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Motivated by the large mixing angle solutions for the atmospheric and solar neutrino anomalies, flavor
changing neutral current processes and lepton flavor violating processes as well as the muon anomalous
magnetic moment are analyzed in the framework of SU~5! supersymmetric grand unified theory~SUSY GUT!
with right-handed neutrinos. In order to explain realistic mass relations for quarks and leptons, we take into
account the effects of higher dimensional operators above the GUT scale. It is shown that the supersymmetric

contributions to theCP violation parameter inK0-K̄0 mixing, «K , them→e g branching ratio, and the muon
anomalous magnetic moment become large in a wide range of parameter space. We also investigate the
correlations among these quantities. Within the current experimental bound ofB(m→e g), large SUSY con-
tributions are possible either in the muon anomalous magnetic moment or in«K . In the former case, the
favorable value of the recent muon anomalous magnetic moment measurement at the BNL E821 experiment
can be accommodated. In the latter case, the allowed region of the Kobayashi-Maskawa phase can be different
from the prediction within the standard model~SM! and therefore measurements of theCP asymmetry of the
B→J/c KS mode andDmBs

could discriminate this case from the SM. We also show that thet→mg branch-
ing ratio can be close to the current experimental upper bound and the mixing inducedCP asymmetry of the
radiativeB decay can be enhanced in the case where the neutrino parameters correspond to the Mikheyev-
Smirnov-Wolfenstein small mixing angle solution.
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I. INTRODUCTION

In order to explore physics beyond the standard mo
~SM!, indirect searches play an important role complime
tary to direct searches for new particles at high energy fr
tiers. The indirect searches include flavor changing neu
current~FCNC! processes, lepton flavor violation~LFV!, and
the muon anomalous magnetic moment. In the minimal S
lepton flavor is conserved and FCNC is forbidden at the t
level, so thatB, K, andm decay experiments have supplie
severe constraints on models beyond the SM. At the re
BNL E821 experiment, it was reported that the muon anom
lous magnetic moment had a 2.6s deviation from the SM
prediction@1#. If the deviation is confirmed by improvemen
in both statistics and understanding of the theoretical un
tainty of the SM prediction, the muon anomalous magne
moment will become a clear signal of physics beyond
SM.

Among candidates for physics beyond the SM, supers
metry ~SUSY! is the most attractive one. Because of t
cancellation of quadratic divergence in the renormalizat
of the Higgs field, SUSY models do not have the hierarc
problem of the SM. Furthermore, gauge coupling unificat
is realized in SUSY grand unified theories~SUSY GUT!
based on the SU~5! gauge group or its extensions.

In view of flavor physics, it is important that the scal
partners of quarks and leptons, namely, squarks and slep
have a new source of flavor mixing. Because of the n
flavor mixing, LFV and FCNC such asm→e g, b→s g, and
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el
-
-

al

,
e

nt
-

r-
c
e

-

n
y
n

ns,
w

K0-K̄0/B0-B̄0 mixing could be induced through SUSY loo
diagrams. Because these processes receive contribution
large for generic flavor mixing in the squark and slept
sectors, the structure of the SUSY breaking sector of
Lagrangian is required to have a special form, unless
masses of the SUSY particles are beyond the multi-TeV
gion @2#. The simplest possibility to avoid this problem
that the SUSY breaking mechanism is assumed to be fla
blind. However, even in such a case, the squark and sle
mass matrices receive radiative corrections from interacti
below the scale where the SUSY breaking is originated,
flavor blindness is broken@3,4#. In particular, effects of the
large top Yukawa coupling constant cannot be neglected
number of analyses have been done in the context of
minimal supergravity ~minimal SUGRA! ansatz where
SUSY breaking parameters are assumed to be flavor blin
the Planck scale@5–8#. It was shown that the flavor mixing
is controlled by the Cabibbo-Kobayashi-Maskawa~CKM!
matrix element. As a result the maximal deviation from t
SM in theCP violating parameter ofK0-K̄0 mixing, «K , and
Bd-B̄d/Bs-B̄s mixing is of the order of 10%, while the SUSY
contribution to theb→sg process can be very importan
@7,8#. In the GUT scenario, there are additional contributio
to FCNC-LFV processes from GUT interactions@4,9–12#.
As for LFV processes them→eg branching ratio is close to
the current experimental bound, especially for the SO~10!
model @10#.

Recent experimental evidence of neutrino oscillation in
cates the existence of small neutrino mass and large fla
©2001 The American Physical Society01-1



ce
n
lin
co

th
a
a
o

ne
e
in
in

au
on
w
ly
-
te
ur
n
o

ew

-

e
o
a

ru

eu

l n
a
r

he

n
ne
th
d

be
se
t

ys
ce
u
on
f

pa-
tors

w-

t

the

in a
eri-

t or
ent
BNL
new

x
al-

t
-

e
mall

the

II,
-

fer-
to

the
g
m-

vely
lts

FV
ions

col-

ou-

ith-
mo-
nal
erm

BAEK, GOTO, OKADA, AND OKUMURA PHYSICAL REVIEW D 64 095001
mixing in the lepton sector@13#. A natural explanation for the
small neutrino mass is the seesaw mechanism@14#. In this
mechanism, heavy right-handed neutrinos are introdu
and these neutrinos have a Majorana mass term and
Yukawa interactions. Because the neutrino Yukawa coup
constants can be as large as the top Yukawa coupling
stant if the right-handed neutrinos areO(1014) GeV, radia-
tive corrections from these interactions contribute to
renormalization of the slepton mass matrix above the m
scale of the right-handed neutrinos. Within the minim
SUGRA scenario, it was shown that the branching ratios
LFV processes become large enough to be measured in
future experiments@15–17#. Some GUT models that hav
predictable neutrino mass and mixing are already constra
@18#. In the context of SUSY GUT, these new interactions
the lepton sector also contribute to the quark sector, bec
radiative corrections on the squark from neutrino interacti
can become a new source of quark FCNC processes as
as LFV processes. Recently, these processes were ana
in the minimal SU~5! SUSY GUT with right-handed neutri
nos, and large deviations from the SM were predic
@19,20#. However, in these analyses, simple flavor struct
was assumed so that the correct mass relations betwee
down-type quarks and charged leptons in the first and sec
generations cannot be realized.

Very recently, the BNL E821 experiment reported a n
result on the muon anomalous magnetic moment@1#.
The measured value ofam5(gm22)/2 is am(expt)
511659202(14)(6)310210, which compares to the SM pre
diction am(SM)511659159.6(6.7)310210. It was con-
cluded that the theory and experiment had a 2.6s difference
am(expt)2am(SM)543(16)310210. The deviation can be
explained in the context of the SUSY model@21#. In contrast
to the LFV and FCNC processes, which are very sensitiv
the origin of the flavor mixing at high energy scale, the mu
anomalous magnetic moment can provide us with inform
tion on the slepton masses, independent of the flavor st
ture of the slepton mass matrices.

In this paper, we discuss FCNC/LFV processes in SU~5!
supersymmetric grand unified theory with right-handed n
trinos @SU~5!RN SUSY GUT# taking account of realistic
mass relations. The seesaw mechanism generates smal
trino masses and large mixing angles which incorporate
mospheric and solar neutrino anomalies. In order to rep
duce realistic mass relations, we introduce a hig
dimensional operator including a24 superfield which gives
contributions to the Yukawa coupling matrices for the dow
type quarks and the charged leptons in a different man
Moreover, new degrees of freedom arise in the choice of
bases when minimal supersymmetric standard mo
~MSSM! multiplets are embedded in SU~5! multiplets. We
show that the main effect of these new mixings is descri
by two mixing angles that parametrize rotations of the ba
between the down-type quarks and charged leptons in
first and second generations. We perform numerical anal
on FCNC/LFV processes taking account of various sour
of flavor mixing. We also calculate the muon anomalo
magnetic moment and investigate the correlations am
these quantities. Solving renormalization group equations
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the Yukawa coupling matrices and the SUSY breaking
rameters, the flavor mixing in the squark and slepton sec
is evaluated at the electroweak~EW! scale. In addition to the
muon anomalous magnetic moment, we calculate the follo
ing FCNC/LFV observables: the branching ratios ofm
→e g, t→m g, and b→s g, «K , the mass differences in
Bd-B̄d mixing and Bs-B̄s mixing, and the time-dependen
CP asymmetries ofB→J/c KS andB→Ms g whereMs is a
CP eigenstate including a strange quark. We find that
SUSY contributions to«K , them→e g branching ratio, and
the muon anomalous magnetic moment become large
wide range of parameter space. Within the current exp
mental bound onB(m→e g), large SUSY contributions are
possible either in the muon anomalous magnetic momen
in «K . In the former case, the favorable value of the rec
muon anomalous magnetic moment measurement at the
experiment can be accommodated. In the latter case, the
contribution«K modifies the constraint for the CKM matri
elements and affectsB decay observables because the
lowed region ofDmBs

/DmBd
and the time-dependentCP

asymmetry of theB→J/c KS mode can be quite differen
from those of the SM or MSSM without the new flavor mix
ing source. We also show thatB(t→m g) and the indirect
CP asymmetry of the radiativeB decay can be large in th
case where the neutrino parameters correspond to the s
mixing angle Mikheyev-Smirnov-Wolfenstein~MSW! solu-
tion. We also notice that the branching ratio ofm→e g can
be close to the present experimental upper limit in both
large and small mixing angle MSW solutions.

The rest of this paper is organized as follows. In Sec.
the SU~5!RN SUSY GUT is introduced. The higher dimen
sional operators are included to incorporate a realistic
mion mass relation. Two new mixing angles are defined
parametrize the effect of these operators. In Sec. III,
minimal SUGRA model is introduced for the SUSY breakin
sector. Radiative corrections for the SUSY breaking para
eters and FCNC/LFV processes are discussed qualitati
using approximate formulas. In Sec. IV, the numerical resu
for the muon anomalous magnetic moment and FCNC/L
processes are presented. Section V is devoted to conclus
and discussion. In the Appendixes, useful formulas are
lected.

II. SU„5… SUSY GUT WITH RIGHT-HANDED NEUTRINO

In this section we discuss quark and lepton Yukawa c
plings in the SU~5!RN SUSY GUT. Before introducing
higher dimensional operators, we first discuss the case w
out them. Later, we introduce those operators to accom
date a realistic mass relation. Without higher dimensio
operators, the Yukawa coupling and the Majorana mass t
of the superpotential for this model are given by

WSU(5)RN5
1

8
eabcde~lu! i j ~Ti !ab~Tj !cdHe

1~ld! i j ~Fi !a~Tj !abHb1~ln! i j N
i~F j !aHa

1
1

2
~M n! i j N

iNj , ~1!
1-2
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whereTi , Fi , andNi are the10, 5, and1 representations o
the SU~5! gauge group, respectively.i , j are generation indi-
ces anda, b, c, d, and e are SU~5! indices.eabcde is the
totally antisymmetric tensor of the SU~5! gauge group.H
andH are Higgs superfields with5 and5 representations. In

terms of SU(3)3SU(2)L3U(1)Y , Ti containsQi(3,2, 1
6 ),

Ui(3,1,2 2
3 ), andEi(1,1,1) superfields. Here the represen

tions for SU~3! and SU~2! groups and theU(1)Y charge are

indicated in parentheses.Fi includesDi(3,1, 1
3 ) and Li(1,2,

2 1
2 ), andNi is a singlet of SU(3)3SU(2)L3U(1)Y . H con-

sists ofHC(3,1,0) andH2(1,2, 1
2 ) andH containsHC(3,1,0)

and H1(1,2,2 1
2 ). (lu) i j , (ld) i j , and (ln) i j are Yukawa

coupling matrices and (M n) i j is a Majorana mass matrix. In
addition to the above formula, we also need a superpote
for Higgs superfields,WH(H,H,S), whereSb

a is a24 repre-
sentation of the SU~5! group. It is assumed to develo

vacuum expectation values aŝSb
a&5diag(1

3 , 1
3 , 1

3 ,2 1
2 ,

2 1
2 )vG at the GUT scale (MG'231016 GeV) and breaks

the SU~5! symmetry to SU(3)3SU(2)L3U(1)Y .
Below the GUT scale, the heavy superfields such asHC ,

HC , andS are integrated out and the superpotential of
MSSM with right-handed neutrino~MSSMRN! is given by

WMSSMRN5~yu! i j U
iQjH21~yd! i j D

iQjH11~ye! i j E
iL jH1

1~yn! i j N
iL jH21

1

2
~M n! i j N

iNj1mH1H2, ~2!

where Yukawa coupling matrices are related to those of
SU~5!RN model as (yu) i j 5(lu) i j , (yd) i j 5(ye

T) i j 5(ld) i j ,
and (yn) i j 5(ln) i j . Below the Majorana mass sca
([MR), the singlet fields are also integrated out from t
superpotential and a dimension five operator is generate
follows:

DWn52
1

2
~Kn! i j ~LiH2!~L jH2!,

Kn5~yn
T! ikS 1

M n
D kl

~yn! l j . ~3!

After the EW symmetry breaking, this operator induces
the seesaw mechanism the following neutrino mass mat

~mn! i j 5~Kn! i j ^H2&
2. ~4!

In this model, the naive GUT relation is predicted at t
GUT scale,

~ye! i j 5~yd! j i . ~5!

Although this relation gives a reasonable agreement formb
and mt , it is well known that the mass ratio of down-typ
quarks and charged leptons in the first and second gen
tions cannot be explained in this way. One possibility
remedy this defect is to introduce higher dimensional ope
tors above the GUT scale because they can give diffe
09500
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contributions to the Yukawa coupling matrices of down-ty
quarks and charged leptons after the SU~5! symmetry break-
ing.

We consider higher dimensional operators including
24 Higgs superfield up to dimension five terms. Releva
parts of the superpotential are parametrized as follows:

DWSU(5)RN5
1

MX
F1

4
eabcde~ku

1! i j $S f
a ~Ti ! f b~Tj !cd

1~Ti !abS f
c ~Tj ! f d%He

1
1

4
eabcde~ku

2! i j $S f
a ~Ti ! f b~Tj !cd

2~Ti !abS f
c ~Tj ! f d%He

1~kd! i j ~Fi !aS b
a ~Tj !bcHc

1~kd! i j ~F j !a~Tj !abS b
c Hc

1~kn! i j N
i~F j !aS b

a HbG , ~6!

whereMX is the cutoff scale, which we take as the Plan
massM P . We also assume that the elements of coupl
matricesku

6 , kd , kd , andkn are smaller thanO(1). After
SU~5! symmetry is broken, they give contributions of th
order ofj5vG /MX'0.01 to the Yukawa coupling constan
of the MSSMRN as follows:

~yu! i j 5~lu! i j 1jH 1

2
~ku

1! i j 1
5

6
~ku

2! i j J , ~7a!

~yd! i j 5~ld! i j 1jH 1

3
~kd! i j 2

1

2
~kd! i j J , ~7b!

~ye! i j 5~ld
T! i j 1jH 2

1

2
~kd

T! i j 2
1

2
~kd

T! i j J , ~7c!

~yn! i j 5~ln! i j 2
j

2
~kn! i j . ~7d!

The naive GUT relation between the lepton and the dow
type quark Yukawa coupling matrices in Eq.~5! is modified
to

~ye! i j 5~yd! j i 1
5

6
j~kd! j i . ~8!

With this small contribution from the higher dimensional o
erator, realistic mass relations between the down-type qu
and charged leptons can be incorporated in the model. In
following analysis we take (ku

1) i j 5(ku
2) i j 5(kd) i j 5(kn) i j

50 because they are not necessarily required to reprod
the realistic mass relations.

In the following, we show that new mixing angles a
introduced at the GUT scale because ofkd . Using SU~5!
symmetry, we can rotate the generation indices of superfi
1-3
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BAEK, GOTO, OKADA, AND OKUMURA PHYSICAL REVIEW D 64 095001
in Eq. ~2! so that the Yukawa coupling constants and
Majorana mass matrix are parametrized as follows:

~yu! i j 5~VCKM
T VU* ! i

kyuk~VCKM!k
j , ~9a!

~yd! i j 5~VD* ! i
j yd j , ~9b!

~ye! i j 5~VE* ! i
j ye j , ~9c!

~yn! i j 5yn i~VL! i
j , ~9d!

~M n! i j 5~VN
T ! i

kM nk~VN!k
j , ~9e!

whereVU , VE , VD , andVN are unitary matrices andVCKM
is the CKM matrix at the GUT scale.yui , ydi , yei , yn i , and
M n i represent the eigenvalues of the Yukawa coupling m
trices and the Majorana mass matrix. The GUT relation
tween the two Yukawa coupling constants is then given b

~VD* ! i
j yd j2yei~VE

† ! j
i 5

5

6
j~kd! i j . ~10!

From this formula we can derive the following approxima
relations for the 1-3 and 2-3~3-1 and 3-2! elements of the
mixing matrices because the Yukawa coupling constant
the first and second generations are much smaller than th
the third generation,

~VD! 3
i '

5

6

j

yb
~kd* ! i3 , ~11a!

~VE! 3
i '2

5

6

j

yt
~kd

†! i3 , ~11b!

~VE! i
3 '

5

6

j

yb
~VD

T kdVE!3i , ~11c!

~VD! i
3 '2

5

6

j

yt
~VE

Tkd
TVD!3i , ~11d!

for i 51,2. We can estimatej/yb andj/yt as

j

yb
'

j

yt
'2

jv cosb

A2mt

,
v

A2
5A^H1&

21^H2&
2,

~12!

whereb is the vacuum angle of two Higgs vacuum expec
tion values (tanb5^H2

0&/^H1
0&). Assuming the condition

(kd) i j &O(1), we canconclude that the magnitude of the
elements is constrained to be smaller than (tanb)21 because
the lower tanb region is excluded from the Higgs boso
search. On the other hand, the 1-2~2-1! element is not con-
strained by such a consideration. Motivated by this obse
tion we assume the following form:
09500
e
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~VD! i
j5eigDS eiaD cosuD 2e2 ibD sinuD 0

eibD sinuD e2 iaD cosuD 0

0 0 ei (2gD1d)
D ,

~13a!

~VE! i
j5eigES eiaE cosuE 2e2 ibE sinuE 0

eibE sinuE e2 iaE cosuE 0

0 0 ei (2gE1d)
D .

~13b!

The antisymmetric part of the Yukawa matrix for the up-ty
quarks is also written by the coefficients of the dimens
five operator as follows:

~VU* ! i
j yu j2yui~VU

† ! i
j5

5

6
j~VCKM* ku

2VCKM
† ! i j . ~14!

Because we set (ku
2) i j 50 for simplicity, (VU) i

j becomes
eifUid i

j in our analysis.
The neutrino Yukawa coupling matrix and the Majora

mass matrix are constrained by the oscillation solutions
the atmospheric and solar neutrino anomalies. In the b
where the charged lepton mass matrix is diagonal, the n
trino mass matrix is written as follows:

~mn! i j 5~VMNS* ! i
kmnk~VMNS

† !k
j , ~15!

where VMNS is the Maki-Nakagawa-Sakata~MNS! matrix
@22#. At the Majorana mass scale Eqs.~3! and~4! are solved
as follows:

~VN* ! i
kynk~VL!k

j5
1

^H2&
AM n i~On

T! i
kAmnk~VMNS

† !k
j ,

~16!

where On is a complex orthogonal matrix that cannot b
determined from the low energy experiments. Although
neglect the running effect of the neutrino mass matrix
tween the low energy scale and the GUT scale in Eqs.~15!
and ~16!, later we fully take account of this effect in th
numerical calculation in Sec. IV.

III. MINIMAL SUGRA, THE MUON ANOMALOUS
MAGNETIC MOMENT, AND FCNC ÕLFV PROCESSES

In Sec. III A we first discuss the flavor mixing of squar
and slepton mass matrices induced by the radiative cor
tion due to the Yukawa coupling constants. In order to e
plain qualitative features we show the one-loop logarithm
terms for SUSY breaking parameters. In the numerical c
culation in Sec. IV, however, we use the full renormalizati
group equation~RGE! and solve it numerically. In Sec. III B
we give a brief description of the SUSY contribution to th
muon anomalous magnetic moment and various FCNC
LFV processes.
1-4
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A. Minimal SUGRA and radiative corrections to the SUSY
breaking parameters

The soft SUSY breaking terms of the MSSM are given

Lsoft52~mQ
2 ! i

j Q̃i
†Q̃j2~mU

2 ! i
j Ũ i* Ũ j2~mD

2 ! i
j D̃ i* D̃ j

2~mL
2! i

j L̃ i
†L̃ j2~mE

2 ! i
j Ẽi* Ẽj2mH2

2 H2
†H22mH1

2 H1
†H1

2$~ ỹu! i j Ũ
i* Q̃jH21~ ỹd! i j D̃

i* Q̃jH11~ ỹe! i j Ẽ
i* L̃ jH1

1mBH1H21H.c.%2
1

2
M1B̄̃B̃2

1

2
M2W̄̃W̃
i-
ng
Y

nd

on

th
Y

09500
2
1

2
M3G̃̄G̃, ~17!

whereQ̃i , Ũ i* , D̃ i* , L̃ i , and Ẽi* are scalar components o
Qi , Ui , Di , Li , andEi , respectively. We use the same sym
bols as superfields for scalar components of the Higgs su

multiplets.B̃, W̃, andG̃ are U~1!, SU~2!, and SU~3! gaugi-
nos, respectively. At the GUT scale, these soft SU
breaking parameters are determined by the following SU
breaking terms of the SU~5!RN SUSY GUT:
L52(mT
2) i

j (T̃i* )ab(T̃
j )ab2(mF

2) i
j ( F̃̄ i* )a( F̃̄ j )a2(m

N̄

2
) i

j Ñ̄i* Ñ̄ j2(mH
2 )H* aHa2(m

H̄

2
)H* aHa

2H 1

8
eabcde~ l̃u! i j ~ T̃i !ab~ T̃j !cdHe1~ l̃d! i j ~ F̃̄ i !a~ T̃j !abHb1~ l̃n! i j Ñ̄

i~ F̃̄ j !aHa1
1

2
~M̃ n! i j Ñ̄

i Ñ̄ j1H.c.J
2

1

MX
F1

4
eabcde~ k̃u

1! i j $S
a

f~ T̃i ! f b~ T̃j !cd1~ T̃i !abS
c

f~ T̃j ! f d%He1
1

4
eabcde~ k̃u

2! i j $S
a

f~ T̃i ! f b~ T̃j !cd

2~ T̃i !abS
c

f(T̃
j ! f d%He1~ k̃d! i j ~ F̃̄ i !aSa

b~ T̃j !bcHc1~ k̃̄d! i j ~ F̃̄ i !a~ T̃j !bSc
bHc1~ k̃n! i j Ñ̄

i~ F̃̄ j !aSa
bHb1H.c.G

2
1

2
M5G̃5G̃5 , ~18!
he
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ul-
vor
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ita-
he
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pe
whereT̃i , F̃̄ i , andÑ̄i are scalar components ofTi , Fi , andNi

and G̃5 represents the SU~5! gaugino. We assume the min
mal supergravity scenario for the origin of SUSY breaki
and set the following boundary conditions for the SUS
breaking parameters at the Planck scale:

~mT
2! i

j5~mF
2
! i

j5~mN
2
! i

j5m0
2d j

i , ~19a!

~ l̃ ! i j 5m0A0~l! i j ~l5lu ,ld ,ln!, ~19b!

~ k̃ ! i j 5m0~A01DA0!~k! i j ~k5ku
6 ,kd ,k̄d ,kn!,

~19c!

M55M0 . ~19d!

If we ignore radiative corrections from the gauge a
Yukawa coupling constants and assumeDA050, the soft
SUSY breaking terms are given by

~mQ
2 ! i

j5~mL
2! i

j5~mU
2 ! i

j5~mE
2 ! i

j5~mD
2 ! i

j5m0
2d i

j ,
~20a!

~ ỹ! i j 5m0A0~y! i j ~y5yu ,yd ,ye!. ~20b!

Then LFV processes are forbidden and SUSY contributi
to FCNC processes are suppressed. We consider theDA0
Þ0 case later.

Radiative corrections between the Planck scale and
EW scale modify the above structure of the soft SUS
s

e

breaking terms. In particular, the corrections from t
Yukawa coupling constants associated with the colo
Higgs supermultiplets and right-handed neutrino superm
tiplets are important because they have a different fla
structure from the Yukawa coupling constants of the MSS

Let us estimate these corrections using approximate
mulas considering only logarithmic terms to see the qual
tive features of FCNC/LFV processes in the model. T
Yukawa couplings including colored Higgs supermultiple
are parametrized as follows:

WC52~yCR! i j HCUiEj2
1

2
~yCL! i j HCQiQj

2~yCR! i j HCDiU j2~yCL! i j HCLiQj1~yCN! i j HCNiD j .

~21!

It is convenient to work in the basis where the down-ty
quark and charged lepton mass matrices are diagonal,

~yu! i j 5yui~VCKM! i
j , ~22a!

~yd! i j 5ydid j
i , ~22b!

~ye! i j 5yeid j
i , ~22c!

~yn! i j 5yn i~VL! i
j . ~22d!

In this basis, Yukawa coupling matrices in Eq.~21! are given
by

~yCR! i j 5yui~VCKMVE! i
j , ~23a!
1-5
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~yCL! i j 5
1

2
$~VCKM

T ! i
jeifU jyu j1eifUiyui~VCKM! i

j%,

~23b!

~yCR! i j 5ydie
ifUid j

i , ~23c!

~yCL! i j 5yei~VE
† ! i

j , ~23d!

~yCN! i j 5yn i~VLVD! i
j . ~23e!

The radiative corrections to squark and slepton mass m
ces from these Yukawa coupling constants are approxim
as follows:

DmQ
2 '22~yu

†yu12yCL
† yCL1yd

†yd1yCL
† yCL!~31uA0u2!

3m0
2tG22~yu

†yu1yd
†yd!~31uA0u2!m0

2tW , ~24a!

DmU
2 '22~2yuyu

†1yCRyCR
† 12yCR

T yCR
* !~31uA0u2!m0

2tG

24yuyu
†~31uA0u2!m0

2tW , ~24b!

DmE
2'22~2yeye

†13yCR
T yCR* !~31uA0u2!m0

2tG

24yeye
†~31uA0u2!m0

2tW , ~24c!

DmD
2 '22~2ydyd

†12yCRyCR
†

1yCN
T yCN* !~31uA0u2!

3m0
2tG24ydyd

†~31uA0u2!m0
2tW , ~24d!

DmL
2'22~ye

†ye13yCL
* yCL

T
1yn

†yn!~31uA0u2!m0
2tG

22ye
†ye~31uA0u2!m0

2tW22yn
†yn~31uA0u2!m0

2tR,

~24e!

where we only take account of logarithmic terms so thattG
5@1/(4p)2# ln(MP /MG), tR5@1/(4p)2# ln(MG /MR), and tW
5@1/(4p)2# ln(MG /MSUSY). MSUSY is the characteristic
mass scale of the SUSY particles and identified with the E
scale. The off-diagonal elements of the above formulas
sources of the LFV and FCNC processes. Keeping only p
sible large Yukawa coupling constants, the off-diagonal e
ments of the mass matrices are approximated as follows

~mQ
2 ! i

j'22~VCKM
† ! i

3yt
2(VCKM)3

j~31uA0u2!m0
2~ tG1tW!

2$~VCKM
† ! 3yt

2d3
j1d i

3yt
2(VCKM!3

j

1~VCKM
† ! i

3yt
2(VCKM)3

j~31uA0u2!m0
2tG

~ iÞ j !, ~25a!

~mE
2 ! i

j'26~VE
TVCKM

T ! i
3yt

2~VCKM* VE* !3
j~31uA0u2!

3m0
2tG ~ iÞ j !, ~25b!

~mD
2 ! i

j'22~VD
T VL

T! i
kynk

2~VL* VD* !k
j~3

1uA0u2!m0
2tG ~ iÞ j !, ~25c!
09500
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~mL
2! i

j'22~VL
†! i

kynk
2~VL!k

j~31uA0u2!m0
2~ tG1tR!

~ iÞ j !. ~25d!

(mQ
2 ) i

j corresponds to the flavor mixing due to the large t
Yukawa coupling constant which already exists within t
MSSM based on the minimal SUGRA. (mE

2) i
j receives ra-

diative correction from the up-type Yukawa coupling co
stant between the Planck scale and the GUT scale. This
well-known mechanism to induce LFV processes in t
SUSY GUT@4#. We note the following important features.

There are flavor mixings in the right-handed down-ty
squark and the left-handed slepton sectors. These mix
are absent in the minimal SUGRA model without righ
handed neutrino supermultiplets.

BecauseVL can be related to the MNS matrix, large mix
ing is possible.

The main effect of the higher dimensional operator un
the assumption of Eq.~13! is only to rotate the basis of ligh
fermions betweendR andsR , eR andmR . For each of these
mixings the rotation is described by one parameteruD in VD
or uE in VE .

In the above discussion, we considered only the radia
correction to squarks and slepton mass matrices; howe
the trilinear scalar coupling constantsỹu , ỹd , and ỹe also
receive corrections as follows:

~ ỹu! i j 'm0Auyui~VCKM! i
j2

m0A0

31uA0u2

3
~DmU

2 ! i
kyuk~VCKM!k

j1yui~VCKM! i
k~DmQ

2 !k
j

m0
2

,

~26a!

~ ỹd! i j 'm0Adydid j
i 2

m0A0

31uA0u2
~DmD

2 ! i
j yd j1ydi~DmQ

2 ! i
j

m0
2

2
2

5
m0DA$ydid j

i 2~VD
T ! i

kyek~VE
† !k

j%, ~26b!

~ ỹe! i j 'm0Aeyeid j
i 2

m0A0

31uA0u2

~DmE
2 ! i

j ye j1yei~DmL
2! i

j

m0
2

2
3

5
m0DA$yeid j

i 2~VE
T! i

kydk~VD
† !k

j%, ~26c!

whereAu , Ad , Ae , andDA are given by

Au'A02
192

5
g5

2 M0

m0
tG2

276

15
g5

2 M0

m0
tW13yt

2~ tG1tW!

1(
i 51

3

yn i
2~ tG1tR!, ~27a!

Ad'A02
168

5
g5

2 M0

m0
tG2

88

5
g5

2 M0

m0
tW , ~27b!
1-6
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Ae'A02
168

5
g5

2 M0

m0
tG2

48

5
g5

2 M0

m0
tW , ~27c!

DA'220g5
2 M0

m0
tG . ~27d!

The second terms in the right-hand side of Eqs.~26! are
induced by the radiative corrections from the Yukawa int
actions. The third terms in Eqs.~26b! and ~26c! come from
the higher dimensional operators. They break proportiona
between the trilinear scalar coupling matrix and the cor
sponding Yukawa coupling matrix and generate flavor m
ings in the left-right mixing mass matrices of squarks a
sleptons after the EW symmetry breaking. IfDA0Þ0 in Eq.
~19c!, we have an extra contributionDA0 to Eq. ~27d! and
there are corrections of orderm0

2A0DA0jtG to Eqs.~25! and
corrections of orderm0DA0jtX (X5G,R,W) to Eqs. ~26!.
Notice that even if we assumeDA050 at the Planck scale
DA is induced by the gauge interaction as shown in E
~27d! because the renormalizations ofl̃d andk̃d are different
due to the wave-function renormalization ofS. We therefore
expect an analysis withDA050 to give us qualitative fea
tures for the general case.

B. The muon anomalous magnetic moment
and FCNC and LFV processes

Let us discuss the muon anomalous magnetic moment
FCNC and LFV processes in the model according to
approximations of the previous section. In the following w
make a simplification in the neutrino sector to estimate p
sible deviations from the SM in the FCNC/LFV process
We assume the Majorana masses of the right-handed ne
nos are universal at the Majorana mass scaleMR as (M n) i j
5d i j MR . We also neglect anyCP violating phase in the
model except for the Kobayashi-Maskawa phase and ass
that VN , VL , On , andVMNS are real matrices,aD,E5bD,E
5gD,E5d50 in Eq. ~13!, and fUi50 in Eq. ~23!. If we
include these phases, new contributions to the electron
neutron electric dipole moments~EDMs! are induced so tha
we have to take into account constraints to SUSY parame
from the upper bound of the EDMs. In the numerical calc
lation we evaluate these EDMs and check that these c
straints are satisfied in the case that newCP phases are set t
vanish. With the above simplification, the mixing matrixVL
and the neutrino Yukawa coupling can be related to the
energy observables according to Eq.~16!,

VL5VMNS
† , yn i5AMRmn i /^H2&. ~28!

We parametrize the MNS matrix assuming maximal mixi
for the atmospheric neutrino oscillation as follows:

VMNS5S cosusun sinusun 0

2
sinusun

A2

cosusun

A2

1

A2

sinusun

A2
2

cosusun

A2

1

A2

D , ~29!
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whereusun is the mixing angle for the solar neutrino oscilla
tion. We assume the 1-3 element of the MNS matrix is z
in our analysis because it is known to be small from t
result of the CHOOZ experiment@23#. We will comment on
the nonzero case later. We assume a hierarchical patter
neutrino mass, namely,mn1,mn2!mn3. From the relation

mn2
25Dmsun

2 1mn1
2 , mn3

25Dmatm
2 1mn2

2 , ~30!

whereDmsun
2 andDmatm

2 are the mass differences of solar a
atmospheric neutrino oscillation,mn3 and mn2 are deter-
mined once we fixmn1. Then using Eq.~28! we can calculate
yn i for a fixed value ofMR .

1. The muon anomalous magnetic moment

We consider the SUSY contribution to the muon anom
lous magnetic moment@8,21,24,25#. The muon anomalous
magnetic momentam is defined by the following effective
Lagrangian:

L g225
1

2 S e

2mm
DammsabmFab , ~31!

wheree is the positron charge,mm is the muon mass,Fab is
the electromagnetic field tensor, andsab5 i @ga ,gb#/2. The
SUSY contribution toam([am

SUSY) is obtained from the fla-
vor diagonal parts of photon-penguin diagrams includ
smuon-neutralino and sneutrino-chargino.am

SUSYdepends on
the slepton mass and the neutralino/chargino mass and
ing, but it is rather insensitive to the flavor mixing of th
slepton sector. Therefore we expectam

SUSYis almost the same
as the result in the minimal SUGRA model. In the MSS
based on the minimal SUGRA, it is known that the ma
contribution comes from the sneutrino-chargino diagr
which contains a component proportional tom tanb @25#.
Then theam

SUSYpreferred by the recent results from the BN
E821 experiment is achieved in the large tanb region of
parameter space. In this region the sign ofam

SUSYis correlated
to the branching ratio ofb→sg through the sign of the
Higgsino mass parameterm so thatam

SUSYis positive when
b→sg is suppressed and negative whenb→sg is enhanced.

2. µ\e g, t\µ g

We consider LFV decays of charged leptons. Radiat
decays of charged leptons occur through photon-penguin
grams including sleptons, neutralinos, and charginos. The
fective Lagrangian for these processes is described as
lows:

L LFV52
4GF

A2
$meiAR

i j ~ l Ris
mnl L j !Fmn

1meiAL
i j ~ l Lis

mnl R j!Fmn%1H.c. ~ i . j !,

~32!

where GF is the Fermi constant andi , j denote generation
indices.AR

i j corresponds to the amplitude forl i
1→ l j

1gR and
1-7
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AL
i j for l i

1→ l j
1gL . The branching ratios are calculated fro

these amplitudes asB( l i
1→ l j

1g)5384p2(uAR
i j u21uAL

i j u2).
For m→eg, it is known that if both left-handed and righ

handed sectors have flavor mixing, there are diagrams
have an enhancement factormt as shown in Fig. 1
@10,16,17#. In our model we find that diagrams correspon
ing to Figs. 2 and 3 also give large contributions. The fla
mixing in the left-right mixing term in Fig. 3 is induced b
renormalization between the Planck and GUT scales
shown in Eq.~26c!. Approximate formulas forAR

21 and AL
21

from these contributions are given by

FIG. 1. Possible large contributions tom→eg amplitudesAR
21

andAL
21 in the present model. They are enhanced by a factormt /mm

compared to the other contributions.

FIG. 2. A possible large contribution tom→eg amplitudeAR
21 in

the present model.
09500
at

-
r

s

AR
21'

1

A2
sin 2usun~yn2

22yn1
2!yt

2

3F $~VCKM!3
1 sinuE1(VCKM!3

2 cosuE}
mt

mm
a2

n2acG
2cosuE sinuDa1

n , ~33a!

AL
21'2~yn3

22yn2
2!yt

2$~VCKM!3
1 cosuE2~VCKM!3

2 sinuE%

3
mt

mm
a2

n1sinuE cosuD a1
n , ~33b!

where we explicitly show theusun, yn i , yt , uE , and uD

dependence.a2
n , ac, and a1

n are functions of the slepton
masses and the chargino and neutralino masses and mix
These contributions correspond to Fig. 1, Fig. 2, and Fig
respectively. The explicit forms of the functions are given
Appendix B. Because (VCKM)3

2@(VCKM)3
1, the mixing

angle uE can enhance the amplitudeAL
21 compared to the

caseuE50.
The ratio of the magnitudes ofAL

21 andAR
21 can be mea-

sured by theP-odd asymmetry of them→e g process,A(m
→eg) @26#. With the help of initial muon polarization, we
defineA(m→eg)as follows:

dB~m1→e1g!

d cosu
5

1

2
B~m1→e1g!$11A~m1→e1g!

3P cosu%, ~34a!

FIG. 3. Possible large contributions tom→eg amplitudesAR
21

and AL
21 in the present model. The flavor mixing in the left-righ

mixing is induced by the gauge interaction between the Planck s
and the GUT scale through the wave-function renormalization of24
Higgs supermultiplet.
1-8
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A~m1→e1g!5
uAL

21u22uAR
21u2

uAL
21u21uAR

21u2
, ~34b!

where P is the polarization of the initialm1 and u is the
angle between the polarization and the momentum of
decay positron. Fort→mg, a similarP-odd asymmetry can
be measured in thee1e2→t1t2 process using spin corre
lation of thet pair @27#.

3. b\sg

The DB51 FCNC effective Lagrangian for the radiativ
B decay is written as follows:

L DS5152
4GF

A2
$C78~sRsmnbL!Fmn1C7~sLsmnbR!Fmn%

1H.c. ~35!

In the SM case, the process occurs through photon-pen
diagrams which exchange aW boson as in Fig. 4 andC78 is
suppressed by a factor ofms /mb compared toC7. In the
minimal SUGRA model without the right-handed neutrin
supermultiplets, the flavor mixing in the squark mass ma
ces appears only in that of the left-handed squark and
same argument can be applied. In the present model, h
ever, a gluino exchanging diagram~Fig. 5! can give a large

FIG. 4. One-loop diagrams that contribute tob→sg in the SM.
The contribution toC78 ~a! is suppressed byms /mb compared to the
contribution toC7 ~b!.
09500
e

in

i-
e

w-

contribution toC78 because of the new flavor mixing in th
right-handed down-type squarks (mD

2 )2
3.

If C78 has a similar magnitude toC7, the time-dependen
CP asymmetry ofB→Msg may be observed whereMs is a
CP eigenstate which includes a strange quark such asK1
(→KSr0) or K* (→KSp0) @19,28#. The asymmetry is de-
fined as follows:

G~ t !2G~ t !

G~ t !1G~ t !
5hACP~B→Msg!sinDmBd

t,

ACP~B→Msg!5
2 Im~e2 iuBC7C78!

uC7u21uC78u
2

, ~36!

where G(t) @G(t)# is the decay width ofB0(t)→Msg
@B0(t)→Msg#. h is 11 if Ms is aCP even state and21 if
Ms is a CP odd state.uB is the phase of theBd-B̄d mixing
amplitudeM12(Bd) which is defined below in Eq.~40!. In
the SM case, this asymmetry is only a few percent; howe
it may be considerably enhanced by the new SUSY con
bution toC78 .

4. «K

K0-K̄0 mixing is described by theDS52 FCNC effective
Lagrangian. The general form is given by

L DS5252
8GF

A2
H 1

2
gR

V~dR
agmsRa!~dR

bgmsRb!

1
1

2
gL

V~dL
agmsLa!~dL

bgmsLb!1
1

2
gRR

S ~dL
asRa!

3~dL
bsRb!1

1

2
gLL

S ~dR
asLa!~dR

bsLb!

1
1

2
gRR

S 8~dL
asRb!~dL

bsRa!1
1

2
gLL

S 8~dR
asLb!~dR

bsLa!

1gRL
S ~dL

asRa!~dR
bsLb!1gRL

S 8~dL
asRb!~dR

bsLa!J
1H.c., ~37!

FIG. 5. A possible large contribution tob→sg amplitudeC78 in
the SU~5!RN SUSY GUT that is not suppressed byms /mb .
1-9
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wherea and b denote color indices. The explicit forms o
the effective coupling constants in the above formula
given in Appendix C. TheCP violation parameter inK0-K̄0

mixing, «K , is calculated from the above formula as follow

«K5
e(p/4)i

A2

Im$M12~K !%

DmK
,

M12~K !52
^K0uL DS52uK̄0&

2mK
. ~38!

In the case of the SM, the process occurs through a
diagram in which twoW bosons are exchanged between
down-type quarks~Fig. 6! so that it is dominated by thegL

V

term. However, we have a new flavor mixing (mD
2 )1

2 in the
right-handed down-type squark sector. We can draw glu
exchanging diagrams like Fig. 7 which include theCP vio-
lating phase of the CKM matrix in (mQ

2 )1
2 on one of the

squark lines and large flavor mixing in (mD
2 )1

2 on the other.
These diagrams contribute to the coupling constantsgRL

S and
gRL

S 8. In the actual numerical calculation we first derive t
effective Lagrangian at the energy scaleMSUSY. According
to Ref. @29#, we include QCD corrections and derive th

FIG. 6. A one-loop diagram that contributes to«K in the SM. A

similar diagram that contributes toBd-B̄d (Bs-B̄s) mixing in the SM
can be obtained by replacing quarks in the external lines so ths
→b (s→b andd→s).

FIG. 7. A possible large contribution to«K in the SU~5!RN
SUSY GUT. There is also a crossed diagram because of the M
rana nature of the gluino.
09500
e

x
e

o

effective Lagrangian at the hadronic scale. The matrix e
ments for the dominant operators are parametrized as
lows:

^K0u~dL
agmsLa!~dL

bgmsLb!uK̄0&5
2

3
mK

2 f K
2 BK , ~39a!

^K0u~dR
asLa!~dL

bsRb!uK̄0&5
1

2 S mK

ms1md
D 2

mK
2 f K

2 ~BK!RL
S ,

~39b!

^K0u~dR
asLb!~dL

bsRa!uK̄0&5
1

6 S mK

ms1md
D 2

mK
2 f K

2 ~BK!RL
S 8,

~39c!

whereBK , (BK)RL
S , and (BK)RL

S 8 are bag parameters calcu
lated by the lattice QCD method. Because there is a la
enhancement factor of order (mK /ms)

2 in the matrix ele-
ments and large mixings originate from the MNS matrix, t
SUSY contribution to«K is expected to be large in thi
model.

5. Bd-B̄dÕBs-B̄s mixing

The DB52 effective Lagrangians forBd-B̄d and Bs-B̄s

mixing are parametrized in the same manner asK0-K̄0 mix-
ing. ForBd-B̄d mixing, it is obtained by replacing the strang
quark with the bottom quark in Eq.~37!. For Bs-B̄s mixing,
we further replace the down quark by the strange quark.
mass difference ofBd-B̄d mixing, DmBd

, is calculated from
the effective Lagrangian as follows:

DmBd
52uM12~Bd!u, M12~Bd!52

^Bd
0uL DB52uB̄d

0&
2mBd

.

~40!

In the SM case, this process occurs through theW boson
exchanging diagram and thegL

V term gives the dominant con
tribution. In the present case, there are new diagrams
shown in Fig. 8, which contain the new flavor mixing
(mD

2 )1
3 on one of the down-type squark lines or on both

them. The former contributes togRL
S andgRL

S 8 and the latter

to gR
V . Unlike K0-K̄0 mixing, the scalar-scalar matrix ele

ments do not have an enhancement factor forBd-B̄d mixing
becausemBd

/mb is O(1). A similar argument holds for

Bs-B̄s mixing. In the numerical calculation we use the ne
to leading order QCD correction forgR

V andgL
V and leading

order QCD formulas for other contributions@29# and bag
parameters are calculated by lattice QCD. Numerical val
are shown later.

IV. RESULTS OF NUMERICAL CALCULATIONS

In this section we present our numerical results for
FCNC/LFV processes in the SU~5!RN SUSY GUT.

In the present analysis we assume that the SUSY brea
terms have the minimal SUGRA-type boundary condition

jo-
1-10
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the Planck scale and that the Ka¨hler potential is flat. Adopt-
ing the simplifications discussed in the previous section,
have the following input parameters.

Parameters at the Planck scale: the universal scalar m
m0, the universal gaugino massM0, and the universal coef
ficient for the scalar couplingsA0.

Parameters at the GUT scale: mixing anglesuD anduE .
A parameter at the right-handed neutrino mass scale:

jorana mass of the right-handed neutrinoMR , which is also
used as the matching scale.

Parameters at the EW scale: quark, lepton, and neut
masses, mixing matricesVCKM and VMNS, tanb, and the
sign of the Higgsino mass parameterm in Eq. ~2!.

Throughout the following calculation, we fix some of th
parameters as shown in Table I. We consider two cases
the neutrino parameters, corresponding to the large mix
angle~LMA ! and the small mixing angle~SMA! MSW so-
lutions of the solar neutrino anomaly. The parameters
used in the neutrino sector for each case are given in Tab
For MR and tanb, we take several cases to see the dep
dences~see Table III!. SUSY breaking parametersm0 , M0,

TABLE I. Input parameters used in the numerical calculatio
uVub /Vcbu andd13 are varied in Fig. 14 below.

mt
pole mb

pole
ms

MS(2 GeV) Vcb uVub /Vcbu d13

175 GeV 4.8 GeV 120 MeV 0.04 0.08 60°

FIG. 8. Possible large contributions toBd-B̄d mixing in the

present model. Similar diagrams that contribute toBs-B̄s mixing
can be obtained by replacing the down quark/squark in the diagr
with the strange quark/squark. There are also crossed diagram
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andA0 are varied andDA0 is fixed to zero.
With these parameters, we solve the RGEs of the m

parameters and the coupling constants between the Pl
and the EW scale taking all the flavor mixings into accou
Details of our method are explained in Appendix A. Th
magnitude ofm is determined by the radiative EW symmet
breaking condition, in which the minimum of the one-loo
effective potential for the Higgs fields is evaluated. Then
obtain all the masses and mixings of the SUSY particles
the EW scale and calculate the FCNC/LFV observables
functions of the above parameters. We calculate the follo
ing quantities: the SUSY contribution to the muon anom
lous magnetic momentam

SUSY; branching ratios ofb→sg,

m→eg, and t→mg; P-odd asymmetry ofm→eg; B0-B̄0

mass splittingsDmBd
andDmBs

; CP violation parameter«K ;

and time-dependentCP asymmetries ofB→Msg and B
→J/c KS .

In order to find the allowed region in parameter space,
impose constraints from the experimental results of the di
searches for SUSY particles@30# and Higgs bosons@31# and
the measurements ofB(b→sg) @32#. Also it turns out that,
in some parameter region, the branching ratio ofm→eg ex-
ceeds the present upper limit and hence this process alr
gives an important constraint on the parameter space.
discuss the constraints from the measured values of«K and
DmBd

and the lower bound ofDmBs
later, since it depends on

the CKM parameters, namely,uVubu andd13 @33#.

A. uE and uD dependence ofµ\eg and «K

Let us first discuss theuE and uD dependence of them
→eg decay and«K .

As given in Eq.~33!, the decay amplitudesAR
21 and AL

21

depend onuE anduD differently, so that both the branchin
ratio andP-odd asymmetry are affected. In Fig. 9 we sho
B(m→eg) andA(m→eg) as functions ofuE anduD . The
shaded regions are excluded by the upper bound ofB(m
→eg) @34#. Here we take the LMA case for the neutrin
parameters,MR5431013 GeV, tanb520, m.0. SUSY
breaking parameters are also fixed asM05300 GeV, A0
50, andm050, 300, 600, 900 GeV. For the fixeduD50
case@~a! and ~b!#, we can see that the amplitudeAL

21 is en-
hanced for a nonvanishinguE and relatively smallm0. In the
parameter regionuE;90°, B(m→eg)becomes larger than
that foruE;0 andA(m→e g) approaches11, reflecting the

.

TABLE II. Parameters for the neutrino sector. LMA~SMA! cor-
responds to the large~small! mixing angle MSW solution for the
solar neutrino anomaly.

LMA SMA

sin2 2usun 1 5.531023

sin2 2uatm 1 1
u13 0 0
Dm12

2 (eV2) 1.831025 5.031026

Dm23
2 (eV2) 3.531023 3.531023

mn1
(eV) 4.031023 2.231023

s

1-11
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TABLE III. Parameters for Fig. 11.

~a! ~b! ~c! ~d! ~e! ~f! ~g!

neutrino LMA LMA LMA LMA LMA SMA SMA
MR ~GeV! 431013 431013 431013 431013 431014 431013 431014

uD 0 0 45° 0 0 0 0
tanb 20 20 20 5 20 20 5
A0 0 2 0 0 0 0 2.5
f
l
l-
g

p
ck

o

u-

lso

c-
a

on-
fact that AL
21 is enhanced and dominatesAR

21. For the uE

50 case@~c! and~d!#, AR
21 dominates in most of the range o

uD and henceA(m→e g) is close to21. In some specia
case,uD5230° andm05300 GeV for example, a cance
lation among contributions toAR

21 occurs and the branchin
ratio is suppressed. In such a case theP-odd asymmetry ap-
proaches11.

Figure 10 shows theuD dependence of«K for the same
parameter set as in Figs. 9~c! and ~d!. This dependence
comes fromgRL

S and gRL
S 8 in Eq. ~37! sinceuD directly af-

fects the mixing between the right-handed down-ty
squarks of the first and second generations. We have che
that theuE dependence is negligible for«K .

Hereafter we fixuE asuE50 and in most cases we als
fix uD50.
o to

09500
e
ed

B. aµ
SUSY, FCNC, and LFV observables for different sets of the

neutrino and the SUSY parameters

In Fig. 11 we show contour plots of the SUSY contrib
tion to the muon anomalous magnetic momentam

SUSY,
branching ratios ofm→eg and t→mg, and the deviations
from the SM values of«K , DmBd

, and DmBs
. The input

parameters used in each figure are given in Table III. We a
fix the sign ofm asm.0 in these figures. Them,0 region
is disfavored because the SUSY contributions to theb→sg
decay amplitude interfere with the SM contribution constru
tively, so that the branching ratio becomes too large in
large portion of the parameter space. Note that the c
straints from«K , DmBd

, andDmBs
are not imposed in Fig. 11

since these constraints depend ond13 and uVubu. We show
our result for each of these observables by taking the rati
FIG. 9. Branching ratio and
P-odd asymmetry ofm→eg as
functions ofuE anduD .
1-12
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the corresponding SM value, expecting that most of the
pendences on the CKM parameters cancel. In fact we h
checked that the plots do not change when a different va
of d13 is used. The dependences ofam

SUSY, B(m→e g), and
B(t→m g) on the CKM parameters are also small.

FIG. 10. «K normalized to the SM value as a function ofuD .
Parameters are the same as those in Figs. 9~c! and ~d!.
09500
e-
ve
e

In Fig. 11~a! we take the LMA case for the neutrin
masses and mixing,MR5431013 GeV, uE5uD50,
tanb520, andA050, as a reference point. Shaded regio
are experimentally excluded regions. The constraints ma
come from the LEP II Higgs boson search and the up
bound onB(m→e g). We see that there is a parameter r
gion with 20310210&am

SUSY&60310210, which is favored
by the E821 result and in that regionB(m→e g) becomes
larger than 10212. In the allowed parameter region within th
plotted rangeM0,1 TeV andm0,4 TeV, B(m→eg) var-
ies from O(10214) to O(10211) and B(t→mg)varies from
O(10211) to O(1029). Both branching ratios depend sim
larly on M0 and m0. Also we see that the deviation of«K
from the SM value is about 10% at most and the deviatio
of DmBd

andDmBs
are small.

In Fig. 11~b! plots for A052 are given. In this case th
stop mass squared becomes negative in some paramet
gion, which is shown in the figure. The region excluded
the B(m→e g) constraint is enlarged, due to the enhanc
ment of the branching ratio by the change in the left-rig
mixing in the slepton mass matrices. The deviation of«K is
also enhanced and there is an allowed parameter re
where«K is enhanced by more than 25%. It is noticeable t
ass
FIG. 11. Contour plots ofam
SUSY, B(m→e g), B(t→m g), «K /«K

SM21, DmBd
/DmBd

SM21, andDmBs
/DmBs

SM21 on them0–M0 plane
for various choices of the parameters given in Table III. CKM parameters are fixed asd13560° anduVub /Vcbu50.08 andm is taken as
positive. Shaded regions are excluded experimentally~see text!. In ~b! and ~g!, the excluded regions corresponding to negative stop m
squared are also shown.
1-13
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FIG. 11. ~Continued!.
t
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the allowed parameter region with a large enhancemen
«K is different from the E821-favored region. The region th
corresponds to both a favorableam

SUSY and a large enhance
ment of «K is excluded by other constraints, such asB(m
→eg).

Comparing Figs. 11~a! and~c!, we can see the dependen
on uD . SinceuD affects the mixing between the first and th
second generations, the difference appears mainly forB(m
→eg) and «K . For a nonvanishinguD545° @Fig. 11~c!#,
B(m→eg) is enhanced form0&700 GeV and the ex-
cluded region is enlarged. Also the SUSY contribution to«K
can be larger than the SM contribution in a part of the
lowed parameter region as shown in Fig. 10.am

SUSYdoes not
depend onuD so that the parameter region witham

SUSY*10
310210 is excluded in the case~c!. The behavior ofB(t
→m g) and DmBs

is unchanged also. AlthoughDmBd
de-

pends onuD , the deviation is quite small in either case.
The plots for tanb55 are given in Fig. 11~d!. Since both

B(m→eg)and B(t→mg) are proportional to tan2b, pos-
sible values are suppressed as B(m→eg)&10213 and B(t
→mg)&10210. am

SUSY is proportional to tanb and is also
suppressed. The excluded region is larger than in the tab
520 case because the constraint from the Higgs boson m
bound is stronger for a smaller tanb. The plots for«K ,
DmBd

, andDmBs
are the same as those in the case~a! except

that the excluded region is enlarged.
09500
of
t

-

ss

Figure 11~e! shows the case with a largerMR54
31014 GeV. Since the magnitude of the neutrino Yukaw
coupling constants are proportional toAMR, the flavor mix-
ings inmD

2 andmL
2 are enhanced for a largerMR . As a result

we see thatB(m→eg), B(t→mg), and«K are significantly
enhanced in this case, compared to theMR5431013 GeV
case~a!. Although the excluded region due to the constra
from B(m→eg) is enlarged, there is still an allowed param
eter region where«K is enhanced by more than 50% of th
SM value. AlsoB(t→mg) can be close toO(1028). In the
allowed parameter region, the deviations ofDmBd

andDmBs

are small.am
SUSY is unaffected by the change ofMR and the

E821-favored region is excluded by theB(m→eg) con-
straint.

Figure 11~f! shows the SMA case. Other parameters
taken to be the same as those in the case~a!. In this case, the
mixing between the first and second generations is s
pressed compared to the LMA case. ConsequentlyB(m
→eg) is at mostO(10213) in the allowed region and the
deviation of«K is smaller.am

SUSY, B(t→m g), DmBd
, and

DmBs
look the same as those in case~a!.

In all the above cases the deviation of theB0-B̄0 mixing
from the SM value is small. Let us now show an examp
with a large enhancement of theBs-B̄s mixing in Fig. 11~g!.
We see thatDmBs

differs from the SM value by more tha
1-14
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FIG. 11. ~Continued!.
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50% in the parameter regionm0*700 GeV and M0
&200 GeV. In the same region«K is also enhanced by
similar amount. Note that this enhancement comes from m
ing in the right-handed down-type squarks induced by
neutrino Yukawa coupling. In such a case the time-depend
CP asymmetry ofB→Msg decay is also enhanced. Figu
12 showsACP(B→Msg) with the same parameter set. W
see that this asymmetry can be larger than 25% in the pa
eter region whereDmBs

is enhanced. In this caseB(t

→mg)can be close to 1027.
In Table IV we summarize the possible SUSY contrib

tions to the observables given in Fig. 11. We can see t
except for the case~g!, a large deviation from the SM is
possible only inam

SUSY, B(m→eg), and«K .
Let us look at the correlation amongam

SUSY, B(m→eg),
and «K more closely. Figure 13 shows the correlation b
tween am

SUSYand B(m→eg), am
SUSYand «K /(«K)SM, and

«K /(«K)SM andB(m→eg). Here SUSY breaking paramete
m0 , M0, and A0 are scanned within the rangem0 ,M0
,3 TeV, and25,A0,5. Other parameters are taken
be the same as those in Figs. 11~a! and~b!. In the plot of the

correlation betweenam
SUSYand B(m→e g), the am

SUSY,0
branch corresponds tom,0 and theam

SUSY&220310210

region is excluded by theB(b→sg) constraint. Notice that
the parameter region wheream

SUSYsaturates the E821 result
different from that with a large«K /(«K)SM. As can be seen
09500
x-
e
nt

m-

-
t,

-

in the plot ofam
SUSYand«K /(«K)SM, when«K is enhanced by

;50%, the magnitude ofam
SUSYis small.

C. Allowed region of DmBs
ÕDmBd

and the CP asymmetry
of B\JÕc KS

Finally, let us discuss the effect of varying the CKM p
rametersuVub /Vcbu and d13. Within the SM, these param
eters are determined by combining the measurements of

eral observables:b→ul n̄ semileptonic decays,«K , DmBd
,

DmBs
/DmBd

, and the time-dependentCP asymmetry of the

B→J/c KS decay. However, in the present case we ha
shown that there can be significant SUSY contributions
these observables, especially for«K . In such a case the al
lowed range ofd13 given by the measured value of«K is
different from that in the SM case, and then this chan
affects the other observables. As foruVub /Vcbu, we have no

change since theb→ul n̄ decay is dominated by the tree
level SM amplitude.

We show how this effect will be observed in Fig. 1
where the possible region in space ofDmBs

/DmBd
and the

time-dependentCP asymmetry ofB→J/c KS are presented
In this figure, we varyuVub /Vcbu andd13 within the ranges
0.08,uVub /Vcbu,0.1 and 0,d13,360°. The dotted lines in
each plot show the SM values ofDmBs

/DmBd
and ACP(B
1-15
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→J/c KS) for the whole range ofd13 and uVub /Vcbu50.1
~outer line! and 0.08~inner line!. The shaded region is al
lowed in the SM case. We impose the constraints from
measured values of «K52.2831023 and DmBd

50.482 ps21 and from the lower limit of DmBs

.14.3 ps21. In the calculation of«K , DmBd
, andDmBs

we
fix the bag parameters and the decay constant of theB meson

FIG. 12. Contour plot of the time-dependentCP asymmetry of
B→Msg decay with the same parameter set as Fig. 11~g!.

FIG. 11. ~Continued!.
09500
e

f Bd ,Bs
as given in Table V@36#. When we impose the experi

mental constraints, we allow615% and640% deviations
for «K and DmBd

, respectively, in order to take theoretic

uncertainties in the bag parameters into account. Since
uncertainty is expected to be reduced in the ra
DmBs

/DmBd
, we use the lower limit of the ratio

DmBs
/DmBd

instead ofDmBs
itself.

Figure 14~a! shows the result with the same parameter
as Fig. 11~a! except thatA0 is scanned within25,A0,
15 ~see Table III!. As shown in Figs. 11~a! and ~b!, the
SUSY contributions toBd-B̄d mixing andBs-B̄s mixing are
quite small in this case so that the allowed region lies
tween the dotted lines. The difference of the allowed regio
from the SM values comes from the fact that the SUS
contribution to«K can be as large as 50% of the SM value,
can be seen in Fig. 13.

In Fig. 14~b! we takeuD545° as in Fig. 11~c! andA0 is
scanned within25,A0,15. In this case the enhanceme
of «K is more significant than in theuD50 case. Conse-
quently a region with smallerd13 is now allowed and hence
a smallerACP(B→J/c KS);0.4 is possible, compared t
the SM value ACP(B→J/c KS);0.7. At the same time
DmBs

/DmBd
can be as large as 60.

Figure 14~c! is the case corresponding to Fig. 11~g! with
25,A0,15. In this case the allowed region can be outs
the dotted circles, since a large deviation ofDmBs

is pos-
sible. On the other hand, we see that the deviation
ACP(B→J/c KS) from the SM value is small.

At present we have only a lower bound forDmBs
and the

CP asymmetry ofB→J/c KS and related modes is not pre
cise enough@35,37#. In a few years we expect thatDmBs

will

be measured at the Tevatron and the precision of theCP
violating asymmetry will be improved to the 10% level at th
Belle, BaBar, and Tevatron experiments. It is conceiva
that the deviation shown in Fig. 14 will be clearly seen
these experiments.

V. CONCLUSION AND DISCUSSION

In this paper we have studied FCNC and LFV proces
as well as the muon anomalous magnetic moment in
framework of SU~5! SUSY GUT with right-handed neutri
nos, motivated by the large mixing angle solutions for t
atmospheric and solar neutrino anomalies. In order to exp
realistic mass relations for quarks and leptons, we have ta
into account effects of higher dimensional operators ab
the GUT scale. It has been shown that there appear
mixing angles in the right-handed charged leptons and
right-handed down-type quarks due to the higher dim
sional operators. We have calculated various low energy
servables by changing parameters of the model, nam
SUSY parameters, neutrino parameters~LMA or SMA and
MR), and the above new mixing angles. We have shown t
within the current experimental bound ofB(m→e g), large
SUSY contributions are possible either in the muon anom
lous magnetic moment or in«K . The parameter regions tha
have a large correction in one case are different from thos
1-16
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TABLE IV. Summary of the SUSY contributions to the observables in Fig. 11. ‘‘A ’’ shows that some
parameter region is excluded by them→e g constraint and hence the branching ratio can be just below
present upper bound. ‘‘–’’ means that the SUSY contribution is negligible.

~a! ~b! ~c! ~d! ~e! ~f! ~g!

am
SUSY (10210) &50 &50 &10 – – &50 –

B(m→e g) A A A &10213 A &10213 A

B(t→m g) &1029 &1029 &1029 &10210 &1029 &1028 &1027

«K /(«K)SM21 &0.1 &0.5 &1 &0.05 &0.5 – &0.5
DmBd

/(DmBd
)SM21 – – – – – – –

DmBs
/(DmBs

)SM21 – – – – &0.05 – &1
t
o

sh
hi

e

t

c

th
gs
a
f t

th
ass

:

the other case. In the former case, the favorable value of
recent result of the BNL E821 experiment can be accomm
dated. In the latter case, the allowed region of the Kobaya
Maskawa phase can be different from the predictions wit
the SM, and therefore measurements of theCP asymmetry
of theB→J/c KS mode andDmBs

can discriminate this cas

from the SM. We also show that thet→mg branching ratio
can be close to the current experimental upper bound and
mixing-inducedCP asymmetry of the radiativeB decay can
be enhanced in the case where the neutrino parameters
respond to the small mixing angle MSW solution.

Finally there are several remarks.
In this paper we have neglected the constraint from

nucleon decay. If we take the minimal model for the Hig
sector at the GUT scale, it is likely that the nucleon dec
experiments exclude most of the parameter space even i
squark mass is multi-TeV@38#. It is known, however, that
there are several ways to suppress the nucleon decay wi
09500
he
-
i-

n

he

or-

e

y
he

out

changing the flavor signals discussed here@39#.
For LFV search,m→eeedecay andm-e conversion in a

muonic atom are also promising experimentally@40#. The
rates of these processes have simple relations withB(m
→e g) if the photonic operator Eq.~32! gives the dominant
contribution@17,41#:

B~m1→e1e1e2!

B~m1→e1g!
'

a

3p F log
mm

2

me
2

2
11

4 G'0.006,

~41a!

B~m2N→e2N!

B~m1→e1g!
'

B~A,Z!

428
, ~41b!

whereB(A,Z) represents the rate dependence on the m
numberA and the atomic numberZ of the target nucleus
-

s

FIG. 13. Correlation amongam
SUSY, B(m

→eg), and«K . The vertical line shows the ex
perimental upper bound B(m→eg),1.2310211

@34# and the horizontal solid and dotted line
show the E821-favored regionam

SUSY5(43616)
310210 @1#.
1-17
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B(A,Z)'1.1 for 27Al, B(A,Z)'1.8 for 48Ti, and B(A,Z)
'1.25 for 208Pb. These relations hold in our case also.

We also calculated thet→eg branching ratio. In all case
B(t→eg) is smaller by two or three orders of magnitud
thanB(t→mg).

FIG. 14. Allowed region in DmBs
/DmBd

-ACP(B→J/c KS)
plane. d13 and uVub /Vcbu are varied and constraints from«K ,
DmBd

, andDmBs
/DmBd

are imposed. 1s ranges of theCP asym-
metry from Belle and BaBar experiments are also shown@35#.
09500
As shown in Figs. 11~a! and ~e!, the flavor mixing effect
due to the neutrino Yukawa coupling is enhanced~sup-
pressed! for large~small! MR since the neutrino Yukawa cou
pling constants are proportional toAMR for given neutrino
masses. When we take a small value ofMR , such asMR

&1010 GeV, the contributions ofyn in mL
2 andmD

2 given in
Eqs. ~25c! and ~25d! are suppressed and hence the SU
contribution to«K becomes smaller than;10%. Even in this
case, however, there are contributions to them→eg decay
amplitudes independent of the magnitude ofyn , as shown in
Eq. ~33!. The terms proportional toa1

n dominate the ampli-
tude foruD,E5O(1) and the branching ratio can be as lar
as the experimental upper bound in some parameter reg

We have assumed the 1-3 element of the MNS matrix
be vanishing. However, the present experimental up
bound is given as sin2 2u13,0.1 @23#. When a nonvanishing
u13 is introduced,m→eg and «K are generally enhance
since the loop diagrams including the third-generat
squarks/sleptons in the internal lines give large contributi
@17#. Consequently, the constraint from the upper bound
B(m→eg) is significant even in the SMA case. In the a
lowed region,am

SUSY and the SUSY contributions toDmBd

andDmBs
are smaller than those in theu1350 case shown in

Fig. 11. We see that the large deviation ofDmBs
/DmBd

out-
side the dotted lines given in Fig. 14~c! disappears when we
take sin2 2u13*0.001, and the corresponding plot looks sim
lar to Fig. 14~b!.

Let us now discuss the validity of the simplification im
posed in the mixing matricesVD andVE . We have numeri-
cally checked that, when we requireu(kd) i j u,4, for ex-
ample, the mixing angles for the second-third and first-th
generation mixings are restricted to be smaller than;15° for
the tanb520 case. In this caseB(m→e g) varies within a
range that is several times larger than those shown in Fig
In addition to the mixing angles,CP violating complex
phases ofO(1) can be introduced inVD andVE . It turns out
that the SUSY contributions to«K can be twice as large a
those given in Fig. 10. These complex phases also con
utes to the electric dipole moments~EDMs! of the neutron
(dn) and the electron (de). We calculated EDMs and ob
tained the result that udnu&10226 e cm and udeu
&10227 e cm for m05600 GeV, M05300 GeV, and
A050. Thus the EDMs can be close to the present up
bounds udnu,6.3310226 e cm @42# and udeu,4.0
310227 e cm @43#.

As discussed above, if we relax the simple assumpti
for the mixing matricesVD , VE , andVMNS, typical patterns
of the deviation from the SM can be summarized in the f
lowing way. ~1! B(m→e g) can be close to 10211 and the

TABLE V. Decay constants and bag parameters forB0-B̄0and

K0-K̄0 mixing matrix elements used in the numerical calculati
@36#.

f Bd
f Bs

/ f Bd
BB (BB)RL

S (BB)RL
S 8 BK (BK)RL

S (BK)RL
S 8

210 MeV 1.17 0.8 0.8 0.8 0.69 1.03 0.73
1-18
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deviation in theDmBs
/DmBd

-ACP(B→J/c KS) plane ap-

pears like Fig. 14~b!. In this case,am
SUSY is quite small and

the SUSY contribution does not saturate the observed
crepancy ofam . ~2! am

SUSY is compatible with the E821 resu
and B(m→e g) can be as large as 10211. However, no de-
viation may be seen in«K or theBd-B̄d andBs-B̄s mixings in
this case. From these observations we can conclude that
important to search for new physics effects in the ongo
and near-future experiments, namely, the BNL muong22
experiment, m→e g and m2e conversion experiment
@44,45#, and B physics experiments atB factories and the
Tevatron. By combining results obtained in these exp
ments we may be able to get some insights into interact
at the GUT or right-handed neutrino scales.
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APPENDIX A: RGE AND MATCHING CONDITION AT
THE GUT SCALE

In this appendix we show the details of our numeric
calculation taking account of the effects of higher dime
sional operators. An outline of the calculation is as follow

We solve the renormalization group equations~RGEs! for
the gauge and Yukawa coupling constants between the
scale and the GUT scale. The neutrino Yukawa coupling c
stants are calculated with Eq.~28! at the Majorana mas
scale.

At the GUT scale, the coupling constants in the super
tential of the SU~5!RN SUSY GUT are determined from th
Yukawa coupling constants for quarks and leptons using
matching condition explained in Sec. A 2 below. Then
solve the RGEs for these constants between the GUT s
and the Planck scale.

At the Planck scale, we set the boundary conditions
the SUSY breaking parameters as Eq.~19! and solve the
RGEs for these parameters between the Planck scale an
EW scale.

The RGEs for the MSSM and MSSMRN are given, f
example, in Refs.@6,17# and we show the RGEs for th
SU~5!RN SUSY GUT in Sec. A 1. In Sec. A 2 we explain th
matching condition at the GUT scale, taking account of
higher dimensional terms in the Ka¨hler potential.

1. RGE for the SU„5… SUSY GUT with right-handed neutrino

In this subsection we show one-loop RGEs for t
SU~5!RN SUSY GUT. In the derivation of the RGEs, w
only take account of diagrams in which the higher dime
sional operators are inserted at most one time. In this
proximation, the quadratic divergence does not appear in
calculation.
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The RGEs for the SU~5! gauge coupling constantg5 and
the gaugino mass parameterM5 are given by

~4p!2M
d

dM
g55b5g5

3 , ~A1a!

~4p!2M
d

dM
M552b5g5

2M5 , ~A1b!

whereM is the renormalization scale. The coefficient of t
beta function is given asb5523 for minimal field content.

The RGEs for the coupling constants in the superpot
tials Eqs.~1! and ~6! are represented as follows:

~4p!2M
d

dM
~lu! i j 5~lu!k j~QT!k

i1~lu! ik~QT!k
j

1~lu! i j QH , ~A2a!

~4p!2M
d

dM
~ld! i j 5~ld!k j~QF!k

i1~ld! ik~QT!k
j

1~ld! i j QH , ~A2b!

~4p!2M
d

dM
~ln! i j 5~ln!k j~QN!k

i1~ln! ik~QF!k
j

1~ln! i j QH , ~A2c!

~4p!2M
d

dM
~ku

6! i j 5~ku
6!k j~QT!k

i1~ku
6! ik~QT!k

j

1~ku
6! i j ~QH1QS!, ~A2d!

~4p!2M
d

dM
~kd! i j 5~kd!k j~QF!k

i1~kd! ik~QT!k
j

1~kd! i j ~QH1QS!, ~A2e!

~4p!2M
d

dM
~kd! i j 5~kd!k j~QF!k

i1~kd! ik~QT!k
j

1~kd! i j ~QH1QS!, ~A2f!

~4p!2M
d

dM
~kn! i j 5~kn!k j~QN!k

i1~kn! ik~QT!k
j

1~kn! i j ~QH1QS!, ~A2g!

where theQ ’s are given by

~QT! i
j52~ld

†! ik~ld!k j13~lu
†! ik~lu!k j2

36

5
g5

2d j
i ,

~A3a!

~QF! i
j54~ld* ! ik~ld

T!k j1~ln
†! ik~ln!k j2

24

5
g5

2d j
i ,

~A3b!

~QN! i
j55~ln* ! ik~ln

T!k j , ~A3c!
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QH54Tr~ld
†ld!2

24

5
g5

2 , ~A3d!

QH5
3

2
Tr~lu

†lu!1Tr~ln
†ln!2

24

5
g5

2 , ~A3e!

QS5210g5
2 . ~A3f!

The RGEs for the SUSY breaking parameters in Eq.~18!
are written as follows:

~4p!2M
d

dM
~ l̃u! i j 5~ l̃u!k j~QT!k

i1~ l̃u! ik~QT!k
j

1~ l̃u! i j QH12$~lu!k j~Q̃T!k
i

1~lu! ik~Q̃T!k
j1~lu! i j Q̃H%, ~A4a!

~4p!2M
d

dM
~ l̃d! i j 5~ l̃d!k j~QF!k

i1~ l̃d! ik~QT!k
j

1~ l̃d! i j QH12$~ld!k j~Q̃F!k
i

1~ld! ik~Q̃T!k
j1~ld! i j Q̃H%,

~A4b!

~4p!2M
d

dM
~ l̃n! i j 5~ l̃n!k j~QN!k

i1~ l̃n! ik~QF!k
j

1~ l̃n! i j QH12$~ln!k j~Q̃N!k
i

1~ln! ik~Q̃F!k
j1~ln! i j Q̃H%,

~A4c!

~4p!2M
d

dM
~ k̃u

6! i j 5~ k̃u
6!k j~QT!k

i1~ k̃u
6! ik~QT!k

j

1~ k̃u
6! i j ~QS1QH!

12$~ku
6!k j~Q̃T!k

i1~ku
6! ik~Q̃T!k

j

1~ku
6! i j ~Q̃S1Q̃H!% , ~A4d!

~4p!2M
d

dM
~ k̃d! i j 5~ k̃d!k j~QF!k

i1~ k̃d! ik~QT!k
j

1~ k̃d! i j ~QS1QH!12$~kd!k j~Q̃F!k
i

1~kd! ik~Q̃T!k
j1~kd! i j ~Q̃S1Q̃H!%,

~A4e!

~4p!2M
d

dM
~ k̃̄d! i j 5~ k̃̄d!k j~QF!k

i1~ k̃̄d! ik~QT!k
j

1~ k̃̄d! i j ~QS1QH!12$~kd!k j~Q̃F!k
i

1~kd! ik~Q̃T!k
j1~kd! i j ~Q̃S1Q̃H!%,

~A4f!
09500
~4p!2M
d

dM
~ k̃n! i j 5~ k̃n!k j~QN!k

i1~ k̃n! ik~QF!k
j

1~ k̃n! i j ~QS1QH!,12$~kn!k j~Q̃N!k
i

1~kn! ik~Q̃F!k
j1~kn! i j ~Q̃S1Q̃H!%,

~A4g!

~4p!2M
d

dM
~mT

2! i
j5~QT! i

k~mT
2!k

j1~mT
2! i

k~QT!k
j

12@3~lu
†! ik$~mT

2T!k
l1~mH

2 !dk
l %~lu! l j

12~ld
†! ik$~mF

2T!k
l1~mH

2
!dk

l %~ld! l j

13~ l̃u
†! ik~ l̃u!k j12~ l̃d

†! ik~ l̃d!k j#

1
72

5
g5

2$~mT
2! i

j22uM5u2d j
i %, ~A4h!

~4p!2M
d

dM
~mF

2
! i

j5~QF! i
k~mF

2
!k

j1~mF
2
! i

k~QF!k
j

12@4~ld* ! ik$~mT
2T!k

l1~mH
2

!dk
l %

3~ld
T! l j 1~ln

†! ik$~mN
2 T!k

l1~mH
2 !dk

l %

3~ln! l j 14~ l̃d* ! ik~ l̃d
T!k j

1~ l̃n
†! ik~ l̃n!k j#1

48

5
g5

2$~mF
2
! i

j

22uM5u2d j
i %, ~A4i!

~4p!2M
d

dM
~mN

2
! i

j5~QN! i
k~mN

2
!k

j1~mN!2) i
k~QN!k

j

12@5~ln* ! ik$~mF
2T

!k
l1~mH

2 !dk
l %

3~ln
T! l j 15~ l̃n* ! ik~ l̃n

T!k j#, ~A4j!

~4p!2M
d

dM
mH

2 52QHmH
2 12$6Tr~lu

†mT
2T

lu!

1Tr~ln
†mN

2T
ln!1Tr~ln* mF

2T
ln

T!

13Tr~ l̃u
†l̃u!1Tr~ l̃n

†l̃n!%

1
48

5
g5

2~mH
2 22uM5u2!, ~A4k!

~4p!2M
d

dM
~mH

2
!52 QHmH

2
12$4Tr~ld* mT

2T
ld

T!

14Tr~ld
†mF

2T
ld!14Tr~ l̃d* l̃d

T!%

1
48

5
g5

2~mH
2

22uM5u2!, ~A4l!
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where theQ̃ ’s are given by

~Q̃T! i
j52~ld

†! ik~ l̃d!k j13~lu
†! ik~ l̃u!k j2

36

5
g5

2M5d j
i ,

~A5a!

~Q̃F! i
j54~ld* ! ik~ l̃d

T!k j1~ln
†! ik~ l̃n!k j2

24

5
g5

2M5d j
i ,

~A5b!

~Q̃N! i
j55~ln* ! ik~ l̃n

T!k j , ~A5c!

Q̃H54Tr~ld
†l̃d!2

24

5
g5

2M5 , ~A5d!

Q̃H5
3

2
Tr~lu

†l̃u!1Tr~ln
†l̃n!2

24

5
g5

2M5 , ~A5e!

Q̃S5210g5
2M5 . ~A5f!

2. Matching conditions at the GUT scale

In this subsection we show the matching conditions
tween the SU~5!RN SUSY GUT and the MSSMRN at th
GUT scale taking account of the dimension five terms in
Kähler potential. Although we include only the renormali
able terms in the Ka¨hler potential at the Planck scale, high
dimensional terms are induced by the renormalization effe
between the Planck scale and the GUT scale, because
introduce the higher dimensional operators in the supe
tential. In order to simplify the treatment, we use the log
rithmic approximation for induced terms in the Ka¨hler po-
tential. For other coupling constants, we explicitly solve t
RGEs in the previous subsection.

Up to dimension five terms, the corrections for the Ka¨hler
potential in the present model are parametrized as follow

DKSU(5)RN5
1

MX
$~kT! i

j~Ti
†!ab~S!b

c~Tj !ca

1~kF! i
j~Fi

†!a~S!b
a~F j !b1kH~H†!a~S!a

b~H !b

1kH~H†!a~S!b
a~H !b%1H.c., ~A6!

where we include SUSY breaking parts in the coupling c
stants using the spurion method as follows:

kX5kX1 k̂Xu21 ǩXu21 k̃Xu2u2 ~X5T,F,H,H !.
~A7!

At the Planck scale, we assume all the components of
~A7! are zero. These coupling constants are induced from
renormalization between the Planck scale and the GUT sc
In the logarithmic approximation, thek’s at the GUT scale
are given by

~kT! i
j'22$~lu

†! ik~ku
1!k j25~lu

†! ik~ku
2!k j1~ld

†! ik~kd!k j

1~ld
†! ik~kd!k j%tG , ~A8a!
09500
-

e

ts
we
o-
-

:

-

q.
he
le.

~kF! i
j'22$~ld* ! ik~kd! jk24~ld* ! ik~kd! jk

2~ln
†! ik~kn!k j%tG , ~A8b!

kH'22$3Tr~lu
†ku!2Tr~ln

†kn!%tG , ~A8c!

kH'22$Tr~ld
†kd!24Tr~ld

†kd!%tG . ~A8d!

In the same approximation,k̂X , ǩX , andk̃X at the GUT scale
are proportional tokX as follows:

k̂X'm0~A01DA0!kX , ~A9a!

ǩX'm0A0kX , ~A9b!

k̃X'm0
2$A0* ~A01DA0!12%kX ~X5T,F,H,H !.

~A9c!

The dimension five terms in Eq.~A6! modify the normaliza-
tion of the Kähler potential after the SU~5! symmetry break-
ing. In order to obtain the correct normalization up toO(j),
we introduce the following new chiral superfields:

~Ti 8!ab5~Ti !ab1
1

MX
$~kT! i

j1u2~ k̂T! i
j%$~S!a

c~Tj !cb

2~S!b
c~Tj !ca%, ~A10a!

~Fi 8!a5~Fi !a1
1

MX
$~kF! i

j1u2~ k̂F! i
j%~S!b

a~F j !b ,

~A10b!

~H8!a5~H !a1
1

MX
~kH1u2k̂H!~S!a

bHb , ~A10c!

~H8!a5~H !a1
1

MX
~kH1u2k̂H!~S!b

a~H !b. ~A10d!

Substituting these superfields for Eqs.~1! and ~6!, we can
define the coupling constants in terms of the new chiral
perfields as follows:

~ku
18! i j 5~ku

1! i j 2
1

2
~lu! ik~kT!k

j2
1

2
~lu!k j~kT!k

i

1~lu! i j kH , ~A11a!

~ku
28! i j 5~ku

2! i j 1
1

2
~lu! ik~kT!k

j2
1

2
~lu!k j~kT!k

i ,

~A11b!

~kd8! i j 5~kd! i j 2~ld! ik~kT!k
j2~ld!k j~kF!k

i ,
~A11c!

~kd8! i j 5~kd! i j 2~ld! ik~kT!k
j2~ld! i j kH , ~A11d!

~kn8! i j 5~kn! i j 2~ln! ik~kF!k
j2~ln! i j kH . ~A11e!
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The matching conditions for the Yukawa coupling matric
for quarks and leptons are written with the above new c
pling constants as follows:1

~yu! i j 5~lu! i j 1jH 1

2
~ku

18! i j 1
5

6
~ku

28! i j J , ~A12a!

~yd! i j 5~ld! i j 1jH 1

3
~kd8! i j 2

1

2
~kd8! i j J , ~A12b!

~ye! i j 5~ld
T! i j 1jH 2

1

2
~kd8

T! i j 2
1

2
~kd8

T! i j J ,
~A12c!

~yn! i j 5~ln! i j 2
j

2
~kn8! i j . ~A12d!

Using Eqs.~A8!–~A12! we can relate they’s andl ’s andk ’s
at the GUT scale. The SUSY breaking parameters are
defined in terms of the new superfields as follows:

~ k̃u
18! i j 5~ k̃u

1! i j 2
1

2
~ l̃u! ik~kT!k

j2
1

2
~ l̃u!k j~kT!k

i1~ l̃u! i j kH

2
1

2
~lu! ik~ k̂T!k

j2
1

2
~lu!k j~ k̂T!k

i1~lu! i j k̂H ,

~A13a!

~ k̃u
28! i j 5~ k̃u

2! i j 2
1

2
~ l̃u! ik~kT!k

j1
1

2
~ l̃u!k j~kT!k

i

2
1

2
~lu! ik~ k̂T!k

j1
1

2
~lu!k j~ k̂T!k

i , ~A13b!

~ k̃d8! i j 5~ k̃d! i j 2~ l̃d! ik~kT!k
j2~ l̃d!k j~kF!k

i2~ld! ik~ k̂T!k
j

2~ld!k j~ k̂F!k
i , ~A13c!

~ k̃̄d8! i j 5~ k̃̄d! i j 2~ l̃d! ik~kT!k
j2~ l̃d! i j kH2~ld! ik~ k̂T!k

j

2~ld! i j k̂H , ~A13d!

~ k̃n8! i j 5~ k̃n! i j 2~ l̃n! ik~kF!k
j2~ l̃n! i j kH2~ln! ik~ k̂F!k

j

2~ln! i j k̂H , ~A13e!

~ k̃T8 ! i
j5~ k̃T! i

j1~mT
2! i

k~kT!k
j , ~A13f!

~ k̃F8! i
j5~ k̃F! i

j1~mF
2
! i

k~kF!k
j , ~A13g!

k̃H8 5 k̃H1mH
2 kH , ~A13h!

k̃H
8 5 k̃H1mH

2 kH . ~A13i!

1Thek ’s in Eqs.~7! of Sec. II should be read as those with prim
if we take account of the higher dimensional terms radiatively
duced in the Ka¨hler potential.
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The soft SUSY breaking parameters can be expressed u
the above new coupling constants as follows:

~ ỹu! i j 5~ l̃u! i j 1jH 1

2
~ k̃u

18! i j 1
5

6
~ k̃u

28! i j 1
1

6
~lu! ik~ ǩT

†!k
j

2
2

3
~lu!k j~ ǩT

†!k
i1

1

2
~lu! i j ǩH* J , ~A14a!

~ ỹd! i j 5~ l̃d! i j 1jH 1

3
~ k̃d8! i j 2

1

2
~ k̃̄d8! i j 2

1

6
~ld! ik~ ǩT

†!k
j

2
1

3
~ld!k j~ ǩF

†
!k

i1
1

2
~ld! i j ǩH

* J , ~A14b!

~ ỹe! i j 5~ l̃d
T! i j 1jH 2

1

2
~ k̃d8

T! i j 2
1

2
~ k̃̄d8

T! i j 1~ld
T!k j~ ǩT

†!k
i

1
1

2
~ld

T! ik~ ǩF
†
!k

j1
1

2
~ld

T! i j ǩH
* J , ~A14c!

~ ỹn! i j 5~ l̃n! i j 1jH 2
1

2
~ k̃n8! i j 1

1

2
~ln! ik~ ǩF

†
!k

j

1
1

2
~ln! i j ǩH* J , ~A14d!

~mQ
2 ! i

j5~mT
2! i

j1
1

6
j$~ k̃T8 ! i

j1~ k̃T8
†! i

j%, ~A14e!

~mU
2 ! i

j5~mT
2! j

i2
2

3
j$~ k̃T8 ! j

i1~ k̃T8
†! j

i%, ~A14f!

~mE
2 ! i

j5~mT
2! j

i1j$~ k̃T8 ! j
i1~ k̃T8

†! j
i%, ~A14g!

~mD
2 ! i

j5~mF
2
! j

i2
1

3
j$~ k̃F

8 ! j
i1~ k̃F

8†
! j

i%, ~A14h!

~mL
2! i

j5~mF
2
! i

j1
1

2
j$~ k̃F

8 ! i
j1~ k̃F

8†
! i

j%, ~A14i!

mH1

2 5mH
2

1j k̃H
8 , ~A14j!

mH2

2 5mH
2 1j k̃H8 . ~A14k!

Using Eqs.~A13! and ~A14!, we can express the so
SUSY breaking terms of the MSSMRN by the input para
eters at the Planck scale, Eq.~19!.

APPENDIX B: APPROXIMATE EXPRESSIONS
OF THE PHOTON-PENGUIN AMPLITUDES

FOR THE µ\eg PROCESS

In this appendix we show the explicit forms of the fun
tions that appear in the approximate expressions of

-
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photon-penguin amplitudes given in Eq.~33!. We assume the
following conditions to derive the expressions.

The off-diagonal elements of the slepton mass matri
(mE

2) i
j and (mL

2) i
j are given by Eqs.~25b! and ~25d!, and

they are diagonalized with good approximation in the ba
where (yn) i j and (yCR) i j in Eqs.~22! and~23! are diagonal.

In this basis, the left-right mixing mass of the slepton c
be treated as perturbation to diagonalize the 636 charged
slepton mass matrix.

The eigenvalues of the slepton mass matrices are alm
degenerate and represented bym̄2.

With these conditions, the SUSY contributions to t
photon-penguin amplitudes correspondind to Figs. 1–3
expressed as Eq.~33!. In this formula,a2

n , ac, and a1
n are

given by

a2
n52

e

32p2
tanuW(

A51

4

~ON* !A1$~ON!A2

1tanuW~ON!A1% f 2
nS m̄2

mx̃
A
0

2 D S mW

m̄
D 2S m0

m̄
D 4

3
m0~Ae1 3

5 DA!1m* tanb

m̄
~31uA0u2!2tG~ tG1tR!,

~B1a!
09500
s

is

n

st

re

ac5
A2e

32p2cosb
(
A51

2

~OCL* !A2~OCR!A1f cS m2

mx̃
A
2

2 D S mW

m̄
D

3~31uA0u2!~ tG1tR!, ~B1b!

a1
n52

e

32p2
tanuW(

A51

4

~ON* !A1$~ON!A2

1tanuW~ON!A1% f 1
nS m2

mx̃
A
0

2 D S mW

m D 2S m0

m D3

5

ms

mm
DA,

~B1c!

whereuW is the Weinberg angle.mx̃
A
0 andmx̃

A
2 represent the

masses of neutralinos and charginos, respectively, andON ,
OCR , andOCL are unitary matrices which are used to dia
onalize the neutralino and chargino mass matricesM x̃0 and
M x̃2 as follows:
ONM x̃0ON
T5diag~mx̃

1
0,mx̃

2
0,mx̃

3
0,mx̃

4
0!, ~B2a!

M x̃05S M1 0 2mZsW cosb mZsW sinb

0 M2 mZcW cosb 2mZcW sinb

2mZsW cosb mZcW cosb 0 2m

mZsW sinb 2mZcW sinb 2m 0

D , ~B2b!

OCRM x̃2OCL
† 5diag~mx̃

1
2,mx̃

2
2!, ~B2c!

M x̃25S M2 A2mW cosb

A2mW sinb m
D , ~B2d!
wheremZ and mW are theZ boson mass and theW boson
mass, respectively, andsW5sinuW and cW5cosuW. The
mass functionsf 2

n , f c, and f 1
n in the above formulas are

given by

f 2
n~x!52

x7/2

~12x!4
$x214x2512~2x11!ln~x!%,

~B3a!
f c~x!52
Ax

2x3~12x!4
$14x3225x2114x23

22x2~4x21!ln~x!%, ~B3b!

f 1
n~x!5

1

x4~12x!5
$5x4237x3127x2113x28

16x~7x23!ln~x!%. ~B3c!
1-23



C

e-

fla
e
o

fo
ks

n

ed
in

BAEK, GOTO, OKADA, AND OKUMURA PHYSICAL REVIEW D 64 095001
APPENDIX C: FCNC EFFECTIVE COUPLINGS IN MSSM

In this appendix we present the explicit forms of FCN
effective coupling constants forK0-K̄0, Bd-B̄d , and Bs-B̄s

mixings. ForK0-K̄0 mixing these coupling constants are d
fined in Eq.~37! of Sec. III B and forBd-B̄dandBs-B̄s mix-
ings the coupling constants are given by substitution of
vor indices. In the MSSM box diagrams exchanging charg
Higgs bosons, neutralinos, charginos, and gluinos can c
tribute to these coupling constants. We first define the
lowing neutralino, chargino, and gluino vertices for quar
and squarks:

L[(
i 51

3

(
A51

4

(
X51

6

$di~NiAX
dL PL1NiAX

dR PR!x̃A
0 d̃X1ui~NiAX

uL PL

1NiAX
uR PR!x̃A

0 ũX%1(
i 51

3

(
A51

2

(
X51

6

$di~CiAX
dL PL

1CiAX
dR PR!x̃A

2ũX1ui~CiAX
uL PL1CiAX

uR PR!x̃A
2d̃X%

1(
i 51

3

(
X51

6

(
a51

8

$di~G iX
dLPL1G iX

dRPR!G̃aTad̃X

1ui~G iX
uLPL1G iX

uRPR!G̃aTaũX%1H.c., ~C1!

where PL and PR are projection operators defined byPL
5(12g5)/2 andPR5(11g5)/2 andTa is the generator of
the SU~3! gauge group. The neutralino-squark coupling co
stants appear in the above formula are given by
09500
-
d
n-
l-

-

NiAX
dL 52A2g2H 1

3
tanuW~ON!A1~Ud* !Xi13

1
mdi

2mW cosb
~ON!A3~Ud* !XiJ , ~C2a!

NiAX
dR 52A2g2F H 2

1

2
~ON* !A21

1

6
tanuW~ON* !A1J ~Ud* !Xi

1
mdi

2mW cosb
~ON!A3* ~Ud* !Xi13G , ~C2b!

NiAX
uL 52A2g2H 2

2

3
tanuW~ON!A1~Uu* !Xi13

1(
j 51

3
mui~VCKM! i

j

2mW sinb
~ON!A3~Uu* !X jJ , ~C2c!

NiAX
uR 52A2g2F H 1

2
~ON* !A21

1

6
tanuW~ON* !A1J ~Uu* !Xi

1(
j 51

3
~VCKM

† ! i
jmu j

2mW sinb
~ON* !A3~Uu* !X j13G , ~C2d!

whereg2 is the SU~2! gauge coupling constant.ON is the
diagonalization matrix for the neutralino mass matrix defin
in Appendix B.Ud andUu are unitary matrices that appear
diagonalization of the 636 squark mass matricesmd̃

2 andmũ
2

as follows:
Udmd̃
2
Ud

†5diag~md̃1

2 ,md̃2

2 ,md̃3

2 ,md̃4

2 ,md̃5

2 ,md̃6

2
!,

md̃
2
5S mQ

2 1md
†md1mZ

2 cos 2bS 2
1

2
1

1

3
sin2uWD1

v

A2
cosb~ ỹd1ydm* tanb!†

v

A2
cosb~ ỹd1ydm* tanb! mD

2 1mdmd
†2

1

3
mZ

2 cos 2b sin2uW1
D ,

~C3a!

Uumũ
2
Uu

†5diag~mũ1

2 ,mũ2

2 ,mũ3

2 ,mũ4

2 ,mũ5

2 ,mũ6

2
!,

mũ
2
5S mQ

2 1mu
†mu1mz

2 cos 2bS 1

2
2

2

3
sin2 uWD1 2

v

A2
sinb~ ỹu1yum* cotb!†

2
v

A2
sinb~ ỹu1yum* cotb! mU

2 1mumu
†1

2

3
mz

2 cos 2bsin2uW1
D ,

~C3b!
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where generation indices are suppressed and the mass m
ces for down-type and up-type quarks are given by (md) i j

5mdid j
i and (mu) i j 5mui(VCKM) i

j . The chargino-squark
coupling constants in Eq.~C1! are given by

CiAX
dL 5g2

mdi

A2mW cosb
~OCL* !A2~Uu* !Xi , ~C4a!

CiAX
dR 52g2H ~OCR* !A1~Uu* !Xi

2(
j 51

3
~VCKM

† ! i
jmu j

A2mW sinb
~OCR* !A2~Uu* !X j13J ,

~C4b!

CiAX
uL 5g2(

j 51

3
mui~VCKM! i

j

A2mW cosb
~OCR!A2~Ud* !X j ,

~C4c!

CiAX
uR 52g2H ~OCL!A1~Ud* !Xi

2
mdi

A2mW cosb
~OCL!A2~Ud* !Xi13J , ~C4d!

whereOCL andOCR are the diagonalization matrices for th
chargino mass matrix defined in Appendix B. The gluin
squark coupling constants in Eq.~C1! are given by

G iX
dL52A2g3~Ud* !Xi13 , ~C5a!

G iX
dR5A2g3~Ud* !Xi , ~C5b!

G iX
uL52A2g3~Uu* !Xi13 , ~C5c!

G iX
uR5A2g3~Uu* !Xi . ~C5d!

whereg3 is the SU~3! gauge coupling constant.
The SUSY contribution to the effective FCNC couplin

constants is divided into six parts as follows:

g5g~H2!1g~H2W!1g~ x̃0!1g~ x̃2!1g~G̃!1g~G̃x̃0!,

~C6!

where g represents the effective coupling constants in E
~37! of Sec. III B and their generalization forB0-B̄0 mixing.
In the following, coupling constantsg are associated with
indices i , j . K0-K̄0 mixing corresponds toi 51, j 52 and
Bd-B̄d (Bs-B̄s) mixing corresponds toi 51, j 53 (i 52,
j 53). The contribution from box diagrams includin
charged Higgs boson and up-type quark is given by
09500
tri-

-

.

gR
V~H2!52

A2GF

16p2

3 (
k,l 51

3

~VCKM
† ! j

l~VCKM! l
i~VCKM

† ! j
k~VCKM!k

i

3mdj
2mdi

2tan4b d2~mH2
2 ,mH2

2 ,muk
2 ,mul

2!,

~C7a!

gL
V~H2!52

A2GF

16p2

3 (
k,l 51

3

~VCKM
† ! j

l~VCKM! l
i~VCKM

† ! j
k~VCKM!k

i

3mul
2muk

2 cot4b d2~mH2
2 ,mH2

2 ,muk
2 ,mul

2!,

~C7b!

gRR
S ~H2!52

A2GF

16p2

3 (
k,l 51

3

~VCKM
† ! j

l~VCKM! l
i~VCKM

† ! j
k~VCKM!k

i

3mdj
2mul

2muk
2d0~mH2

2 ,mH2
2 ,muk

2 ,mul
2!,

~C7c!

gLL
S ~H2!52

A2GF

16p2

3 (
k,l 51

3

~VCKM
† ! j

l~VCKM! l
i~VCKM

† ! j
k~VCKM!k

i

3mul
2muk

2mdi
2d0~mH2

2 ,mH2
2 ,muk

2 ,mul
2!,

~C7d!

gRR
S 8~H2!5gLL

S 8~H2!50, ~C7e!

gRL
S ~H2!52

A2GF

16p2

3 (
k,l 51

3

~VCKM
† ! j

l~VCKM! l
i~VCKM

† ! j
k~VCKM!k

i

3md jmul
2muk

2mdid0~mH2
2 ,mH2

2 ,muk
2 ,mul

2!,

~C7f!
1-25



bu

os

nd

s

BAEK, GOTO, OKADA, AND OKUMURA PHYSICAL REVIEW D 64 095001
gRL
S 8~H2!5

A2GF

8p2

3 (
k,l 51

3

~VCKM
† ! j

l~VCKM! l
i~VCKM

† ! j
k~VCKM!k

i

3md jmuk
2mdid2~mH2

2 ,mH2
2 ,muk

2 ,mul
2!.

~C7g!

wheremH2 is the charged Higgs boson mass. The contri
tion from box diagrams including charged Higgs andW
bosons and up-type quarks is given by

gR
V~H2W!50, ~C8a!

gL
V~H2W!52

A2GF

8p2

3 (
k,l 51

3

~VCKM
† ! j

l~VCKM! l
i~VCKM

† ! j
k~VCKM!k

i

3mul
2muk

2 cot2b$d2~mH2
2 ,mW

2 ,muk
2 ,mul

2!

2mW
2 d0~mH2

2 ,mW
2 ,muk

2 ,mul
2!%, ~C8b!

gRR
S ~H2W!5gLL

S ~H2W!

5gRR
S 8~H2W!

5gLL
S 8~H2W!50, ~C8c!

gRL
S ~H2W!5

A2GF

2p2 (
k,l 51

3

~VCKM
† ! j

l~VCKM! l
i

3~VCKM
† ! j

k~VCKM!k
imd jmdimW

2 tan2b

3H d2~mH2
2 ,mW

2 ,muk
2 ,mul

2!

2
muk

2mul
2

4mW
2

d0~mH2
2 ,mW

2 ,muk
2 ,mul

2!J , ~C8d!

gRL
S 8~H2W!50. ~C8e!

The contribution from box diagrams including neutralin
and down-type squarks is given by

gR
V~ x̃0!52

A2

128p2GF
(

A,B51

4

(
X,Y51

6

NjBY
dL NiAY

dL*

3H NjAX
dL NiBX

dL* d2~mx
A
0

2
,mx

B
0

2
,md̃X

2 ,md̃Y

2
!

1NjBX
dL NiAX

dL*
mx

A
0mx

B
0

2
d0~mx

A
0

2
,mx

B
0

2
,md̃X

2 ,md̃Y

2
!J ,

~C9a!
09500
-

gRR
S ~ x̃0!5

A2

128p2GF
(

A,B51

4

(
X,Y51

6

NjBY
dR NiAY

dL* NjBX
dR NiAX

dL*

3mx̃
A
0mx̃

B
0d0~mx̃

A
0

2
,mx̃

B
0

2
,md̃X

2 ,md̃Y

2
!, ~C9b!

gRR
S 8~ x̃0!5

A2

128p2GF
(

A,B51

4

(
X,Y51

6

NjBY
dR NiAY

dL*

3~NjBX
dR NiAX

dL* 2NjAX
dR NiBX

dL* !

3mx̃
A
0mx̃

B
0d0~mx̃

A
0

2
,mx̃

B
0

2
,md̃X

2 ,md̃Y

2
!, ~C9c!

gRL
S ~ x̃0!5

A2

64p2GF
(

A,B51

4

(
X,Y51

6

NjBY
dR NiAY

dL* ~NjBX
dL NiAX

dR*

1NjAX
dL NiBX

dR* !d2~mx̃
A
0

2
,mx̃

B
0

2
,md̃X

2 ,md̃Y

2
!, ~C9d!

gRL
S 8~ x̃0!52

A2

128p2GF
(

A,B51

4

(
X,Y51

6

NjBY
dR NiAY

dR*

3$2NjBX
dL NiAX

dL* d2~mx̃
A
0

2
,mx̃

B
0

2
,md̃X

2 ,md̃Y

2
!

1NjAX
dL NiBX

dL* mx̃
A
0mx̃

B
0d0~mx̃

A
0

2
,mx̃

B
0

2
,md̃X

2 ,md̃Y

2
!%.

~C9e!

The contribution from box diagrams including charginos a
up-type squarks is given by

gR
V~ x̃2!52

A2

128p2GF
(

A,B51

2

(
X,Y51

6

CjBY
dL CiAY

dL* CjAX
dL CiBX

dL*

3d2~mx
A
2

2
,mx

B
2

2
,mũX

2 ,mũY

2
!, ~C10a!

gRR
S ~ x̃2!50, ~C10b!

gRR
S 8~ x̃2!52

A2

128p2GF
(

A,B51

2

(
X,Y51

6

CjBY
dR CiAY

dL* CjAX
dR CiBX

dL*

3mx̃
A
0mx̃

B
0d0~mx̃

A
2

2
,mx̃

B
2

2
,mũX

2 ,mũY

2
!, ~C10c!

gRL
S ~ x̃2!5

A2

64p2GF
(

A,B51

2

(
X,Y51

6

CjBY
dR CiAY

dL* CjAX
dL CiBX

dR*

3d2~mx̃
A
2

2
,mx̃

B
2

2
,mũX

2 ,mũY

2
!, ~C10d!

gRL
S 8~ x̃2!52

A2

128p2GF
(

A,B51

2

(
X,Y51

6

CjBY
dL CiAY

dL* CjAX
dR CiBX

dR*

3mx̃
A
2mx̃

B
2d0~mx̃

A
2

2
,mx̃

B
2

2
,mũX

2 ,mũY

2
!, ~C10e!

The contribution from box diagrams including gluino
and down-type squarks is given by
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gR
V~G̃!52

A2

128p2GF
(

X,Y51

6

G jY
dLG iY

dL* G jX
dLG iX

dL* H 11

18
d2~M3

2 ,M3
2 ,md̃X

2 ,md̃Y

2
!1

1

18
M3

2d0~M3
2 ,M3

2 ,md̃X

2 ,md̃Y

2
!J , ~C11a!

gRR
S ~G̃!52

A2

128p2GF
(

X,Y51

6
17

36
G jY

dRG iY
dL* G jX

dRG iX
dL* M3

2d0~M3
2 ,M3

2 ,md̃X

2 ,md̃Y

2
!, ~C11b!

gRR
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128p2GF
(

X,Y51

6
1

12
G jY

dRG iY
dL* G jX

dRG iX
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2d2~M3
2 ,M3

2 ,md̃X

2 ,md̃Y

2
!, ~C11c!

gRL
S ~G̃!52

A2

128p2GF
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X,Y51

6 H S 2
1

3
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dRG iY
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dLG iX
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2
!

1
7

12
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dLG iY
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2 ,md̃Y

2
!J , ~C11d!

gRL
S 8~G̃!52

A2

128p2GF
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6 H S 2
5
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5

9
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2d0~M3
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2 ,md̃X

2 ,md̃Y

2
!J . ~C11e!

The contribution from box diagrams including neutralinos, gluinos, and down-type squarks is given by

gR
V~G̃x̃0!52

A2

128p2GF
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!J , ~C12a!

gRR
S ~G̃x̃0!52

A2

128p2GF
(
A51

4

(
X,Y51

6 H NjAY
dR G iY

dL* G jX
dRNiAX

dL* 2
1

3
~NjAY

dR G iY
dL* NjAX

dR G iX
dL* 1G jY

dRNiAY
dL* G jX

dRNiAX
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A
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0

2
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2
!, ~C12b!
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128p2GF
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A51
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X,Y51
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1
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0M3d0~mx̃

A
0

2
,M3

2 ,md̃X

2 ,md̃Y

2
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gRL
S 8~G̃x̃0!5
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The neutralino, chargino, gluino, and neutralino-gluino contributions togL
V , gLL

S , andgLL
S 8 are obtained by replacing the suffi

R with L andL with R in the corresponding formulas forgR
V , gRR

S , andgRR
S 8, respectively. The mass functions that appear

the above formulas are defined as follows:
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