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Flavor changing neutral current processes inB and K decays in the supergravity model
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Flavor changing neutral current processes such asb→sg, b→sl1l 2, b→snn̄, eK , DmB , K1→p1nn̄, and
KL→p0nn̄ are calculated in the supersymmetric standard model based on supergravity. We consider two
assumptions for the soft supersymmetry breaking terms. In the minimal case soft breaking terms for all scalar
fields are taken to be universal at the GUT scale, whereas those terms are different for the squark-slepton sector
and the Higgs sector in the nonminimal case. In the calculation we have taken into account the next-to-leading
order QCD correction to theb→sg branching ratio, the results from the CERN LEP II superparticles search,
and the condition of the radiative electroweak symmetry breaking. We show thatDmB andeK can be enhanced
up to 40% compared to the standard model values in the nonminimal case. In the same parameter region the
b→snn̄, K1→p1nn̄, andKL→p0nn̄ branching ratios are reduced up to 10%. The corresponding deviation
in the minimal case is 20% forDmB andeK and within 3% forb→snn̄, K1→p1nn̄, andKL→p0nn̄. For the
b→sl1l 2 process a significant deviation from the standard model is realized only when theb→sg amplitude
has an opposite sign to the standard model prediction. The significance of these results from possible future
improvements of theb→sg branching ratio measurement and top squark search is discussed.
@S0556-2821~98!04217-9#

PACS number~s!: 13.25.Hw, 12.60.Jv, 13.25.Es
rre
b

er
d
t
tr
e
e
cl

th
s
g

ce
za
th
in
th
en

i
an
ro
av
S

nti-

-
ion
y

M

ed
f a
ture
s

ive
eter
his

of

s
ion

C
f the
of

ses

ious
05
I. INTRODUCTION

Rare processes such as flavor changing neutral cu
~FCNC! processes have been useful probes for physics
yond the energy scale directly accessible in collider exp
ments. Among new physics beyond the standard mo
~SM!, supersymmetry~SUSY! is considered to be the mos
promising candidate. Since FCNCs are absent at the
level in the minimal supersymmetric standard mod
~MSSM! as in the SM, these rare processes can give us
constraints on the masses and mixings of the SUSY parti
through loop diagrams.

Although squark masses are free parameters within
framework of the MSSM, it is known that too large FCNC
are induced if we allow arbitrary mass splittings and mixin
among the squarks with the same quantum numbers@1#. This
suggests that SUSY breaking in the MSSM sector is indu
from a generation-independent interaction. A simple reali
tion of the generation-independent SUSY breaking is
minimal supergravity model. In this case the SUSY break
in the hidden sector is transmitted to the MSSM sector by
gravitational interaction which does not distinguish the g
eration or other gauge quantum numbers. As a result,
duced soft SUSY breaking masses are equal at the Pl
scale for all scalar fields in the MSSM sector. FCNC p
cesses have been studied extensively in the supergr
model as well as in the more general context of the SU
models for theK0-K̄0 and the B0-B̄0 mixings @2–6#, b
→sg @3,4,7#, b→sl1l 2 @4,8,9#, b→snn̄ @4,9#, and K

*Present address: Theory Group, KEK, Tsukuba, Ibaraki, 3
0801 Japan.
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→pnn̄ @10,11#. In Ref. @6# the B0-B̄0 mixing and eK

~CP violating parameter in theK0-K̄0 mixing! were calcu-
lated in the minimal supergravity model under CERNe1e2

collider LEP constraints and it was shown that these qua
ties can be larger than the SM values by 20%. Rareb decay
processes such asb→sg, b→sl1l 2, andb→snn̄ are con-
sidered in Ref.@9#, and it was pointed out that, taking ac
count of the LEP 1.5 constraints, there is a parameter reg
where theb→sl1l 2 branching ratio can be enhanced b
50% compared to the SM value. Also, theb→snn̄ branching
ratio is shown to be reduced at most by 10% from the S
prediction.

In this way effects of SUSY particles and the charg
Higgs boson vary from a few percent to several ten’s o
percent depending on various FCNC processes. Since fu
experiments onB and K decays may reveal new physic
effects of this magnitude, it is important to make quantitat
predictions using updated constraints on SUSY param
space. A recent important theoretical improvement in t
aspect is that the complete next-to-leading order formula
the QCD correction to the branching ratio ofb→sg becomes
available for the SM@12# and two-Higgs-doublet model
@13#. As a result, the theoretical uncertainty in the calculat
of B(b→sg) has been reduced to a&10% level.

In this paper we study the SUSY contributions to FCN
processes under updated constraints. We take account o
next-to-leading order QCD corrections for the evaluation
B(b→sg) as well as the bounds on SUSY particle mas
from recent LEP II results@14# in order to obtain the allowed
region in SUSY parameter space. Then we evaluate var
FCNC quantities such asb→sl1l 2, b→snn̄, B0-B̄0 mixing
amplitude,eK , K1→p1nn̄, andKL→p0nn̄ within the al-
-
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lowed parameter region. The numerical results depend on
assumption of SUSY breaking terms at the grand unifi
theory~GUT! scale. In particular, in the minimal supergra
ity model soft SUSY breaking terms for all scalar fields a
assumed to be the same at the GUT scale. If we would lik
suppress too large SUSY contributions to theK0-K̄0 mixing,
it is sufficient to require the degeneracy of the soft SU
breaking masses only in the squark sector. Because the
universality for all scalar masses is not necessarily requ
in the context of the supergravity model, we study how
allowed deviations of the FCNC quantities change when
universality condition is relaxed. For this purpose we ta
the soft SUSY breaking term for the Higgs masses as a
rameter independent of the universal squark-slepton m
This kind of assumption was considered in Ref.@15# in a
different context. We will see that the SUSY effects are co
siderably enhanced in a parameter space which is exclu
in the minimal case from the condition of the proper ele
troweak symmetry breaking. In the nonminimal case,
branching ratios ofK→pnn̄ can be smaller than the SM
values by 10%, and at the same time,eK and theB0-B̄0

mixing become larger than the SM values by 40%
tanb52. The corresponding values in the minimal case
given by 3% and 20%, respectively. Forb→sl1l 2, the re-
sult does not significantly differ from the minima
case: there is a parameter space where the branching
becomes larger by 50% than the SM value for a large tab.
We analyze the correlation between the SUSY contributi
to the FCNC processes and theb→sg branching ratio. It
turns out that the maximal deviation occurs in the case
the b→sg branching ratio is away from the central value
the SM prediction. We also show that a large deviation
curs in a parameter region where the top squark is relativ
light. Therefore, the improvement in theb→sg branching
ratio measurement and the top squark mass bound will h
a great impact on the SUSY search through the vari
FCNC processes.

The rest of this paper is organized as follows. In the n
section, we introduce the supergravity model. In Sec. III
describe the calculation of each FCNC quantity. In Sec.
our results of numerical analyses are presented. Section
devoted to a discussion and conclusions.

II. SUPERGRAVITY MODEL

In this section we briefly outline calculations of the SUS
particle masses and the mixing parameters in the superg
ity model for the minimal and the nonminimal cases. T
actual procedure is the same as those discussed in Refs@16,
6, 9# except for the choice of the initial soft SUSY breakin
parameters for the nonminimal case.

The MSSM Lagrangian is specified by the superpoten
and the soft SUSY breaking terms. The superpotentia
given by

WMSSM5 f D
i j QiD jH11 f U

i j QiU jH21 f L
i j EiL jH11mH1H2 ,

~2.1!
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where the chiral superfieldsQ, D, U, L, E, H1 , and H2
transform under theSU(3)3SU(2)3U(1) group as the fol-
lowing representations:

Qi5S 3,2,
1

6D , Ui5S 3̄,1,2
2

3D , Di5S 3̄,1,
1

3D ,

Li5S 1,2,2
1

2D , Ei5~1,1,1!,

H15S 1,2,2
1

2D , H25S 1,2,
1

2D . ~2.2!

The sufficesi , j 51,2,3 are generation indices.SU(3) and
SU(2) indices are suppressed for simplicity. A general fo
of the soft SUSY breaking terms is given by

2Lsoft5~mQ
2 ! i

j q̃i q̃
† j1~mD

2 ! i
j d̃†i d̃ j1~mU

2 ! i
j ũ†i ũ j

1~mE
2 ! i

j ẽi ẽ
† j1~mL

2! i
j l̃ †i l̃ j

1D1
2h1

†h11D2
2h2

†h22~Bmh1h21H.c.!

1~AD
i j q̃i d̃ jh11AU

i j q̃i ũ jh21AL
i j ẽi l̃ jh11H.c.!

1S M1

2
B̃B̃1

M2

2
W̃W̃1

M3

2
G̃G̃1H.c.D ,

~2.3!

whereq̃i , ũi , d̃i , l̃ i , ẽi , h1 , andh2 are scalar component
of chiral superfieldsQi , Ui , Di , Li , Ei , H1 , andH2 , re-
spectively, andB̃, W̃, andG̃ areU(1), SU(2), andSU(3)
gauge fermions, respectively.

In the framework of the supergravity model, the so
SUSY braking parameters are assumed to have a sim
structure at the Planck scale. In the present analysis, we
the following initial conditions at the GUT scaleMGUT;2
31016 GeV. We neglect the difference between the Plan
and GUT scales:

~mQ
2 ! i

j5~mE
2 ! i

j5m0
2d i

j ,

~mD
2 ! i

j5~mU
2 ! i

j5~mL
2! i

j5m0
2d i

j , ~2.4a!

D1
25D2

25D0
2, ~2.4b!

AD
i j 5 f DX

i j AXm0 , AL
i j 5 f LX

i j AXm0 , AU
i j 5 f UX

i j AXm0 ,
~2.4c!

M15M25M35MgX . ~2.4d!

In the minimal casem0 and D0 are assumed to be equa
whereas in the nonminimal case we takem0 andD0 as inde-
pendent parameters. We also assume thatAX , MgX , andm
are all real parameters to avoid a large electric dipole m
ment of the neutron@17#. Therefore, no newCP violating
complex phase@other than that in the Cabibbo-Kobayash
Maskawa~CKM! matrix# is introduced in the present analy
sis.
6-2



ea
u

e

he
lu
M

e
o
p
s

en
al
gg

m
as

a

s
m

th
a

he
G

la
o
te

u
as
th

tio
te
to

-

-

ing

nt

on
e
SM

to

e

of

lt

en
e
uark
that
se
to

FLAVOR CHANGING NEUTRAL CURRENT PROCESSES . . . PHYSICAL REVIEW D 58 094006
The soft SUSY breaking parameters at the electrow
scale are calculated by solving the renormalization gro
equations~RGEs! of the MSSM@18#, and we also impose th
radiative electroweak symmetry breaking condition@19#.
Taking the quark masses, the CKM matrix, and tanb
5^h2

0&/^h1
0& as inputs, we first solve one-loop RGEs for t

gauge and Yukawa coupling constants to calculate the va
at the GUT scale. Then we solve the RGEs for all MSS
parameters downward with initial conditions~2.4! for each
set of the universal soft SUSY breaking parameters (m0 ,
D0 , AX , MgX). We include all generation mixings in th
RGEs for both Yukawa coupling constants and the s
SUSY breaking parameters. Next, we evaluate the Higgs
tential at themZ scale, including the one-loop correction
induced by the Yukawa couplings constants of the third g
eration @20#, and require that the minimum of the potenti
give correct vacuum expectation values of the neutral Hi
fields as ^h1

0&5v cosb and ^h2
0&5v sinb, where v

5174 GeV. The requirement of radiative electroweak sy
metry breaking fixes the magnitude of the SUSY Higgs m
parameterm and the soft SUSY breaking parameterB. At
this stage, all MSSM parameters at the electroweak scale
determined as functions of the input parameters@tanb, m0 ,
D0 , AX , MgX , sgn(m)#. With use of the MSSM parameter
at the electroweak scale, we obtain the masses and the
ing parameters~both angles and phases! of all the SUSY
particles by diagonalizing the mass matrices. We impose
following phenomenological constraints on the obtained p
ticle spectra.

~1! b→sg constraint from CLEO, i.e., 1.031024,B(b
→sg),4.231024 @21#.

~2! The chargino mass is larger than 91 GeV, and all ot
charged SUSY particle masses should be larger than 80
@14#.

~3! All sneutrino masses are larger than 41 GeV@22#.
~4! The gluino and squark mass bounds from Fermi

Tevatron experiments@23#. The precise bounds on the gluin
and squark masses depend on various SUSY parame
Here we impose the constraint reported in Ref.@23# on the
parameter space of the gluino mass and the averaged sq
mass except for the top squark. Actually, the gluino m
and the squark masses are more strictly constrained in
model from the chargino mass bound and the GUT rela
of the gaugino masses, so that these masses are restric
be larger than about 200 GeV except for the lighter
squark. For the light top squark, the experimental bound
obtained at LEP and Fermilab Tevatron experiments@24#,
which was already taken into account in constraint~2!.

~5! From the LEP neutralino search@25#, G(Z→xx)
,8.4 MeV and B(Z→xx8), B(Z→x8x8),231025,
wherex is the lightest neutralino andx8 denotes other neu
tralinos.

~6! The lightest SUSY particle is neutral.
~7! The condition for not having a charge or color sym

metry breaking minimum@26#.
In the next section we calculate the FCNC and/orCP

violating quantities such as the branching ratios forb
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→sl1l2, b→snn̄, K1→p1nn̄, KL→p0nn̄, and theB0-B̄0

mixing andeK in the allowed parameter region.

III. FCNC PROCESSES IN B AND K DECAYS

A. b˜sg, b˜sl1l 2, and b˜snn̄

We basically follow Ref.@9# for the calculations ofb
→sg, b→sl1l 2, andb→snn̄ branching ratios, but we im-
prove the calculation taking into account the next-to-lead
order QCD corrections.

The effective Hamiltonian for theb→s transition pro-
cesses is given as@27,9,28#

H1
eff5(

i 51

11

Ci~Q!Oi~Q!1H.c., ~3.1!

whereQ is the renormalization point. The operators releva
to the present study are

O75
e

~4p!2 mb~ s̄smnbR!Fmn , ~3.2a!

O95
e2

~4p!2 ~ s̄gmbL!~ l̄gml !, ~3.2b!

O105
e2

~4p!2 ~ s̄gmbL!~ l̄gmg5l !, ~3.2c!

for b→sg andb→sl1l 2, and

O115
e2

~4p!2 ~ s̄gmbL!@ n̄gm~12g5!n#, ~3.3!

for b→snn̄. Other operators~the four-quark operators
O1,2,...,6 and the chromomagnetic operatorO8) contribute
through the QCD corrections. We first calculate the Wils
coefficients Ci at the electroweak scale with use of th
masses and the mixings of SUSY particles as well as the
ones. Then we evaluateCi at the mb scale including the
QCD corrections below the electroweak scale in order
obtain the branching ratios ofb→s decays.

As for the next-to-leading order QCD correction in th
calculation ofB(b→sg), we follow Refs.@29, 30, 12, 31,
32# for the SM contribution and Ref.@13# for the charged
Higgs boson contribution. The QCD correction consists
the O(as) matching at the electroweak scale@29,30,13#, the
next-to-leading order anomalous dimension@12#, two-loop
matrix elements@31#, and bremsstrahlung corrections@32#.
In Ref. @30#, the SM value is given asB(b→sg)SM

NLO

5(3.6060.33)31024 compared to the leading order resu
B(b→sg)SM

LO5(2.860.8)31024. Here O(as) matching
conditions for the SUSY loop corrections have not be
completed. In Ref.@33#, these corrections are given for th
case that the ratio of the chargino mass and the top sq
mass is large. Since we are mainly interested in the case
both particles are relatively light, we do not include the
corrections. Recently, electroweak radiative corrections
B(b→sg) have been considered in Ref.@34#. We will dis-
6-3
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cuss these effects on the numerical results later, although
have not included them explicitly in the calculation. For t
next-to-leading order QCD corrections tob→sl1l 2 and b
→snn̄, we follow Refs.@35, 28#.

The main SM contributions to theb→s decays come
from the loop diagrams involving the top quark and the r
evant CKM matrix element isVts* Vtb , which is approxi-
mately written asVts* Vtb'2Vcs* Vcb because of the unitarity
and the smallness ofVus* Vub . Also, the charm quark loop
contribution has the CKM factorVcs* Vcb . Consequently, un-
like B0-B̄0 mixing, eK , andK→pnn̄, the SM values of the
branching ratios for above processes are calculable with
much uncertainty since the relevant CKM factors are kno
to a good accuracy.

The SM predictions of the branching ratios for these p
cesses areB(b→sl1l 2).0.8(0.6)31025 for l 5e(m) and
B(b→snn̄).4.231025. These processes have not yet be
observed experimentally, and only upper bounds are gi
by B(b→sl1l 2),5.7(5.8)31025 for l 5e(m) @36# and
B(b→snn̄),3.931024 @37#. The b→sl1l 2 process is ex-
pected to be observed in the near future at theB factories and
hadron machines.

B. K1
˜p1nn̄ and KL˜p0nn̄

The branching ratios ofK→pnn̄ processes are calculate
by evaluating the Wilson coefficientC11

d in the effective
Hamiltonian

Hd
eff5C11

d O11
d 1H.c.,

O11
d 5

e2

~4p!2 ~ s̄gmdL!@ n̄gm~12g5!n#, ~3.4!

in a similar way asb→snn̄. The branching ratios normal
ized to that of theKe3 decay are written as

B~K1→p1nn̄!

B~K1→p0e1ne!
5S a

4p D 2 (nuC11
d u2

uVusu2GF
2 r K1, ~3.5a!

B~KL→p0nn̄!

B~K1→p0e1ne!
5S a

4p D 2 (nuIm C11
d u2

uVusu2GF
2

tKL

tK1
r KL

,

~3.5b!

wheretKL
(tK1) denotes the lifetime forKL (K1) and r K1

and r KL
are isospin breaking factors@38#.

The SM contributions toC11
d come from both the top and

charm loops with CKM factorsVts* Vtd andVcs* Vcd , respec-
tively. The dependences onVtd ~or r andh in Wolfenstein’s
parametrization! are different in K1→p1nn̄ and KL

→p0nn̄ since only the Vts* Vtd term contributes toKL

→p0nn̄, while the sum of both terms contributes toK1

→p1nn̄. The details of the calculation ofK→pnn̄ pro-
cesses in the SM are available in Ref.@28#. Following this
reference, we have taken into account the next-to-lead
order QCD correction to the SM contribution.
09400
we

-

ut
n

-

n
n

g

The SM predictions for the above branching ratios a
given by B(K1→p1nn̄)5(0.6– 1.5)310210 and B(KL

→p0nn̄)5(1.1– 5.0)310211, taking into account the ambi
guity of unknown CKM parameters@28#. Recently, one can-
didate event ofK1→p1nn̄ has been reported and th
branching ratio derived from this observation corresponds
4.223.5

19.7310210 @39#. On the other hand, forKL→p0nn̄ only
the upper bound is given byB(KL→p0nn̄),1.831026

@40#. Although the upper bound is still 105 larger than the
SM prediction, dedicated searches forKL→p0nn̄ are
planned at KEK@41#, BNL @42#, and Fermilab@43#. The K
→pnn̄ processes are theoretically very clean, and the th
retical errors, such as QCD corrections, are expected to
&10% for K1→p1nn̄ and a few percent forKL→p0nn̄
@28#. Therefore,K→pnn̄ processes may give useful info

FIG. 1. Allowed regions in the space of the lighter chargi
massmx̃

1
6 and the lighter top squark massmt̃ 1

for ~a! tanb52 and

~b! tanb530. The dots represent the allowed region for the f
parameter space, and the squares show the allowed region fo
minimal case (m05D0).
6-4
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FIG. 2. C7 , C9 , andC10 normalized to the SM values for~a! the full parameter space with tanb52, ~b! the minimal case with tanb
52, ~c! the full parameter space with tanb530, and~d! the minimal case with tanb530.
a

y
pe

om

s
use

well
xist

an
mation on the SUSY parameters if the branching ratios
measured at the 10% level.

C. B0-B̄0 mixing and eK

The B0-B̄0 mixing matrix elementM12(B) is calculated
from the effective Hamiltonian

H2
eff5

1

128p2 A~B!~ d̄gmbL!~ d̄gmbL!1H.c., ~3.6!

with

M12~B!5
1

2mB
^B0uH2

effuB̄0&5
B̂BhBf B

2mB

384p2 A~B!,

~3.7!

wheremB , f B , B̂B , and hB are theB-meson mass, deca
constant, bag parameter, and QCD correction factor, res
09400
re

c-

tively. The K0-K̄0 mixing matrix elementM12(K) is ob-
tained in the same way by replacing the external bott
quark with the strange quark, andeK is proportional to
Im M12(K). We calculate the coefficientA(B) andA(K) as
described in Ref.@6# with the inclusion of the next-to-leading
order QCD corrections given in Ref.@44#. The experimental
values for theB0-B̄0 andK0-K̄0 mixings are given asDmB
52uM12(B)u5(0.47460.031) ps21 @22,45# and ueKu
5(2.28060.013)31023 @22#. At present, these observable
do not constrain the SUSY parameters very strongly beca
the CKM parameters relevant to these quantities are not
determined and considerable hadronic uncertainties still e
in B̂K , B̂B , and f B .

IV. NUMERICAL RESULTS

In this section we show our numerical results. We sc
the soft SUSY breaking parameter space in the range ofm0
6-5
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TORU GOTO, YASUHIRO OKADA, AND YASUHIRO SHIMIZU PHYSICAL REVIEW D58 094006
<600 GeV, D0<600 GeV, MgX<600 GeV, anduAXu<5
for each fixed value of tanb. For the CKM matrix, we use
the ‘‘standard’’ phase convention of the Particle Data Gro
@22#, takingVus50.2205,Vcb50.041,uVub /Vcbu50.08, and
d13590° as input parameters. We also change the valu
d13 and comment on the results if necessary. We fix the p
masses of the top, bottom, and charm quarks as 175, 4.8
1.4 GeV, respectively. We also takeas(mZ)50.118.

Let us first discuss the general features of the mass s
trum and the generation mixings of squarks determined
RGEs.

~1! The first and second generation squarks with the sa
gauge quantum numbers remain highly degenerate
masses, but the third generation squarks, especially the

FIG. 3. B(b→sg) in the supergravity model as a function of th
charged Higgs mass for~a! tanb52 and~b! tanb530. Each solid
line shows the branching ratio in the two-Higgs-doublet mo
~type II!. Each dashed line shows the branching ratio in the S
Dotted lines denote the upper and lower bounds on the branc
ratio given by CLEO. For tanb52 the values in the minimal cas
are also plotted with circles.
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squark, can be significantly lighter due to the renormalizat
effect of the top Yukawa coupling constant.

~2! The squark flavor mixing matrix which diagonalize
the squark mass matrix is approximately the same as co
sponding CKM matrix apart from the left-right mixing of th
top squarks.

As a result, SUSY contributions to theb→s @s→d# tran-
sition amplitudes andM12(B) @M12(K)# are proportional to
VtbVts* @VtsVtd* # and (VtbVtd* )2 @(VtsVtd* )2#, respectively.
Therefore, the CP violating phase ofM12„B(K)… is equal to
that in the SM. These features are the same as those in
minimal case@16,6,9#.

The quantitative difference between the minimal and n

l
.

ng

FIG. 4. Branching ratios ofb→sg and b→sm1m2 for ~a!
tanb52 and ~b! tanb530. HereB(b→sm1m2) is obtained by
integrating in the range 2mm,As,mJ/c2100 MeV, whereAs is
the invariant mass of them1m2 pair. The dots show the values i
the full parameter space, the squares show those in the min
case, and the circle represents the SM value. The vertical do
lines show the upper and lower bounds onB(b→sg) given by
CLEO.
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FIG. 5. The branching ratio forKL→p0nn̄ normalized to the SM value for tanb52 ~a! as a function of the lighter chargino mass,~b!
as a function of the lighter top squark mass, and~c! as a function ofB(b→sg). Each dot represents the value in the full parameter sp
and each square shows the value for the minimal case. The vertical dotted lines in~c! show the upper and lower bounds onB(b→sg) given
by CLEO. In ~a! and ~b! the CLEO bound is imposed~see text!.
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minimal choices of the soft SUSY breaking parameters
pears in the mass spectrum. In Fig. 1 we show the allow
region in the space of the lighter chargino and the lighter
squark masses for a different assumption onm0 andD0 , for
tanb52 and 30. We present the allowed region for the f
parameter space and the minimal case (m05D0). Contrary
to the minimal case, we see that a relatively light top squ
and chargino with massesmt̃ 1

;100 GeV and mx̃
1
6

;100 GeV are simultaneously realized especially for tab
52. This difference of the allowed mass spectrum leads
quantitative change in the prediction of the FCNC obse
ables for the minimal and nonminimal cases.

A. b˜sg, b˜sl1l 2, and b˜snn̄

As discussed above, the SUSY contribution to theb→s
transition amplitudes is proportional to theVtbVts* element
just as the SM and charged Higgs boson contributions.
discussed in the Sec. III A, theVtbVts* element is well con-
strained from the unitarity of the CKM matrix so that there
little ambiguity associated with this input parameter. T
Wilson coefficientsC7 , C9 , and C10 are relevant to theb
→sg andb→sl1l 2 decays. The values ofC7 , C9 , andC10
in the supergravity model are shown in Fig. 2. Each coe
cient is evaluated at the bottom quark mass scale and is
malized by the corresponding SM value. The SUSY con
bution toC7 can be as large as or even larger than the
contribution especially for a large tanb. We can see that the
sign of C7 can be opposite to that of the SM prediction. O
the other hand, the SUSY contributions toC9 and C10 are
relatively small and interfere with SM ones, constructively
C9 and destructively inC10. These features are the same
those in the minimal case discussed in Ref.@9#.

In Fig. 3 we show the branching ratio ofb→sg as a
function of the charged Higgs boson mass for tanb52
~minimal and nonminimal cases! and tanb530 ~nonminimal

FIG. 6. Correlation between B(K1→p1nn̄)/B(K1

→p1nn̄)SM and B(KL→p0nn̄)/B(KL→p0nn̄)SM for tanb52.
Herem0 is fixed to 150 GeV andd13 is taken as 30°, 90°, and 150
09400
-
d
p

l

k

a
-

s

-
or-
i-

s

case!. For tanb530, the plot looks the same even if th
parameter space is restricted to the minimal case. Here w
the renormalization pointmb asmb5mb . In the calculation
of B(b→sg) we use the electromagnetic coupling consta
aEM at the mb scale, which is given byaEM

21(mb).132.3.
Considering that the next-to-leading order formulas still co
tain theoretical ambiguities due to themb dependence and
the choice of the various input parameters, we should allo
theoretical uncertainty at the 10% level for each point. It
interesting to notice that for the minimal case with tanb52
there are two branches forB(b→sg). In one branch the
branching ratio is close to the two-Higgs-doublet mod
~type II! prediction; therefore, the contributions from SUS
particles are small. In the other branch it is consistent w
the SM value, so that the charged Higgs boson contribu
is canceled by the SUSY contributions.

In Fig. 4 we show the correlation between the branch
ratios ofb→sg andb→sm1m2. In this figure, in order to
avoid theJ/c resonance, we use the branching ratio forb
→sm1m2 integrated in the region 2mm,As,mJ/c

2100 MeV, whereAs is the invariant mass of them1m2

pair. As discussed in Ref.@9#, the branching ratio in this
region depends on the phase of theb-s-J/c coupling k
through the interference effect. Although the branching ra
can change by615%, this ambiguity will be reduced if we
can measure the lepton invariant mass spectrum near theJ/c
resonance region. As an example, we takek as11 here. We
can see a strong correlation between the two branching ra
since onlyC7 receives the large SUSY contribution. In th
present supergravity model, therefore, a large deviation
B(b→sl1l 2) from the SM prediction is expected only whe
the sign ofC7 is opposite to that in the SM, which is realize
for a large tanb. This situation is similar to the minimal cas
@9#.

The amplitude ofb→snn̄ is determined by the Wilson
coefficient C11. Apart from the CKM matrix element, the

FIG. 7. Correlation betweeneK /(eK)SM andDmB /(DmB)SM for
tanb52. Herem0 is fixed to 150 GeV andd13 is taken as 30°, 90°,
and 150°.
6-8
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FIG. 8. DmB normalized by the SM value for tanb52 ~a! as a function of the lighter chargino mass,~b! as a function of the lighter top
squark mass, and~c! as a function ofB(b→sg). Each dot represents the value in the full parameter space, and each square shows th
for the minimal case. The vertical dotted lines in~c! show the upper and lower bounds onB(b→sg) given by CLEO. In~a! and ~b! the
CLEO bound is imposed.
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SUSY contribution toC11 is the same as the SUSY contr
bution to C11

d . The branching ratio forb→snn̄ normalized
by the SM prediction@B(b→snn̄)/B(b→snn̄)SM# is practi-
cally the same as a similar ratio forKL→p0nn̄ @B(KL
→p0nn̄)/B(KL→p0nn̄)SM#, which is discussed in the nex
subsection.

B. K1
˜p1nn̄ and KL˜p0nn̄

As shown in Eq. ~3.5!, the branching ratios forK1

→p1nn̄ and KL→p0nn̄ are proportional touC11
d u2 and

uIm C11
d u2, respectively. In the SM,C11

d is divided into two
parts according to the relevant CKM matrix elements as
lows:

C11
d 5VtdVts* C11

d ~ top!1VcdVcs* C11
d ~charm!. ~4.1!

As discussed before, the SUSY contribution is proportio
to VtdVts* , therefore, we can write

FIG. 9. Correlation betweenB(KL→p0nn̄)/B(KL→p0nn̄)SM

andDmB /(DmB)SM for ~a! tanb52 and~b! tanb530.
09400
l-

l

C11
d .VtdVts* @C11

d ~ top!1C11
d ~SUSY!#1VcdVcs* C11

d ~charm!,

~4.2!

whereC11
d ~SUSY! is the SUSY contribution including the

charged Higgs boson contribution. This kind of parametri
tion for K→pnn̄ is considered in Ref.@11#.

In Fig. 5 we show the branching ratio forKL→p0nn̄
normalized by the SM prediction as a function of the ligh
chargino mass and the lighter top squark mass for tanb52.
Also, the correlation with theB(b→sg) is shown. In Figs.
5~a! and 5~b!, we use the CLEO bound onB(b→sg) as a
constraint on the SUSY parameter space. In order to t
into account the theoretical ambiguity in a simple way, w
allow a 10% uncertainty in the branching ratio and use (
31024)30.9 and (4.231024)31.1 as lower and uppe
bounds, respectively. Note that the ratioB(KL
→p0nn̄)/B(KL→p0nn̄)SM does not depend on the CKM
parameters because only the first term in Eq.~4.1! contrib-
utes to this process. We see that the branching ratio forKL
→p0nn̄ becomes smaller than the SM prediction by 10%.
the minimal case the maximal deviation is within 3%. W
investigated in which parameter region the maximal dev
tion is realized. We found that a large deviation occurs in
m0.150 GeV andD0.400 GeV region which correspond
to the parameter region withmx

1
6, mt̃ 1

.100 GeV shown in

Fig. 1. From Fig. 5~c! we can see that a sizable reduction
B(KL→p0nn̄) occurs whenB(b→sg) becomes larger than
the SM value. We also calculatedB(KL→p0nn̄) for differ-
ent tanb and found that the deviation becomes smaller fo
large tanb. For example, the maximal deviation is about 5
for tanb530. As we can see in Eq.~4.2!, the branching
ratios ofK1→p1nn̄ andKL→p0nn̄ have a strong correla
tion. We show the correlation for three different values
d13 in Fig. 6. In this figure we fixm05150 GeV, but the
correlation does not depend on the value ofm0 . The devia-
tion from the SM value forB(K1→p1nn̄) is about 20%
smaller than that forB(KL→p0nn̄).

C. B0-B̄0 mixing and eK

Just as in theKL→p0nn̄ and K1→p1nn̄ case, the
B0-B̄0 mass splittingsDmB andeK normalized to SM values
are linearly correlated with each other as noted in@5,6#. We
show the correlation ford13530°, 90°, and 150° in Fig. 7
We see that the deviation from the SM ineK is about 80% of
that in DmB . In the following, we only show the results fo
DmB , but the corresponding results oneK can be easily ob-
tained from Fig. 7. In Fig. 8 we showDmB normalized by
the SM value as a function of the lighter chargino mass,
lighter top squark mass, andB(b→sg) for tanb52. The
deviation can be as large as 40% in the nonminimal ca
whereas 20% in the minimal case. From Fig. 8~b! we can see
that a deviation larger than 20% is realized only in the no
minimal case when the top squark mass is smaller than
GeV. In this regionB(b→sg) also deviates from the SM
value significantly as shown in Fig. 8~c!. This result indicates
the importance of further improvement of theB(b→sg)
measurement and the top squark search. If the lower bo
6-10
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for the top squark mass is raised to 200 GeV, the maxi
deviation ofDmB is reduced to 25%. On the other hand,
theb→sg branching ratio turns out to be close to the pres
upper or lower bound,DmB and eK might be significantly
enhanced. We should notice that because the theoretica
certainty is already reduced to the 10% level the experim
tal determination ofB(b→sg) at that level will put a strong
constraint on the SUSY parameter space. We also calcul
DmB for tanb530 and found that the deviation from the S
value is less than 10%. In Fig. 9 we show the correlat
betweenB(KL→p0nn̄) and DmB . For tanb52 we see a
strong correlation between these two quantities:B(KL
→p0nn̄) is reduced by 10% whenDmB is enhanced by
40%. We can also see the correlation for tanb530. In this
caseDmB can be enhanced by 10% in the region whe
B(KL→p0nn̄) is reduced by 5%.

V. CONCLUSIONS AND DISCUSSION

In this paper we have studied the FCNC processes oB
andK mesons in the minimal supergravity model and in t
supergravity model with an extended parameter space o
soft SUSY breaking parameters. We take into account
recent mass bounds for SUSY particles at LEP II and
next-to-leading order QCD corrections to various proces
including b→sg.

We find that the branching ratio forb→sl1l 2 can be
enhanced by about 50% compared to the SM value fo
large tanb when the sign ofC7 becomes opposite to that o
the SM. For tanb52, the b→snn̄, K1→p1nn̄, and KL
→p0nn̄ processes have similar SUSY contributions and
turns out that these branching ratios are reduced at mos
10% in the nonminimal case, whereas less than 3% in
minimal case. TheB0-B̄0 mixing andeK are enhanced up to
40% from the SUSY contributions in the nonminimal cas
whereas 20% in the minimal case. We investigate the co
lation amongDmB , eK , andB(K→pnn̄) and found that a
large deviation occurs when the chargino is lighter than 1
GeV and the top squark is lighter than 200 GeV. In the sa
parameter region,B(b→sg) is close to the upper or lowe
bound of the presently allowed region. For a large tanb, the
deviations ofDmB , eK , andB(K→pnn̄) are smaller. In the
minimal case these deviations are somewhat smaller than
previous calculation@6,9# especially forb→snn̄. This is be-
cause the mass bounds for chargino, etc., have been
proved by the LEP II experiments. We note that the maxim
deviation depends on the light top squark mass bou
Therefore, the light top squark search in Tevatron exp
.
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ments can reduce the possible parameter space where a
deviation from the SM value in FCNC processes is realiz

In this paper we extend the minimal supergravity mod
by introducing an additional parameter for the soft SUS
breaking term in the Higgs sector. This is not a unique w
to extend the soft SUSY breaking terms. In order to av
too large FCNCs, we only require that the squarks and s
tons in the same quantum numbers should have a com
mass term at the Planck scale. Since the main differenc
the change of the SUSY mass spectrum, a deviation wi
similar magnitude is expected to be realized in a more g
eral case as long as a light top squark and light charg
mass region is allowed.

In Ref. @34# electroweak radiative corrections toB(b
→sg) are computed. They found that the fermion and ph
tonic loop effects reduce the branching ratio by 962 %. It is
argued that the dominant contribution is due to the elec
charge renormalization, and as a result, the electromagn
coupling constant should be evaluated atq250, i.e.,
aEM

21(0)5137.036. Since we useaEM(mb), this correction
reducesB(b→sg) by 3%.

Let us finally discuss the implications of these resu
when various information is obtained in futureB andK de-
cay experiments. First, since no new phase appears
M12(B), the CP asymmetry measured in theB0(B̄0)
→J/cKs decay is directly related to the anglef1

5arg(2Vtd*Vtb /Vcd* Vcb) of the unitarity triangle. CP asymme
tries in otherB decay modes and the ratio of theDmB’s for
Bs andBd also provide information on the CKM matrix el
ements as in the SM. On the other hand, ‘‘uVtdu ’’ obtained
from DmB andeK may be different from that obtained abov
if we assume the SM analysis. In the same way ‘‘uVtdu ’’
from the branching ratios ofKL→p0nn̄ and K1→p1nn̄
may be different. As shown in Fig. 9, the SUSY contrib
tions are constructive to the SM contribution inDmB (eK)
and destructive inB(K→pnn̄) so that the deviations of ‘‘
uVtdu ’’ from the true value become opposite. Therefore, co
bining CP asymmetry inB decay,DmBs

, and various FCNC
observables inB andK decays, we may obtain a hint of th
existence of SUSY particles.
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