

Correspondingly, the muon electric dipole moment is

dm
SUSY

5e
A2GFmm

i4p2
@C5

22C5
1# I 5J52 . ~19!

For the FCNC processt→mg, the contributions from the
SM and the Higgs sector are suppressed by the small
xn i

5mn i

2 /mW
2 . The supersymmetric contribution originate

from the sneutrino-chargino loop and the amplitude read

At→mg52
eGF

4A2p2
~mmFt→mg

L m̄@ /q,/e#v2t

1mtFt→mg
R m̄@ /q,/e#v1t!, ~20!
01600
-
-

tio

wheree is the polarization of the emitted photon. The for
factorsFt→mg

L ,Ft→mg
R are formulated as

Ft→mg
L 5C2

21C5
21

mt

mm
C2

1 ,

Ft→mg
R 5C2

11C5
11

mm

mt
C2

2 . ~21!

From Eq.~20!, we have the decay width as

Gt→mg5
e2GF

2mt
3

128p5
@mm

2 uFt→mg
L u21mt

2uFt→mg
R u2#. ~22!

IV. THE LEPTON-FLAVOR-VIOLATING DECAY t\3µ

The effective Lagrangian fort→3m is induced by the
following four pieces:g, Z, H-mediating penguin and box
diagrams. Those Feynman diagrams are shown in Fig. 3
Fig. 4. After integrating out these heavy degrees of freedo
the effective Lagrangian is written as

L e f f
t→3m5

GF
2mW

2

2p2 (
i

CiQi ~23!
FIG. 4. The penguin diagrams in MSSM
whereZ, Hi

0 , A0 are involved respectively.
4-7



FENG et al. PHYSICAL REVIEW D 68, 016004 ~2003!
with those operators being

Q15m̄grv2tm̄grv2m,

Q25m̄grv1tm̄grv1m,

Q35m̄v2tm̄v2m,

Q45m̄v2tm̄v1m,

Q55m̄v1tm̄v2m,
th
y
un
r
-
te
he
o

te
tr

p
th
s
s

01600
Q65m̄v1tm̄v1m. ~24!

The differential width oft→3m is

d2G

dm12
2 dm23

2
5

GF
4mW

4

~2p!7

1

32mt
3

uMu2, ~25!

wheremi j
2 5(pi1pj )

2, and pi( i 51, 2, 3) are the momenta
of the outgoing muons in the rest frame oft. With Eq. ~23!,
one obtains the square of the transition matrix elementuMu2
as
uMu25$4~mt
21mm

2 2m12
2 !~m12

2 22mm
2 !~ uC1u21uC2u2!14~mt

21mm
2 2m23

2 !~m23
2 22mm

2 !~ uC3u21uC4u21uC5u21uC6u2!

18mtmm
3 Re~4C1C2

†1C3C6
†1C4C5

†!14mm
2 ~mt

21mm
2 2m12

2 !Re~C1C3
†1C2C6

†!14mm
2 ~mt

21mm
2 2m13

2 !Re~C1C4
†

1C2C5
†!14mtmm~mt

21mm
2 2m12

2 2m23
2 !Re~C1C5

†1C2C4
†!14mtmm~m12

2 22mm
2 !Re~C1C6

†1C2C4
†!

14mm
2 ~mt

21mm
2 2m23

2 !Re~C3C4
†1C5C6

†!14mtmm~m23
2 22mm

2 !Re~C3C5
†1C4C6

†!%. ~26!
ters
by

nly
ted
ich
, we
ay

.e.
e as
ters

tain

n-
n

ging
V. NUMERICAL RESULT AND DISCUSSION

In this section, we present our numerical analysis on
muon MDM, EDM and the lepton-flavor-violating deca
processes in the supersymmetric scenario with the non
versal soft-supersymmetry breaking. In the lepton secto
MSSM, there are 1513G (G denotes the generation num
ber! new free parameters besides the SM parame
g1 , g2 , meI (I 51, 2, 3). Too many parameters reduce t
predictability of the model and before any direct evidence
the SUSY particles is found, determining the free parame
is the most subtle and tough task in the supersymme
theory. To find a way out, the grand unified theory~GUT!
assumption is frequently adopted where all new physics
rameters are fully fixed from only five free parameters at
grand unification scale. In that scenario, all the input mas
conserve flavors, namely there are no off-diagonal masse
e

i-
of

rs

f
rs
ic

a-
e
es
to

be introduced. Thus when all the concerned parame
evolve from the GUT scale down to the electroweak scale
the renormalization group equations~RGE!, the flavor
changing parts in the effective Lagrangian emerge o
through the CKM mechanism. The induced FCNC-rela
decay modes would have very small branching ratios wh
are much lower than the experimental bounds. Therefore
would rather adopt an alternative parametrization which m
imply a different physics picture from the GUT scenario, i
to choose a set of parameters at the electroweak scal
inputs. The numerical results depend on these parame
and by imposing the experimental bounds, one can ob
constraints on the parameters. Just as in Ref.@27#, we require
the phase arg(m)50 in order to suppress the one-loop co
tribution to the electron EDM. At the lowest order we ca
choose the parameter basis which is responsible for chan
lepton flavors as following:
near

s boson
m, m1 , m2 , tanb, mẼI

2 , mẼ(31I )

2 , u ẼI
, f ẼI

, mLIJ
2 , mRIJ

2 , AIJ
l , ~ I , J51, 2, 3; IÞJ!.

Correspondingly, the square mass of the sneutrino is given through the relation

mñ I

2
5cos2u ẼI

mẼI

2
1sin2u ẼI

mẼ(31I )

2
2meI

2
1mW

2 cos 2b.

There are several relevantCP phases:fm̃5f L̃ I for I 52, ft̃5f L̃ I for I 53, andfA
IJ
l , fm

LIJ

2 , fm
RIJ

2 (IÞJ) are theCP

phases of parametersAIJ
l , mLIJ

2 and mRIJ

2 respectively. To simplify our discussion, we assume that the bilinear and trili

couplings of scalar quarks are all universal, i.e.AIJ
u 5AuId IJ , AIJ

d 5AdId IJ and mŨIJ

2
5mŨI

2 d IJ , mD̃IJ

2
5mD̃I

2 d IJ , mQ̃IJ

2

5mQ̃I

2 d IJ . As aforementioned, the nontrivialCP phases lead to a large mixing among the neutral Higgs fields@29#. Consid-

ering the two-loop Yukawa and QCD corrections to the effective potential, the square mass matrix for the neutral Higg
is written as
4-8



mH0
2

51 S
ma

2sb
22

8mW
2 sW

2

e2
[l1cb

2

1Re~l5!sb
21Re~l6!sbcb]

D S 2ma
2sbcb2

8mW
2 sW

2

e2
[(l31l4)sbcb

1Re~l6!cb
21Re~l7!sb

2]
D S Im ~l5!sb

1Im ~l6!cb
D

S 2ma
2sbcb2

8mW
2 sW

2

e2
@~l31l4!sbcb

1Re~l6!cb
21Re~l7!sb

2
D S ma

2cb
22

8mW
2 sW

2

e2
@l2sb

2

1Re~l5!cb
21Re~l7!sbcb

D S Im ~l5!sb

1Im ~l6!cb
D 2 ~27!
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Im ~l5!sb1Im ~l6!cb Im ~l5!cb1Im ~l7!sb ma
2

a
f
-

gg

is
th
on

t t

ls
n
le
on
m

an
re
m
o

c

ti-
M
n

nt
a

a-

ata
for

sus

aded
n-
with the square massma
2 :

ma
25mH6

2
2

4mW
2 sW

2

e2 F1

2
l42Re~l5!G . ~28!

Here, the parametermH6 represents the mass of the physic
charged Higgs-bosons, and the concrete expressions o
other parametersl i( i 51,2, . . . ,7) arepresented in Appen
dix F. As pointed out by the authors of Ref.@29#, the experi-
mental lower bound on the mass of the lightest neutral Hi
boson mass can be reduced to 60 GeV in theCP-violating
MSSM. In the numerical analysis of this work, we take th
lower bound as an input. With above specification about
parameter space, we carry out our numerical computati
Without losing generality, we takemH65300 GeV,m1
51 TeV, mẽ1

5mẽ2
510 TeV, mm̃1

5mt̃1
5500 GeV, mm̃2

5mt̃2
5700 GeV, u ẽ5f ẽ50, um̃5ut̃5p/4, mL12

2
5mL13

2

5mR12
2

5mR13
2

50 GeV2, A12
l 5A13

l 5A21
l 5A31

l 50 GeV,
MSUSY51 TeV, mt5174 GeV, mb54.5 GeV, mQ̃35mŨ3

5mD̃35500 GeV, At5Ab5ei (p/4) TeV all through the pa-
per. Indeed, the electron EDM is a very rigorous constrain
the parameters. Although we set theCP phase which is only
related to the first generation of sleptons to be zero~in this
case the one-loop contribution to the electron EDM is a
zero!, the nonzeroCP phases which are related to the seco
and third generations can also lead to a large EDM of e
tron via the two-loop Baar-Zee diagrams. For some regi
in the parameter space, the two-loop Barr-Zee diagra
would contribute an EDM of an electron which is larger th
the experimental upper bound. Thus the electron EDM
stricts the relevant parameters via the two-loop diagra
Considering the constraint of the electron EDM through tw
loop Barr-Zee diagrams involving sleptons, we set theCP
phasesfm̃5ft̃5p/18.

At present, the experimental upper bounds on the bran
ing ratios of the two lepton-flavor-violating processes are

B~t→mg!,1.131026, B~t→3m!,1.931026.

Upon imposition of the experimental limits on our theore
cal predictions for the branching ratios and the muon MD
we find that the contribution to the muon MDM from slepto
generation mixing parameters is much less than the co
bution from the flavor conserving parameters through sc
01600
l
the

s

e
s.

o

o
d
c-
s
s

-
s.
-

h-

,

ri-
n-

ning the parameter space. TakingfA
23
l 5fA

32
l 5fm

L23

2

5fm
R23

2 5 p/2, and umL23

2 u5umR23

2 u5100 GeV2, uA23
l u

5uA23
l u5100 GeV, we plot the muon MDM versus the p

rameterm2 in Fig. 5. Within 1s tolerance, we find that the
theoretical prediction coincides with the experimental d
rather well if a suitable parameter range is adopted. As

FIG. 5. The muon anomalous magnetic dipole moment ver
m2 in MSSM with ~a! m52200 GeV, ~b! m5200 GeV and
tanb55, 50, the other parameters are set as in the text. The sh
region is allowed by 1s tolerance from the most recent experime
tal observation.
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the calculation on the muon EDM, we must consider
constraint from the electron EDM. With 2s tolerance, the
experimental upper bound on the electron EDM isudeu
,0.5310226 e cm. With m25500 GeV,fA

23
l 5fA

32
l

5fm
L23

2 5fm
R23

2 5 p/2, and umL23

2 u5umR23

2 u5100 GeV2,

uA23
l u5uA23

l u5100 GeV, and tanb55,50 respectively, we
plot the electron EDM, the muon EDM, and the muon MD
versus the parameterm in Fig. 6. We find that the muon
EDM can reach 10223 (e cm), which is one order above th
proposed sensitivity of the coming experiments@41#:
10224 (e cm), while the muon MDM and the electron EDM
are also consistent with the experimental data.

FIG. 6. The muon’s MDM and EDM, the electron’s EDM ve
sus the parameterm in MSSM with ~a! tanb55, ~b! tanb550; the
other parameters are the same as in the text.
01600
e

Now, we analyze the lepton-flavor-violating decays
heavy-leptont: t→mg, t→3m. With m5200 GeV and
setting allCP phases to be zero, we plot the branching ra
of t→3m versus mL23

2 5mR23

2 5dm2 @Fig. 7~a!# and A23
l

5A23
l 5dA @Fig. 7~b!#. This result is slightly different from

that given in previous literature. We not only consider t
contributions from theg-penguin,Z-penguin and the box
diagrams, but also include the Higgs-penguin diagram.
notice that for larger tanb values, the contribution of the
Higgs-penguin diagram is not negligible, It is in analogue
its role for the rare leptonic decays ofB meson. Numerically,
we find that the contribution of theg-penguin is much less
than that of theZ-penguin and box diagrams. For the case
nonzeroA23

l , A32
l and large tanb, the Higgs-penguin dia-

gram is also non-negligible. WhenA23
l 5A32

l 50, but mL23

2 ,

and mR23

2 are not zero, the main contribution to the dec

width of t→3m comes from theZ-penguin and box dia-
grams. By this we can explain why the difference of t

FIG. 7. With m5200 GeV and all zeroCP phases, the branch
ing ratio of t→3m versus~a! mL23

2 5mR23

2 5dm2 or ~b! A23
l 5A23

l

5dA, the other parameters are taken as in the text.
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curves corresponding to tanb55 and 50, is rather small
whereas in Fig. 7~b! the difference is so obvious. As tot
→mg, when we take into account the constraint fromt
→3m, we find that its branching ratio is obviously lowe
than the experimental bound. If the lepton flavor violati
originates from the termmLi j

2 , mRi j

2 @Fig. 7~a!#, the difference

between tanb55 and tanb550 is very small. If the lepton
flavor violation originates from the termAi j

l @Fig. 7~b!#, the
difference between tanb55 and tanb550 is about two or-
ders. We also investigate thet→mg in the model. Imposing
the constraint on the parameters fromt→3m, we find that
the branching ratio fort→mg is smaller than 1028, beyond
the present experimental detecting ability. Assuming that
flavor violation originates frommLi j

2 , mRi j
2 , we plot theB(t

→mg) within the possible parameter range in Fig. 8. T
situation is similar to the case oft→3m, namely if the flavor
violation originates from the termAi j

l , the branching ratio
B(t→mg) is much less than that if the mixingmLi j

2 , mRi j
2

induces the flavor violation.

VI. CONCLUSION

In this work, we investigate the muon anomalous ma
netic dipole moment, muon electric dipole moment, and
branching ratios oft→mg andt→3m in the framework of
the CP-violating MSSM with the nonuniversal soft
supersymmetry breaking. For the muon anomalous magn
dipole moment and electric dipole moment, the main con
bution comes from the parameters which conserve the
vors. Processt→3m occurs mainly through theZ-,
Hi

0-, A0-penguins and box diagrams. It can help in und
standing why the branching ratio oft→mg is so small as
01600
e

-
e

tic
i-
a-

-

long as we consider the constraints fromt→3m. From the
methodology aspect, our method is equivalent to the M
scheme when all mass eigenvalues of the mass matrix
almost degenerate, or the square mass difference amon
eigenvalues is much larger than the corresponding flavor
lation parameters. For the case where only several mas
genvalues are degenerate, the MIA is invalid. Indeed,
method is an improvement over the MIA.
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FIG. 8. TheBr(t→mg) versusmL23

2 5mR23

2 5dm2, the other
parameters are taken as in the text.
mixing
n on the
APPENDIX A: THE MIXING MATRIX FOR THE SFERMION SECTOR

For the general case, the mixing matrices for the sfermions are given in the text. In this appendix, we present the
matrix for the case where there is degeneracy in the mass spectra. In fact, we can always perform a transformatio
sfermion mass matrix and turn it into a standard form:

ZSLR
mS

2ZSLR

21 5S mS1

2 DmS12

2 DmS13

2
0 DmS15

2 DmS16

2

DmS12

2* mS2

2 DmS23

2 DmS24

2
0 DmS26

2

DmS13

2* DmS23

2* mS3

2 DmS34

2 DmS35

2
0

0 DmS24

2* DmS34

2* mS4

2 DmS45

2 DmS46

2

DmS15

2* 0 DmS35

2* DmS45

2* mS5

2 DmS56

2

DmS16

2* DmS26

2* 0 DmS46

2* DmS56

2* mS6

2

D , ~A1!

with DmSi j

2 being given in Eq.~10! and the matrixZSLR
is formulated as
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ZSLR
5S cosuS1 0 0 sinuS1

e2 ifS1 0 0

0 cosuS2 0 0 sinuS2
e2 ifS2 0

0 0 cosuS3 0 0 sinuS3
e2 ifS3

2sinuS1
eifS1 0 0 cosuS1 0 0

0 2sinuS2
eifS2 0 0 cosuS2 0

D . ~A2!

FENG et al. PHYSICAL REVIEW D 68, 016004 ~2003!
0 0 2sinuS3
eifS2 0 0 cosuS3
a-
ix
Without losing generality, we assume that the firstn(2<n
<5) eigenvalues satisfy the conditionmS̃i

2
2mS̃j

2
;DmS̃i j

2

( i , j 51, . . . , n), for the scalar lepton sector the mixing m
trix is given as

ZS5ZSLR
ZAV ~A3!

with

VSii
512(

j Þ i
(
a

uDxSj a
DxSa i

u2

~xSi
2xSj

!2~xSi
2xSa

!2

2(
a

uDxSia
u2

~xSi
2xSa

!2
,

VSji
5(

a

DxSj a
DxSa i

~xSi
2xSj

!~xSi
2xSa

!

2
1

~xSi
2xSj

!2 (
a,b

uDxSa i
u2DxSj b

DxSb i

~xSi
2xSa

!~xSb
2xSi

!
,

VSa i
5

DxSa i

xSi
2xSa

1 (
bÞa

DxSab
DxSb i

~xSi
2xSa

!~xSi
2xSb

!

1(
j

(
b

DxSa j
DxSj b

DxSb i

~xSi
2xSj

!~xSi
2xSa

!~xSi
2xSb

!
,

VSia
5

DxSia

xSa
2xSi

1 (
bÞa

DxSib
DxSba

~xSa
2xSi

!~xSa
2xSb

!
,

VSaa
512(

b

uDxSab
u2

~xSa
2xSb

!2
,

VSba
5

DxSba

~xSa
2xSb

!
1(

i

DxSb i
DxSia

~xSa
2xSb

!~xSb
2xSi

!

1 (
gÞa,b

DxSbg
DxSga

~xSa
2xSb

!~xSa
2xSg

!
, ~A4!

and
01600
ZA5S An3n 0n3(62n)

0(62n)3n 1(62n)3(62n)
D . ~A5!

Here, the matrixA is used to diagonalize the block matr
mSi j

2 ( i , j 51, . . . ,n). Expanding Eq.~A3!, we have

Z S
†a i5UẼa i

cosu Ẽi
1UẼa(31 i )

sinu Ẽi
e2 iwẼi,

Z S
†a(31 i )52UẼa i

sinu Ẽi
eiwẼi1UẼa(31 i )

cosu Ẽi

~a51, . . . ,6; i 51,2,3!, ~A6!

where

USi j
5(

k
VSik

ASk j
,

USia
5VSia

,

USa i
5(

k
VSak

ASki
,

USab
5VSab

. ~A7!

APPENDIX B: EXPRESSIONS OF THE COEFFICIENTS IN
EQ. „14… FOR THE LEPTON ANOMALOUS

MAGNETIC DIPOLE MOMENT AND THE AMPLITUDE
OF DECAY MODE eI\eJg

The expressions of the coefficients in Eq.~14! for the
vertexeIeJg are
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ee-type
APPENDIX C: THE COUPLINGS AMONG THE SFERMIONS AND HIGGS FIELDS

In this appendix, we give the couplings among the scalar fermions and Higgs fields that involve the two-loop Barr-Z
contributions to the Wilson coefficients:
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GAẼi Ẽj5 i H sb

A2
~AIJ

l* Z E
I j Z E

(31J) i* 2AIJ
l Z E

Ii * Z E
(31J) j !2

emeI

2mWsW
~mZ E

Ii * Z E
(31I ) j2m* Z E

I j Z E
(31I ) i* !J . ~C1!
4-13



FENG et al. PHYSICAL REVIEW D 68, 016004 ~2003!
APPENDIX D: EXPRESSIONS OF THE COEFFICIENTS IN EQ. „23… FOR DECAY MODE e
I
\3e

J

The contributions from the gamma penguin diagrams are written as
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The pieces from theZ-penguin diagrams are
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The CP-even Higgs penguin-diagram contributions are formulated as
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0,xẼa!~Z R

1k!2@~xeIxeJ!1/2GL(d)
$ i i I aJa%

1xeJGL(a)
$ i i I aJa%

#

1
1

2cW
3 cbxH

k
0
xeI

1/2Z R
1kGL(b)

$ i j I aJa%
@T [111]

(1)
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0,xẼa,xẼb!

1
1

cb
2xH

k
0
F2~xk

i
2,xña!~Z R

1k!2F xeIGn(a)
$ i i I aJa%

1
xeIxeJ

2cb
2

Gn(d)
$ i i I aJa%G

2
2

cb
2xH

k
0
xeI@T [111]

(1)
~xña,xk

i
2,xk

j
2!~Z R

1kZ2
2iZ1

1 j1Z R
2kZ2

1iZ1
2 j !1~xk

i
2xk

j
2!1/2T [111]

(0)
~xña,xk

i
2,xk

j
2!

3~Z R
1kZ2

2 j* Z1
1i* 1Z R

2kZ2
1 j* Z1

2i* !#Z R
1kGn(c)

$ i j I aJa%

2
e

2A2mWsWcW
2 cb

2xH
k
0
xeIxk

i
2

1/2Gn(c)
$ i i I aJa%Z R

1kBR
k B[21]

(0)
~xña,xk

i
2!,

C
6
Hk

0

~mW!5C
5
Hk

0

~mW!. ~D3!
016004-15



FENG et al. PHYSICAL REVIEW D 68, 016004 ~2003!
The CP-odd Higgs contributions are
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The box diagram contributions to the coefficients are
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APPENDIX E: THE LOOP INTEGRAL FUNCTIONS

In this appendix, we present the expressions of various loop integral functions which appear in the text.

f 1~x1 ,x2!55
x1x2

2~ ln x12 ln x2!

~x22x1!4 2
x1

225x1x222x2
2

6~x22x1!3 ~ for x1Þx2!,

1

12x1
~ for x15x2!;

f 2~x1 ,x2!55
~2x1x22x2

2!ln x22x1
2 ln x1

2~x22x1!2 2
x1

2~x22x1!
2

x1

2~x22x1!
~ for x1Þx2!,

2
1

4
2

1

2
ln x1 ~ for x15x2!;

B[21]
(0)

~x1 ,x2!55
x2~ ln x12 ln x2!

~x22x1!2 1
1

x22x1
~ for x1Þx2!,

2
1

2x1
~ for x15x2!;

B[31]
(0)

~x1 ,x2!55
x2~ ln x12 ln x2!

~x22x1!3 1
x11x2

2x1~x22x1!2 ~ for x1Þx2!,

1

6x1
2 ~ for x15x2!;
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B[41]
(0)

~x1 ,x2!55
x2~ ln x12 ln x2!

~x22x1!4 1
2x1

215x1x22x2
2

6x1
2~x22x1!3 ~ for x1Þx2!,

2
1

12x1
3 ~ for x15x2!;

B[31]
(1)

~x1 ,x2!5B[21]
(0)

~x1 ,x2!1x1B[31]
(0)

~x1 ,x2!,

B[41]
(2)

~x1 ,x2!5B[21]
(0)

~x1 ,x2!12x1B[31]
(0)

~x1 ,x2!1x1
2B[41]

(0)
~x1 ,x2!,

T[111]
(0)

~x1 ,x2 ,x3!55
2

x1 ln x1

~x22x1!~x32x1!
2

x2 ln x2

~x12x2!~x32x2!
2

x3 ln x3

~x12x3!~x22x3!
~ for x1Þx2Þx3!,

x3~ ln x12 ln x3!

~x32x1!2 1
1

x32x1
~ for x15x2Þx3!,

2
1

2x1
~ for x15x25x3!;

T[111]
(1)

~x1 ,x2 ,x3!55
2

x1
2 ln x1

~x22x1!~x32x1!
2

x2
2 ln x2

~x12x2!~x32x2!
2

x3
2 ln x3

~x12x3!~x22x3!
~ for x1Þx2Þx3!,

~2x1x32x1
2!ln x12x3

2 ln x3

~x32x1!2 1
x1

x32x1
~ for x15x2Þx3!,

2
3

2
2 ln x1 ~ for x15x25x3!;

D[1111]
(0)

~x1 ,x2 ,x3 ,x4!5

¦

2
x1 ln x1

~x22x1!~x32x1!~x42x1!
2

x2 ln x2

~x12x2!~x32x2!~x42x2!

2
x3 ln x3

~x12x3!~x22x3!~x42x3!
2

x4 ln x4

~x12x4!~x22x4!~x32x4!
~ for x1Þx2Þx3Þx4!,

x3 ln x3

~x12x3!2~x42x3!
1

x4 ln x4

~x12x4!2~x32x4!

2
~x3x42x1

2!ln x1

~x32x1!2~x42x1!2 2
1

~x32x1!~x42x1!
~ for x15x2Þx3Þx4!,

2
2x1 ln x122x3 ln x3

~x32x1!3 2
21 ln x11 ln x3

~x32x1!2 ~ for x15x2Þx35x4!;

x4~ ln x12 ln x4!

~x42x1!3 1
x4

2x1~x42x1!2 ~ for x15x25x3Þx4!,

1

6x1
2 ~ for x15x25x35x4!;
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D[1111]
(1)

~x1 ,x2 ,x3 ,x4!5

¦

2
x1

2 ln x1

~x22x1!~x32x1!~x42x1!
2

x2
2 ln x2

~x12x2!~x32x2!~x42x2!

2
x3

2 ln x3

~x12x3!~x22x3!~x42x3!
2

x4
2 ln x4

~x12x4!~x22x4!~x32x4!
~ for x1Þx2Þx3Þx4!,

x3
2ln x3

~x12x3!2~x42x3!
1

x4
2ln x4

~x12x4!2~x32x4!

2
~2x1x3x42x1

2x32x1
2x4!ln x1

~x32x1!2~x42x1!2 2
x1

~x32x1!~x42x1!
~ for x15x2Þx3Þx4!,

2
2x1

2 ln x122x3
2 ln x3

~x32x1!3 2
~x11x312x1 ln x112x3 ln x3!

~x32x1!2 ~ for x15x2Þx35x4!;

x4
2~ ln x12 ln x4!

~x42x1!3 1
3x42x1

2~x42x1!2 ~ for x15x25x3Þx4!,

2
1

~ for x 5x 5x 5x !.
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3x1
1 2 3 4

~E1!

APPENDIX F: THE EXPRESSION FOR THE l i PARAMETERS

The l parameters that involve the neutral Higgs mass mixing are given as

l152
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l252
g1

21g2
2

8 S 12
3

8p2
ht

2t D 2
3

16p2
ht

4F t1
1

2
Xt1

1

16p2 S 3

2
ht

21
1

2
hb

228gs
2D ~Xtt1t2!G

1
3

192p2
hb

4 umu4

MSUSY
4 F11

1

16p2
~9hb

225ht
2216gs

2!tG ,

l352
g2

22g1
2

4 F12
3

16p2
~ht

21hb
2!tG2

3

8p2
ht

2hb
2F t1

1

2
Xtb1

1

16p2
~ht

21hb
228gs

2!~Xtbt1t2!G2
3

96p2
ht

4S 3umu2

MSUSY
2

2
umu2uAtu2

MSUSY
4 D F11

1

16p2
~6ht

222hb
2216gs

2!tG2
3

96p2
hb

4S 3umu2

MSUSY
2

2
umu2uAbu2

MSUSY
4 D F11

1

16p2
~6hb

222ht
2216gs

2!tG ,

l45
g2

2

2 F12
3

16p2
~ht

21hb
2!tG1

3

8p2
ht

2hb
2F t1

1

2
Xtb1

1

16p2
~ht

21hb
228gs

2!~Xtbt1t2!G2
3

96p2
ht

4S 3umu2

MSUSY
2

2
umu2uAtu2

MSUSY
4 D

3F11
1

16p2
~6ht

222hb
2216gs

2!tG2
3

96p2
hb

4S 3umu2

MSUSY
2

2
umu2uAbu2

MSUSY
4 D F11

1

16p2
~6hb

222ht
2216gs

2!tG ,

l55
3

192p2
ht

4
m2At

2

MSUSY
4 F12

1

16p2
~2hb

226ht
2116gs

2!tG1
3

192p2
hb

4
m2Ab

2

MSUSY
4 F12

1

16p2
~2ht

226hb
2116gs

2!tG ,
016004-19



FENG et al. PHYSICAL REVIEW D 68, 016004 ~2003!
l652
3

96p2
ht

4umu2mAt

MSUSY
4 F12

1

16p2 S 7

2
hb

22
15

2
ht

2116gs
2D tG1

3

96p2
hb

4 m

MSUSY
S 6Ab

MSUSY
2

uAbu2Ab

MSUSY
3 D

3F12
1

16p2 S 1

2
ht

22
9

2
hb

2116gs
2D tG ,

l752
3

96p2
hb

4umu2mAb

MSUSY
4 F12

1

16p2 S 7

2
ht

22
15

2
hb

2116gs
2D tG1

3

96p2
ht

4 m

MSUSY
S 6At

MSUSY
2

uAtu2At

MSUSY
3 D

3F12
1

16p2 S 1

2
hb

22
9

2
ht

2116gs
2D tG , ~F1!

wheret5 ln(MSUSY
2 /m̄t
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ht5
A2mt~m̄t!

v sinb
, hb5

A2mb~m̄t!

v cosb
,
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In Eq. ~F2!, m̄t is the top-quark pole mass, which is related to the on-shell running massmt through

mt~m̄t!5
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as~m̄t!

. ~F3!
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