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The flavor changing neutral current processesKL→p0e1e2, B→Xse
1e2, andB→Xsm

1m2 are studied
within the minimal supersymmetric extension of the standard model. We first examine the rates for these d
modes in the MSSM with a universal soft supersymmetry breaking sector at a grand unification scale. We
relax the universality condition and investigate the FCNC transitions in a more general class of models
negligible flavor violation in squark mixing matrices. We find that the MSSM prediction for the kaon channe
branching fraction differs from its standard model value by at most 30% over the entire allowed param
space. On the other hand, supersymmetric contributions could potentially enhance certainB→Xsl

1l2 observ-
ables by more than 100% relative to standard model expectations. The impact of supersymmetry uponB
meson modes is strongly correlated with the MSSM value for the Wilson coefficient of the magnetic mom
operator that mediatesB→Xsg. @S0556-2821~96!01917-0#

PACS number~s!: 12.60.Jv, 13.20.Eb, 13.20.He
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I. INTRODUCTION

The minimal supersymmetric standard model~MSSM! re-
mains one of the few well-motivated extensions of the sta
dard model which has survived precision electroweak me
surements@1#. The need to subject this theory to othe
complementary experimental tests has consequently gro
with time. Flavor changing neutral current~FCNC! phenom-
enology represents one area where data are stringently c
fronting the MSSM@2#. Deviations from the standard mode
may be observed in FCNC processes long before superp
ners are detected at high-energy colliders. Alternatively, fa
ure to detect such departures places constraints upon w
scale supersymmetry and all other theories of physics
yond the standard model. For example, the recent CLE
observation of inclusiveB→Xsg decay rules out charged
Higgs bosons lighter than 260 GeV in two-Higgs-doubl
models@3#. This lower bound lies far beyond the reach o
present direct searches. TheB→Xsg measurement similarly
constrains the MSSM, but its restrictive power is diminishe
by possible cancellations between different superparti
contributions@4#. It is therefore important to study the sen
sitivity of other FCNC processes to supersymmetry and d
termine their limiting capabilities.

In this work, we investigate the rare decay
KL→p0e1e2, B→Xse

1e2, and B→Xsm
1m2 within the

MSSM framework. Positive signals in these channels a
expected to be observed within the next few years provid
their rates do not lie significantly below standard mod
predictions. The current experimental upper bound
the first processB(KL→p0e1e2)expt,4.331029 @5# is 3
orders of magnitude larger than the anticipated stand
model branching fraction. Yet this mode is expecte
to be detected at Fermilab following completion of th
Main Injector @6#. Present CLEO and Collider Detecto
at Fermilab ~CDF! exclusive limits on the second and
third channels,B(B0→K* 0e1e2)CLEO,1.631025 @7# and
5421/96/54~5!/3329~16!/$10.00
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B(B0→K* 0m1m2)CDF,2.131025 @8#, lie within an order
of magnitude of standard model predictions. Evidence fo
short distanceb→sl1l2 decay may therefore soon be seen
with the upgraded CLEO detector and in the full run Ib
Tevatron data set.

KL→p0e1e2 andB→Xsl
1l2 decay have both been ex-

tensively studied in the standard model. The impact of con
ventional QCD upon their rates cana priori be comparable
to that from any new physics. Significant theoretical effor
has therefore been directed during the past several years
wards determining the precise size of strong interaction co
rections to these weak transitions@9–12#. Progress has also
been made in estimating the hadronic matrix elements th
characterize the long-distance aspects of these process
Chiral perturbation theory calculations indicate that theCP-
conserving component ofKL→p0e1e2 decay is signifi-
cantly smaller than the totalCP-violating contribution, and
the directCP-violating portion is believed to dominate over
its indirect counterpart1 @13,14#. This kaon mode can thus
provide an important window onto the nature ofCP viola-
tion.

Much less is known about the rates at which the tw
semileptonic FCNC reactions proceed within the MSSM
The sensitivity ofKL→p0e1e2 to new supersymmetric
physics has received little attention. We therefore examin
the maximal variation in the MSSM rate for the kaon proces
relative to its standard model value in this work. Supersym
metric contributions toB→Xsl

1l2 decay were previously
considered by Bertoliniet al. in @16#. These authors’ conclu-
sions need to be updated in light of theB→Xsg measure-
ment. The important constraint placed by the CLEO obse

1This favorable hierarchy forCP-conserving and -violating con-
tributions toKL→p0e1e2 decay has recently been challenged in
Ref. @15#.
3329 © 1996 The American Physical Society
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vation upon the allowed MSSM parameter space w
incorporated into the more recentB→Xsl

1l2 analysis of
@17#, but the impact of a universal form for soft
supersymmetry breaking terms was not studied in this lat
work. As we shall see, inclusion of both theB→Xsg restric-
tion and the universality constraint disallows sizable devi
tions from the standard model in the integratedB→Xsl

1l2

decay rate. Our work thus builds upon and extends previo
supersymmetric FCNC investigations presented in the lite
ture.

Our paper is organized as follows. In Sec. II, we revie
the elements of the MSSM which are relevant to our FCN
analysis. We then discuss current restrictions upon t

TABLE I. MSSM matter content.

Superfields Fermions Scalars

Qi5SUi

Di
D qi5SuidiD q̃i5Sũid̃iD

U i
c u i

c ũ i
c

D i
c d i

c d̃ i
c

Li5SNi

Ei
D li5Sniei D l̃ i5Sñiẽi D

E i
c ei

c ẽ i
c

H15SH1
0

H1
2D h̃15S h̃10h̃12D h15S h10*

2h1
2D

H25SH2
1

H2
0 D h̃25Sh̃21h̃20 D h25Sh21h20 D
as
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MSSM parameter space in Sec. III and describe two differ
procedures for mapping out its allowed regions. We u
these scanning algorithms to examine the impact of sup
symmetry uponKL→p0e1e2 and B→Xsl

1l2 decay in
Secs. IV and V. Finally, we close with a summary of ou
findings in Sec. VI.

II. THE MINIMAL SUPERSYMMETRIC
STANDARD MODEL

The basic structure of the MSSM is well known and h
been thoroughly discussed in the literature@18–20#. We
therefore recall just those aspects of the theory which
pertinent toKL→p0e1e2 andB→Xsl

1l2 decay. We first
display our nomenclature conventions for matter superfie
and their left handed fermion and scalar components
Table I. The fields listed in the first five rows of this tabl
carry a generation subscript which ranges over three fam
values. They are also assigned negative parities under a
crete Z2 symmetry in order to forbid baryon- and lepton
number violating interactions. The Higgs fields appearing
the last two rows transform positively under this matter pa
ity symmetry.

The chiral superfields in Table I enter into the superp
tential

W5mH1H21Yi j
UQiU j

cH21Yi j
DQiD j

cH11Yi j
ELiEj

cH1 ,
~2.1!

which governs the supersymmetry preserving interactio
among matter fields.2 After vector superfield terms are in
cluded, the supersymmetric Lagrangian schematically
pears in component form as
e soft
LSUSY52
1

4
FG
A mn FG mn

A 1lG
AiD” ABlG

B1~Dmf!†~Dmf!1c̄ iD” c2F S dWdF i
D * S dWdF i

D1
1

2 S ]2W

]F i]F j
c i
TCc j1H.c.D G

F→f

2&gG@f†TG
AlG

ATCc1H.c.#2
1

2
gG
2 ~f†TG

Af!~f†TG
Af!. ~2.2!

The indexG labels the color, weak isospin and hypercharge factors in the standard model gauge group, and indicesA andB
range over the nonabelian subgroups’ adjoint representations. All MSSM scalars are assembled intof, while matter fermions
and gauginos are respectively contained within the four-component left-handedc andl fields.

Since supersymmetry is manifestly violated in the low energy world, the MSSM Lagrangian is supplemented with th
supersymmetry breaking terms

Lsoft52
1

2
@mg̃g̃

aTCg̃a1mW̃W̃
iTCW̃i1mB̃B̃

TCB̃1H.c.#2m1
2h1

†h12m2
2h2

†h22q̃i
†~M q̃

2 ! i j q̃ j2ũi
c†~M ũc

2
! i j ũ j

c2d̃i
c†~M

d̃c
2

! i j d̃ j
c

2 l̃ i
†~M

l̃

2
! i j l̃ j2ẽi

c†~M ẽc
2

! i j ẽj
c1@Ai j

Uq̃i ũ j
ch21Ai j

Dq̃i d̃ j
ch11Ai j

E l̃ i ẽj
ch11Bmh1h21H.c.#. ~2.3!

2Our sign convention for contracting two SU~2! doublets is exemplified by the expansionH1H25H 1
0H 2

02H 1
2H 2

1 of the superpotentialm
term.
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In order to cut down the number of free parameters wh
enter into this expression to a manageable size, some r
tions among soft sector masses and couplings must
adopted. We shall first assume that the weak scale value
all the parameters in Eq.~2.3! are simply related to grand-
unified theory~GUT! scale progenitors. The running gaugin
massesmg̃(m), mW̃(m), andmB̃(m) then unify atm5MGUT
just like the gauge couplings. We also equate all scalar m
parameters with a singlem0 at the GUT scale. Finally, we se
the trilinear interaction matricesAU,D,E equal toA0Y

U,D,E at
m5MGUT where A0 denotes a common proportionalit
constant.3 Imposition of this universal structure upon so
supersymmetry breaking terms lends predictive power to
MSSM, but the assumed simplifications are quite strong. W
will therefore later relax some of these constraints and inv
tigate a more general class of supersymmetric models.

Renormalization group evolution of MSSM paramete
down from the unification scale can generate a vacuum
stability @21–23#. As the couplings in the scalar potentia
run, the neutral Higgs fields may at some point develop n
zero vacuum expectation valueŝ h 1

0&5v1/& and
^h 2

0&5v2/& which break electroweak symmetry. The nu
merical valuev5Av121v2

25246 GeV for their mean is fixed
by theW boson mass. But the ratio tanb5v2/v1 remains a
free parameter in the model. We restrict this ratio to t
range 2<tanb<55 so that Landau poles do not develop
the top or bottom Yukawa couplings anywhere between
weak and GUT scales.

Electroweak symmetry breaking induces mixing amo
MSSM fields. In the matter sector, primed mass eigensta
are related to unprimed gauge eigenstate counterparts as
lows:
ich
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u85SULu1SURCucT, ũ 85GUS SULũ
SURũc* D ,

d85SDLd2SDRCdcT, d̃ 85GDS SDLd̃

2SDRd̃c* D ,
n85SNLn, ñ 85GNSELñ,

e85SELe2SERCecT, ẽ 85GES SELẽ
2SERẽc* D . ~2.4!

The unitaryS andG transformations rotate fermion and sfer
mion mass matrices into real and diagonal forms. The 333
quark and lepton mass matrices are simply related to t
Yukawa couplings in the superpotential:

MU5
v sinb

&
SURYUT

SUL
†
,

MD5
v cosb

&
SDRYDT

SDL
†
, ~2.5!

ME5
v cosb

&
SERYETSEL

†
.

On the other hand, the 636 squared mass matrices for the
squarks and sleptons look much more complicated and
volve many parameters from both the supersymmetry co
serving and violating Lagrangians in Eqs.~2.2! and ~2.3!:
M ũ
25GUS SULM q̃

2SUL†1MU
2 1

mZ
2

6
~324 sin2u!cos 2b mMU cotb2

v sinb

&
SULAU*SUR†

m*MU cotb2
v sinb

&
SURAUT

SUL† SURM ũc
2 TSUR†1MU

2 1
2mZ

2

3
sin2u cos2b

D GU†,

M
d̃

2
5GDS SDLM q̃

2SDL†1MD
2 2

mZ
2

6
~322 sin2u!cos2b mMD tanb2

v cosb

&
SDLAD*SDR†

m*MD tanb2
v cosb

&
SDRADT

SDL† SDRM
d̃c
2 TSDR†1MD

2 2
mZ
2

3
sin2u cos2b

D GD†,

M ñ
25GN~SELM

l̃

2
SEL†1 1

2mZ
2cos2b!GN†,

M ẽ
25GES SELM l̃

2
SEL†1ME

22
mZ
2

2
~122 sin2u!cos2b mMEtanb2

v cosb

&
SELAE*SER†

m*MEtanb2
v cosb

&
SERAETSEL† SERM ẽc

2 TSER†1ME
22mZ

2sin2u cos2b
D GE†. ~2.6!

3We do not assume anya priori relationship betweenA0 andB in Eq. ~2.3!.
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Mixing also takes place in the gaugino and Higgs sectors. The physical Dirac chargino and Majorana neutralino eigen
are linear combinations of left-handedW-inos,B-inos, and Higgsinos:

x̃25US W̃2

h̃1
2 D 1V*CS W̃1T

h̃2
1T D ,

x̃M
0 5NS B̃

W̃3

h̃1
0

h̃2
0
D 1N*CS B̃̄T

W̃3
T

h̃1
0T

h̃2
0T

D . ~2.7!

The unitary transformationsU, V, andN diagonalize these fields’ mass matrices

M x̃65U* S mW̄ &mWsinb

&mWcosb 2m DV† ~2.8!

and

M x̃05N* S mB̄ 0 2mZsinu cosb mZsinu sinb

0 mW̃ mZcosu cosb 2mZcosu sinb

2mZsinu cosb mZcosu cosb 0 m

mZ sinusin b 2mZcosu sinb m 0

D N†. ~2.9!
is
Similarly, charged scalar mass eigenstates are combinati
of h1

6 andh2
6 :

S p6

h6 D 5S cosb sinb

2sinb cosb D S h16h26D . ~2.10!

The p6 would-be Goldstone bosons are absorbed via t
Higgs mechanism into the longitudinal components of th
W6 gauge fields. But the remainingh6 bosons represent
genuine propagating scalar degrees of freedom whose
level squared masses equalmh6

2
5mW

2 1m1
21m2

212umu2.
After the gauge eigenstate fields in the supersymmet

Lagrangian~2.2! are rewritten in terms of their mass eigen
state counterparts,4 it is straightforward to work out the in-
teractions of gluinos, charginos and neutralinos with quar
and squarks. We list below the resulting terms which partic
pate at one-loop order indi→dj l

1l2 decay:

Lg̃ , x̃52&g3(
a51

8

g̃M
a d̃†~GDLP22GDRP1!Tad

1(
I51

2

x̃̄ I
2ũ†~XI

ULP21XI
URP1!d

1(
I51

4

~ x̃̄M
0 ! I d̃

†~ZI
DLP21ZI

DRP1!d1H.c.,

~2.11!

where

4We suppress primes on mass eigenstates fields from here on
ons
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XI
UL5g2S 2VI1* GUL1VI2* GUR

MU

&mWsinb
DK,

XI
UR5g2S UI2G

ULK
MD

&mWcosb
D ,

~2.12!

ZI
DL52

g2

&
F S 2NI2* 1

1

3
tanuNI1* DGDL1NI3* GDR

MD

mWcosb
G ,

ZI
DR52

g2

&
S 23 tanuNI1G

DR1NI3G
DL

MD

mWcosb
D .

Flavor mixing enters into these interactions through the
Kobayashi-Maskawa matrixK5SULSDL† and the 633 block
components ofGU andGD:

G636
U 5~G633

UL G633
UR !,

G636
D 5~G633

DL G633
DR !. ~2.13!

Other gauge boson and Higgs terms which mediate the
FCNC processes of interest are similarly extracted from the
Lagrangian. The Feynman rules for all these interactions
may be found in the literature@18,24#.

Having set up the basic MSSM framework, we are now
ready to explore its large parameter space. We take up th
topic in the following section..
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III. MSSM PARAMETER SPACE

Before predictions can be derived from the minimal s
persymmetric standard model, explicit values for the para
eters in the superpotential~2.1! and soft supersymmetry
breaking Lagrangian~2.3! must be specified. In order to re-
duce the size of the parameter space, we initially adopt
common assumption that MSSM masses and couplings
simply related atm5MGUT. This ansatz is motivated by the
simplest supergravity theories@25#. A universal soft super-
symmetry breaking sector atm5MGUT also decreases the
likelihood of generating unacceptably large FCNC amp
tudes at the weak scale. Instead, the magnitudes for s
amplitudes in the MSSM are anticipated to be of the sam
order as those in the standard model. Experimentally d
criminating between the two theories’ predictions for variou
FCNC transitions rates will not be an easy task. But this go
is hoped to be achieved by a number of experimental p
grams within the next several years.

In our analysis, we take as input parameters the dime
sionful soft sector quantitiesA0~MGUT!, m0~MGUT!, and
mW̃(mz), the dimensionless ratio tanb, and all standard
model fermion and gauge boson masses and couplings.
also restrict the source of CP violation in the MSSM to ste
from just a single phase in the KM matrix. Imaginary par
of mW̃ andBm can be rotated away by field redefinitions, bu
A0 andm generally remain complex. The phases of these la
two parameters are tightly constrained by neutron electr
dipole moment limits@26#. We shall simply takeA0 andm to
be real.

In order to determine the numerical values for all the co
plings in the MSSM, we follow a lengthy yet straightforward
procedure. We first locate the GUT scaleMGUT;1016 GeV
by evolving the SU~2!L and U~1!Y gauge couplings up to the
point where they meet. We then choose specific values
A0~MGUT!, m0~MGUT!, mW̃(mz), and tanb. A large value for
the trilinear scalar coupling in conjunction with small value
for the common scalar and gaugino mass parameters tend
yield stop masses which are too light to satisfy direct sear
constraints. Large values for eitherm0 or mW̃ lead to squark
decoupling and negligible supersymmetric contributions
FCNC decays. We, therefore, restrict the magnitudes of
three dimensionful quantities to be less than 1 TeV.

After the gaugino, scalar, and Yukawa terms in the so
supersymmetry breaking sector are evaluated atm5MGUT
and run down tom5mz , the numerical values for all MSSM
parameters exceptm and B are determined. The tree-leve
relations

umu25
m2
2sin2b2m1

2cos2b

cos2b
2
1

2
mZ
2,

Bm5
1

2
sin2b~m1

21m2
212umu2!, ~3.1!

fix these last two quantities up to a twofold ambiguity i
sgn~m!. Points in the MSSM parameter space which yie
negative values forumu2 or Bm fail to break electroweak sym-
metry and are rejected. Necessary conditions for the ex
ence of a stable scalar potential minimum
-
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uBmu2.~m1
21umu2!~m2

21umu2!,

~m1
22m2

2!cos2b.0, ~3.2!

must also be satisfied. The results appearing in Eqs.~3.1! and
~3.2! originate from tree-level minimization of the classica
scalar potential. Quantum corrections significantly shift th
location of the effective potential minimum@28#. Radiative
corrections can enhance light neutral Higgs boson masses
nearly a factor of 2 relative to tree-level predictions. But a
we shall see, neutral Higgs contributions toKL→p0e1e2

and b→sl1l2 decay are completely negligible. Moreover
changes inumu arising from loop corrections to Eq.~3.1! do
not affect the qualitative conclusion that allowed values fo
umu are several times greater thanmz . We therefore utilize
these tree-level relations in our numerical analysis.

Once numerical values for the MSSM parameters ha
been specified, the masses of all superpartners can be ca
lated. We require that the mass spectrum be consistent w
present limits from direct superpartner searches@5#. In par-
ticular, we impose the recent LEP 1.5 lower bound of 6
GeV on the chargino mass@27#.

The final constraint which we place upon the MSSM pa
rameter space comes fromB→Xsg decay. Supersymmetry
modifies the standard model prediction for the rare radiati
rate by adding extra contributions to the Wilson coefficien
C7(mW) andC8(mW) of the electromagnetic and chromo-
magnetic moment operators in theDB51 effective Hamil-
tonian @29#. We neglectC8 since it accounts for only 3% of
the standard modelb→sg amplitude and is not expected to
be significantly more important in the MSSM. But the
charged Higgs, chargino, neutralino, and gluino contribu
tions toC7 which are tabulated in Appendix A can be quite
substantial. We therefore calculate the ratio

R75
C7~mW!MSSM
C7~mW!SM

~3.3!

at each point in the MSSM parameter space. We throw aw
all points whose values forR7 do not lie within the allowed
intervals

0.4,R7,1.2 or 24.2,R7,22.4 ~3.4!

that take into account current experimental errors@3# and
theoretical uncertainties@29#.

After scanning over the MSSM parameter space and im
posing all the above criteria, we identify a number of gener
features which hold everywhere in the allowed regions e
cept in the very large tanb domain:

~i! Sizable supersymmetry contributions toKL→p0e1e2,
B→Xsl

1l2, andB→Xsg decay mainly arise from charged
Higgs and chargino exchange.

~ii ! Flavor violating entries inGu hardly affect these
FCNC processes.

~iii ! The first two generations of up and down squarks a
almost degenerate. The first two generations of sleptons a
sneutrinos are also nearly degenerate.

~iv! Left-right squark and slepton mixing is negligible for
the first two generations.
Similar observations have previously been noted in@16#.
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These characteristics provide useful guidelines for esta
lishing less restrictive constraints on supersymmetric exte
sions of the standard model than those which underlie
MSSM with a universal soft breaking sector. Rather tha
starting with a unified set of GUT scale parameters a
evolving them down to low energies, we can instead surv
all possible values for MSSM couplings and masses at
weak scale for which conditions~i!–~iv! are satisfied. This
alternate mapping procedure provides a useful check on
sensitivity of FCNC results upon the assumed form of th
soft supersymmetry breaking sector. The particular we
scale quantities which must be specified in order to det
mine supersymmetric contributions todi→dj l

1l2 decay are
the following: a common massmūL

for the superpartners of
left-handed up and charm quarks; the massesmt̄ L

, mt̄ R
and

mixing anglea t̃ for top squarks; a common massmn̄ for the
first two generation sneutrinos; the Wino and charged Hig
massesmW̃ and mh6; the superpotentialm parameter and
tanb. This parametrization is similar in spirit to the one
adopted in@17#. As in our universal soft sector analysis, w
shall restrict the dimensionful quantities to the sub-TeV r
gime and restrict the dimensionless VEV ratio t
2<tanb<55.

In the next two sections, we will investigate the
KL→p0e1e2 andB→Xsl

1l2 transitions utilizing the uni-
versal soft sector scanning procedure as well as the m
general mapping method. The greater labor required to
plore the much larger nine-dimensional parameter space
the latter approach is offset by several simplifications. F
example, neutralino and gluino contributions todi→dj l

1l2

may simply be neglected. TheGu matrix also reduces to the
nearly diagonal form

GU5S 1 0 0 0 0 0

0 1 0 0 0 0

0 0 cosa t̃ 0 0 2sina t̃

0 0 0 1 0 0

0 0 0 0 1 0

0 0 sina t̃ 0 0 cosa t̃

D ~3.5!

when criteria~i!–~iv! are imposed. But most importantly, no
renormalization group evolution needs to be performe
Searching the nine-dimensional parameter space for set
points where supersymmetry significantly enhances or s
presses the rare decay modes is thus rendered tractable.

IV. KL˜p0e1e2 DECAY

The total amplitude forKL→p0e1e2 decay can be de-
composed intoCP-conserving and violating parts. The
former starts at second order in the electromagne
interaction. As a result, theCP-conserving branching frac-
tion B(KL→p0e1e2)CP.~0.3–1.8!310212 is significantly
smaller than itsCP-violating counterpart@13#. Moreover,
the indirect component of theCP-violating amplitude is
believed to be smaller than the direct part. Present d
imply B(KL→p0e1e2) indirect<1.6310212 @14#, while the
standard model prediction for the directCP-violating
contribution lies in the rangeB(KL→p0e1e2)direct
b-
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.~2.5–9.0!310212 @11#.5 The CP-conserving and indirect
CP-violating amplitudes may be computed using experimen-
tally determined values for chiral Lagrangian coefficients
and thee parameter which automatically include possible
MSSM contributions. Since these quantities are consistent
with standard model predictions, we will focus exclusively
upon the directCP-violating component in our supersym-
metric FCNC investigation.

The analysis ofKL→p0e1e2 decay is greatly facilitated
by working within an effective field theory framework. In
this approach, heavy degrees of freedom are successivel
integrated out from a specified full theory, and the resulting
effective theory is run down to a low energy hadronic scale
using the renormalization group. A finite number of flavor
changing dimension-six operators generated by this proces
at m5mW enter into the effective HamiltonianHeff which
governs the dynamics of the low energy theory. The com-
plete set of left-handedDS51 four-fermion operators that
originate from the standard model and mediate
KL→p0e1e2 are catalogued in Ref.@11#. If the starting full
theory is taken to be the MSSM, additional terms with right-
handed flavor changing currents appear inHeff . But since
their coefficients are tiny, the extra operators may be ne-
glected without loss.

After the effective theory is evolved to low energies, the
direct CP-violating KL→p0e1e2 amplitude is well ap-
proximated by the long-distance matrix element
^p0e1e2uHeffuKL& of the truncated Hamiltonian

Heff5 2
GF

&
Kts*Ktd@y7VQ7V1y7AQ7A#1H.c. ~4.1!

All information associated with short distance physics is en-
coded into the Wilson coefficients

y7V5
aEM

2psin2u
@P01@Y~xt!1YSUSY#

24sin2u„Z~xt!1ZSUSY…1PE„E~xt!1ESUSY
…#,

y7A52
aEM

2p sin2u
@Y~xt!1YSUSY#, ~4.2!

of the semileptonic operators

Q7V5 s̄gm~12g5!dēgme,

Q7A5 s̄gm~12g5!dēgmg5e. ~4.3!

The functions

Y~xt!5
4xt2xt

2

8~12xt!
1

3xt
2

8~12xt!
2 ln xt

5The sizable uncertainty in the directCP-violating branching
fraction primarily stems from KM angles which are poorly con-
strained at present. The predictions’ precision should substantially
improve when the KM unitarity triangle is better determined in
upcomingB-factory studies.
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Z~xt!5
108xt2259xt

21163xt
3218xt

4

144~12xt!
3

1
28150xt263xt

226xt
3124xt

4

72~12xt!
4 ln xt ,

E~xt!5
18xt211xt

22xt
3

12~12xt!
3 2

4216xt19xt
2

6~12xt!
4 ln xt ~4.4!

of the variablext5(mt/mW)
2 summarize the high energy

contributions toKL→p0e1e2 decay that are common to
both the standard model and MSSM. Next-to-leading ord
QCD corrections which are the same in both theories
incorporated intoP0.0.7 andPE .20.01 @11#. Therefore,
all effects of supersymmetry upon the rare weak transit
reside within theYSUSY, ZSUSY, andESUSY parameters in Eq.
~4.2!.

The values of they7V and y7A coefficients are obtained
after matching renormalizeds̄→d̄e1e2 amplitudes calcu-
lated in both the full and effective theories. We perform th
matching atm5mW in the standard model as well as in it
minimal supersymmetric extension. The one-loop bubb
penguin, and box graphs which must be evaluated on
MSSM side of the matching condition are displayed in Fig
1~a!–1~c!. After a long but straightforward computation, w
find the charged Higgs, chargino, neutralino, and gluino co
er
are

ion

is
s
le,
the
s.
e
n-

tributions listed in Appendix B to theYSUSYandZSUSY terms
in Eq. ~4.2!.

Several points about our supersymmetric matching resu
should be noted. Firstly, we have not included any bubble
penguin graphs which involve neutral Higgs boson exchan
in Figs. 1~a! or 1~b!. Such diagrams are proportional to the
electron massme and are negligibly small. Similarly, the first
box graph in Fig. 1~c! with a charged Higgs running around
the loop vanishes in theme→0 limit and may be safely ig-
nored. Secondly, we have intentionally not calculatedESUSY

which should be comparable in size toE(xt).0.25. Since
the numerical value forPE is almost two orders of magni-
tude smaller than that forP0, the term proportional toPE in
Eq. ~4.2! is negligible andESUSY is unimportant. Thirdly, we
have ignored gluino loop matching contributions to charge
current four-quark operators in theDS51 effective Hamil-
tonian. Such contributions affecty7V andy7A at the subper-
cent level. Finally, the matching condition results displaye
in Appendix B are independent of any choice for the stru
ture of soft supersymmetry breaking terms.

The short distancey7V andy7A Wilson coefficients enter
into the directCP-violating KL→p0e1e2 partial width
along with a long distance hadronic matrix element. Afte
neglecting tiny imaginary components in the former quant
ties and relating the latter to the measuredK1→p0e1n rate
via an isospin rotation, we find@11#
MSSM
B~KL→p0e1e2!direct5B~K1→p0e1n!
t~KL!

t~K1!
UIm~Kts*Ktd!

Kus
U2~y7V2 1y7A

2 !. ~4.5!

The sensitive dependence of this expression upon poorly known KM angles can be removed by normalizing the
branching fraction to its standard model analogue. The ratio

r~KL→p0e1e2!5
B~KL→p0e1e2!MSSM2B~KL→p0e1e2!SM

B~KL→p0e1e2!SM
~4.6!
tan-
re
-

s
g
re-
u-
a-
that
be-
es
se
ut
of

.
re
ee
u-
thus cleanly quantifies supersymmetric enhancement or s
pression of the rare kaon mode’s rate.

Following the universal soft sector scanning procedu
outlined in Sec. III, we evaluater(KL→p0e1e2) in the al-
lowed regions of MSSM parameter space. Representative
sults for two-dimensional slices through this space are illu
trated in Figs. 2~a! and 2~b!. In the first Lego block figure,
r(KL→p0e1e2) is plotted as a function ofA0~MGUT! and
m0~MGUT! with mW̃(mz)590 GeV and tanb55.0 held fixed.
In the second figure, we displayr(KL→p0e1e2) as a func-
tion of mW̃(mz) and tanb with A0~MGUT!52500 GeV and
m0~MGUT!5100 GeV. We have taken the sign of them pa-
rameter in the superpotential to be positive in both plo
Points in the MSSM parameter space that are excluded
one or more of our imposed criteria are indicated in the
figures by Lego blocks which are saturated at their maximu
values. Looking at the results in Figs. 2~a! and 2~b!, we see
that supersymmetric effects in the MSSM with a univers
soft sector reduce the directCP-violating KL→p0e1e2

branching fraction relative to the expected standard mo
up-

re

re-
s-

ts.
by
se
m

al

del

rate by at most 10%. These discrepancies between the s
dard model and its minimal supersymmetric extension a
unfortunately too small to be realistically detected by up
coming experiments within the next several years.

It is interesting to examine whether larger deviation
could result if some of the stringent assumptions underlyin
the universal soft sector MSSM are relaxed. We have the
fore performed several scans involving hundreds of tho
sands of points over the more general nine-dimensional p
rameter space discussed in Sec. III. These scans reveal
pockets in the larger space exist where discrepancies
tween the standard model and the MSSM are three tim
larger in both the positive and negative directions than tho
we previously uncovered in our more restricted searches. B
even a 30% supersymmetric enhancement or suppression
theKL→p0e1e2 rate relative to its standard model value is
unlikely to be experimentally resolvable in the near future

The potential impact of supersymmetry upon the ra
kaon mode is thus disappointingly small. But as we shall s
in the next section, the prospects for detecting signs of s
persymmetry inB→Xsl

1l2 decay are brighter.
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FIG. 1. One-loop MSSM~a! bubble,~b! penguin, and~c! box graphs which contribute to the short distance coefficients of effective theor
operators that mediateKL→p0e1e2 andB→Xsl

1l2 decay.
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V. B˜Xse
1e2 AND B˜Xsm

1m2 DECAY

InclusiveB→Xse
1e2 andB→Xsm

1m2 decay share sev-
eral similarities with theKL→p0e1e2 transition. Like their
kaon analogue, theseB meson reactions are most conve
niently analyzed within a low energy effective theory frame
work. The complete list of dimension-six operators in th
DB51 effective Hamiltonian that participate inB→Xsl

1l2

decay may be found in Ref.@30#. The Wilson coefficients of
the bottom sector operators evaluated at theW scale are trivi-
ally related to their strange sector analogues. The next-
leading order evolution of these coefficients fromm5mW to
m5mb has been calculated in Ref.@12#. The details of this
strong interaction running are quite complicated, and we w
not present them here. Instead, we will simply apply th
-
-
e

to-

ill
e

main results in our study of supersymmetric effects upon
rare decay modes.

The inclusive rate for the meson level processB→Xsl
1l2

may be approximated by the rate for the free quark transit
b→sl1l2 @31#. Two independent variables are require
to describe the latter process. We choose them to be
rescaled lepton energies

y15
2El1

mb
and y25

2El2

mb
~5.1!

measured in theb quark rest frame. When expressed in term
of these variables along with the rescaled squared invar
massŝ5y11y221 of the lepton pair, the differential deca
rate looks like
e

d2G~b→sl1l2!

dy1dy2
5
GF
2mb

5uKts*Ktbu2

16p3 S aEM

4p D 2H @y1~12y1!1y2~12y2!#@ uCg
eff~ ŝ!u21C10

2 #1
4

ŝ S ŝ~12 ŝ!1~12y1!2

1~12y2!21
2ml

2

ŝmb
2 D ~C7

eff!214~12 ŝ!C7
eff Re@C9

eff~ ŝ!#12~y12y2!C10@2C7
eff1 ŝ Re@C9

eff~ ŝ!##J .
~5.2!

The quantities

C7
eff5C7~mw!h16/231

8

3
C8~mw!~h14/232h16/23!1(

i51

8

hih
ai, ~5.3a!

C9
eff5S p

as~mw!
1

v~ ŝ!

h D S 20.18751(
i51

8

pih
ai11D 1

Y~xt!1YSUSY

sin2 u
24@Z~xt!1ZSUSY#1@E~xt!1ESUSY#

3S 0.14051(
i51

8

qih
ai11D 11.24681(

i51

8

haiF r i1sih1t ihSmc

mb
,ŝD 1uih~1,ŝ!1v ih~0,ŝ!G , ~5.3b!

C1052
Y~xt!1YSUSY

sin2 u
~5.3c!

that enter into the partial width depend upon the strong interaction coupling ratioh5as(mw)/as(mb) and various matching
condition functions which we previously encountered in ourKL→p0e1e2 analysis. The effective coefficients also involve th
components of the following eight-dimensional vectors:

ai5~0.6087,0.6957,0.2609,20.5217,0.4086,20.4230,20.8994,0.1456!,

hi5~2.2996,21.0880,20.4286,20.0714,20.6494,20.0380,20.0186,20.0057!,

pi5~0,0,20.3941,0.2424,0.0433,0.1384,0.1648,20.0073!,

qi5~0,0,0,0,0.0318,0.0918,20.2700,0.0059!,
~5.4!

r i5~0,0,0.8331,20.1219,20.1642,0.0793,20.0451,20.1638!,

si5~0,0,20.2009,20.3579,0.0490,20.3616,20.3554,0.0072!,

t i5~0,0,1.7143,20.6667,0.1658,20.2407,20.0717,0.0990!,

ui5~0,0,0.2857,0,20.2559,0.0083,0.0180,20.0562!,

v i5~0,0,0.1429,0.1667,20.1731,20.1120,20.0178,20.0067!.
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Finally, the functionsh(z,ŝ) andv( ŝ) which appear in Eq.~5.3b! are given by

h~z,ŝ!52
8

9
lnz1

8

27
1
4

9
x2

2

9
~21x!Au12xuH lnUA12x11

A12x21
U2 ip

2 arctan~1/Ax21!

for x[4z2/ ŝ,1,

for x[4z2/ ŝ.1,

v~ ŝ!52
4

3
Li2~ ŝ!2

2

3
ln~ ŝ!ln~12 ŝ!2

2

9
p22

514ŝ

3~112ŝ!
ln~12 ŝ!2

2ŝ~11 ŝ!~122ŝ!

3~12 ŝ!2~112ŝ!
ln~ ŝ!1

519ŝ26ŝ2

6~12 ŝ!~112ŝ!
.

~5.5!
n-

-
s
tric

er-
te
to
of

ive
a

ors
uch

-
n-
F

e

In order to consistently compute the differential rate to on
loop order accuracy, we only retain terms ind2G/dy1dy2

up to linear order inv( ŝ). We also setv( ŝ) to zero in the
interference terms in Eq.~5.2! which are proportional to
Re@C9

eff(ŝ)#.
The standard model prediction for theB→Xsl

1l2 decay
rate is simply recovered from these formulas by setti
YSUSY, ZSUSY, andESUSY to zero and equatingC7(mw) and
C8(mw) with their standard model values. In this case, t
partially integrated ratedG/dŝ differs from the correspond-
ing result discussed in@12# by a term proportional to the
lepton mass. This term was previously neglected becaus
effect is very small over nearly all of phase space. Howev
its contribution to the integrated decay rate is not suppres
byml provided no lower cut onŝ is imposed. As no such cu
has been performed in the recent CDF analysis
B→K*m1m2 @8#, we retain this additional term indG/dŝ.

The matching condition expressions forYSUSY andZSUSY

that enter into the differential rate forB→Xse
1e2 trivially

differ from those forKL→p0e1e2 by just the flavor label
renamings specified in Appendix B. As in our previou
KL→p0e1e2 matching computation, we neglectESUSY and
setC8(mw) to zero. For theB→Xsm

1m2 mode, slepton and
sneutrino indices must also be transformed from the first
second generation. The numerical values for individu
matching contributions toYSUSY and ZSUSY turn out to be
e-

ng

he

e its
er,
sed
t
of

s

to
al

almost identical for all three FCNC channels which we co
sider in this paper. The flavor independence ofYSUSY and
ZSUSY implies that regions of theB→Xsl

1l2 spectrum
dominated byC9

eff andC10 are no more sensitive to super
symmetry thanKL→p0e1e2 decay. Sizable discrepancie
between the standard model and its minimal supersymme
extension can therefore only arise inB→Xsl

1l2 observables
which depend to a large extent uponC7

eff .
We should note an interesting point regarding the sup

symmetric limit of these matching results. The approxima
cancellation between different superpartner contributions
B→Xsg decay has been interpreted as a manifestation
G(b→sg)50 in the supersymmetric limit@4#. Since the
magnetic moment operator which mediates the radiat
transition belongs to a linear multiplet, it cannot arise in
fully supersymmetric effective Hamiltonian@32#. No analo-
gous argument can be made forb→sl1l2 decay. Penguin
and box diagrams generate effective four-fermion operat
that form the highest components of vector superfields. S
D terms survive in the limit of exact supersymmetry.

As low statistics will most likely hinder experimental de
termination of the full differential spectrum, we need to co
sider various integrated observables. Following the CD
analysis presented in@8#, we first integrate the rate over th
lepton pair mass regions
ation to
ml1 l2P~2ml ,2.9 GeV!ø~3.3 GeV,3.6 GeV!ø~3.8 GeV,4.6 GeV!. ~5.6!

These disjoint intervals excludeml1 l2 values for which the inclusiveB→Xsl
1l2 rate is dominated by intermediateJ/c and

c8 states. By restricting our analysis to just this nonresonant region, we ensure the validity of the free quark approxim
inclusiveB meson decay.

It is customary to reduce the uncertainties in theb→sl1l2 partial width by normalizing it to the semileptonic rate

G~b→ce1n!5
GF
2mb

5uKcbu2

192p3 gSmc

mb
D H 12

2as~mb!

3p F S p22
31

4 D S 12
mc

mb
D 21 3

2G J ~5.7!
.
e
–
ter-

will
which is related to the measured branching ra
B(B→Xce

1n)50.10460.004@5#. The function

g~z!5128z218z62z8224z4 lnz ~5.8!

appearing in this rate formula represents a phase space
pression factor. The sensitive dependence ofG(b→sl1l2)
tio

sup-

and G(b→ce1n) upon KM angles cancels in their ratio
However, errors in the numerical evaluation of th
B→Xsl

1l2 partial width can be reduced to only the 10
20 % range due to uncertainties in quark masses and in
ference effects from excited charmonium states@33#. There-
fore, signals of new physics beyond the standard model
be detectable only if they significantly exceed this level.
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After integrating the differential rate in Eq.~5.2!, express-
ing the result in terms of the ratios

R75
C7~mw!MSSM
C7~mw!SM

, RY5
Y~xt!1YSUSY

Y~xt!
,

and

RZ5
Z~xt!1ZSUSY

Z~xt!
, ~5.9!

and adopting the parameter valuesmc51.3 GeV,mb54.7
GeV, mt5176 GeV, as(mz!50.118, and uKts*Ktb /Kcbu2

uKts*Ktb /Kcbu250.95, we find the following nonresonan
branching fractions:

B~B→Xse
1e2!NR53.031027@5.512.3R7

2117.6RY
2

13.7RZ
222.1R7RY11.4R7RZ211.5RYRZ14.6R7

18.1RY25.3RZ#, ~5.10!

B~B→Xsm
1m2!NR53.031027@2.910.8R7

2117.5RY
2

13.7RZ
222.1R7RY11.4R7RZ211.4RYRZ10.7R7

18.1RY25.3RZ#. ~5.11!

The standard model values 7.331026 and 4.931026 for the
B→Xse

1e2 and B→Xsm
1m2 branching ratios are recov-

ered by settingR75RY5RZ51 in these formulas.
The secondb→sl1l2 observable we consider is the

lepton-antilepton energy asymmetry

A5
N~El2.El1!2N~El1.El2!

N~El2.El1!1N~El1.El2!
. ~5.12!

HereN(El2.El1) denotes the number of lepton pairs whos
negatively charged member is more energetic in theB meson
rest frame than its positive partner. SinceA is odd under
charge conjugation whereasB(B→Xsl

1l2) is even, the in-
formation about the differential spectrum encoded into t
former observable does not overlap with that contain
within the latter. The value forA is most simply determined
for chargedB6 mesons which do not suffer from complica
tions associated withB2B̄ mixing. Counting only those lep-
ton pairs whose invariant mass lies within the intervals spe
fied in Eq.~5.6!, we find

ANR5
3.031027

B~B→Xsl
1l2!NR

@1.221.0R714.0RY22.6RZ#RY .

~5.13!

This expression yields 7 and 10 % forB→Xse
1e2 and

B→Xsm
1m2 in the standard model, respectively.

Since deviations ofRY and RZ from unity over the al-
lowed MSSM parameter space are small, supersymmetric
fects in theB→Xsl

1l2 channel critically depend upon the
ratio R7. In order to isolate the FCNC mode’s sensitivity t
this quantity, it is instructive to first artificially setR751
everywhere throughout the region of MSSM parameter spa
allowed by all constraints. We then find that supersymmet
effects uponB→Xsl

1l2 are quite similar to those for
t

e

he
ed

-

ci-

ef-

o

ce
ric

KL→p0e1e2. NonresonantB→Xsl
1l2 branching ratios are

suppressed by at most 10% relative to their standard mod
values when GUT-scale universality is imposed, and chang
in lepton asymmetries are even smaller. If the universal so
sector assumptions are relaxed,B meson rates and asymme-
tries then deviate from standard model predictions by at mo
30%.

Of course, the value for the Wilson coefficient of the
magnetic moment operator does not coincide in most regio
of MSSM parameter space with its standard model counte
part. When GUT-scale universality is assumed and all b
B→Xsg constraints are imposed, we find thatR7 smoothly
varies between22.5 and 3 for large values of tanb and

FIG. 2. Fractional suppressionr~KL→p0e1e2! of the direct
CP-violating component of theKL→p0e1e2 branching fraction in
the MSSM relative to the standard model prediction. The suppre
sion factor is plotted in~a! as a function ofA0~MGUT! and
m0~MGUT! with mW̃(mz)590 GeV and tanb55 held fixed. The
same quantity is displayed in~b! as a function ofmW̃(mz) and
tanb with A0~MGUT!52500 GeV andm0~MGUT!5100 GeV. Ex-
cluded MSSM parameter space points are indicated in both plots
Lego blocks saturated at their maximum values.
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between 1.0 and 1.3 for tanb.2.5. This tanb dependence
primarily stems from the 1/cosb5A11tan2b enhancement
of the chargino interaction matrixXI

UR in Eq. ~2.12!. If we
instead search over the nine-dimensional parameter sp
discussed in Sec. III, we find thatR7 ranges at the factor of 2
level from2tanb to tanb. This potentially largeR7 variation
underscores the stringent nature of the limits in Eq.~3.4! set
by the CLEOB→Xsg observation.

It is useful to separately consider two different scenari
for B→Xsl

1l2 decay which depend upon the sign ofR7:
Case 1. We accept all points in the MSSM paramet

space for which 0.4,R7,1.2. The extremal MSSM values
we then find for ourB→Xsl

1l2 observables are displayed in
Table II as fractions of their standard model counterpar
Looking at the entries in the table, we see that sensitivity
the nonresonant branching ratios to supersymmetry is fa
minimal. The reason for the slight variation can be traced
the coefficients of theRY andRZ terms in Eqs.~5.10! and
~5.11! which are considerably larger than those for theR7
terms. SinceRY andRZ do not vary significantly from unity
and the magnitude ofR7 is constrained by experiment, su
persymmetric effects in the MSSM with a universal as we
as more general soft sector are never highly pronounced
the nonresonant branching ratios.

On the other hand, the relatively larger coefficient of th
R7 term in Eq.~5.13! induces greater sensitivity in asymme
try observables to supersymmetric deviations from the sta
dard model. In Fig. 3, we plot the ratio of the electron asym
metry observableA~B→Xse

1e2!NR evaluated in the
universal soft sector MSSM relative to its standard mod
value. This ratio is displayed in the figure as a function
A0~MGUT! and m0~MGUT! on a two-dimensional slice
through the MSSM parameter space withmW̃(mz)5150
GeV, tanb520, and sgn~m!511 held fixed. Looking at the
Lego plot, we see a substantial volume in parameter sp
exists where supersymmetric deviations from the stand
model are sizable.

Case 2. We accept all points in the MSSM paramet
space for which24.2,R7,22.4. Scans over the paramete
space of the MSSM with GUT-scale universality then reve
thatR7 never dips below22.5. This limiting value coincides
with the lower end of the experimentally permissibl
B→Xsg partial width range. It is important to note tha
G~B→Xse

1e2! is strongly correlated withG~B→Xsg! since
a large short distance contribution toB→Xse

1e2 comes
from the small dielectron mass region where the intermedi
photon is only slightly off shell. Maximal suppression of th
radiative rate therefore leads to a 10% suppression of
semielectronic rate. On the other hand,G~B→Xsm

1m2! and
G~B→Xsg! are anticorrelated forR7,0 due to the
C7
effRe@C9

eff( ŝ)# term in Eq.~5.2!. The semimuonic branching
fraction increases by 20% whenR7522.5. More impor-
tantly, sizable signals of supersymmetry can be detected
the asymmetry observable.ANR increases relative to its stan
dard model value by factors of 3.6 and 2.6 forB→Xse

1e2

andB→Xsm
1m2 whenR7.22.5.

If we again relax the universal soft sector assumptions,
find many points in the more general nine-dimensional p
rameter space whereR7 drops down to the lower end of its
experimentally allowed range. The nonresonantB→Xse

1e2

andB→Xsm
1m2 branching ratios are then enhanced by u
ace
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to 90 and 110 %. Lepton asymmetries are also enhanced
approximately a factor of 3 compared to standard model
pectations whenR7 belongs to the allowed negative range6

The two different scenarios we have investigated for t
impact of supersymmetry uponB→Xsl

1l2 decay clearly
have different phenomenological implications. The like
hood that this FCNC process will display interesting ev
dence for supersymmetry or else usefully constrain t
MSSM parameter space strongly depends upon the value
R7. After more precise experimental measurements and n
to-leading order theoretical calculations are completed in
near future, the allowed range forR7 should shrink by about
a factor of 3. It is possible that the standard model predict
R751 will then no longer be consistent with CLEO data
Such a result would represent an intriguing finding.

At the present time, the CLEO measurement provides
means for determining the sign of theb→sg amplitude.
However, the current 3.5s discrepancy between the standa
model and data from the LERNe1e2 collider LEP for
G(Z→bb) may suggest thatR7 is negative in the MSSM
framework. Large positive MSSM corrections toG(Z→bb̄)
would ameliorate the conflict between theory and expe
ment. As such positive corrections are correlated with ne
tive values forR7, our secondB→Xsl

1l2 scenario may be
favored. In this case, sizable deviations inB→Xsl

1l2

branching ratios and lepton asymmetries from standa
model expectations should hopefully be detected in the n
few years.

VI. CONCLUSIONS

In this work, we have studied the impact of supersymm
try upon the FCNC processesKL→p0e1e2, B→Xse

1e2,
andB→Xsm

1m2. We found that the rate for the kaon mod
does not vary from standard model predictions by mu
more than 10% in the minimal supersymmetric extensi
with a universal soft breaking sector. Qualitatively simila
results hold for theB meson nonresonant branching fractio
Since the premise underlying the MSSM with GUT-sca
universality is not necessarily realized in nature, we ha
also considered these transitions in a more general clas
models in which certain soft sector assumptions were
laxed. We then uncovered regions in a nine-dimensional
rameter space whereB(B→Xsl

1l2)NR is significantly en-
hanced relative to its standard model value. Char
conjugation odd lepton asymmetries can exhibit even lar
deviations from standard model expectations. So signals
supersymmetry could be detected inB→Xsl

1l2 decay in the
next few years.

Various refinements upon the analysis which we have p
sented in this paper could be pursued. For instance, radia
corrections to the MSSM scalar potential will alter the a
lowed regions of parameter space. Similarly, imposition
additional constraints arising from electroweak precisi
measurements and cosmological considerations would
ther restrict MSSM parameters. Although such refineme

6It is interesting to note that deviations ofR7 from unity in case 2
can induce larger variations in G~B→Xsl

1l2!MSSM/
G~B→Xsl

1l2!SM than inG~B→Xsg!MSSM/G~B→Xsg!SM .
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cannot affect our qualitative FCNC conclusions, they ma
somewhat alter our quantitative results.

More interestingly, the general approach which we ha
followed in this paper to investigate supersymmetric cont
butions to a particular class of rare modes can be applied
several other processes that might reveal larger discrepan
with the standard model. For example, our analysis of sem
leptonic di→dj l

1l2 decay can readily be extended to it
neutrino analoguedi→djnn̄. Similar methods can also be
used to look for weak scale supersymmetry inK→m1m2,
B→t1t2 and B2B̄ mixing. Theoretical and experimenta
study of all these processes will help to constrain whatev
physics lies beyond the standard model which is still waitin
to be discovered.
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TABLE II. Extremal MSSM values ofB→Xsl
1l2 observables

as fractions of their standard model counterparts.

Observable

MSSM with universal
soft sector

MSSM with relaxed
soft sector assumptions

Minimal Maximal Minimal Maximal

B(B→Xse
1e2)NR 77% 107% 72% 119%

A(B→Xse
1e2)NR 80% 170% 81% 196%

B(B→Xsm
1m2)NR 88% 102% 71% 121%

A(B→Xsm
1m2)NR 85% 148% 86% 164%
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APPENDIX A: MSSM b˜sg MATCHING CONDITIONS

We list below theW-scale matching contributions to the
coefficient C7 of the magnetic moment operator in the
DB51 effective Hamiltonian which arise from one-loop
MSSM diagrams.

Standard-model graphs:

dC75
xt
4
f 1~xt!. ~A1!

Graphs with charged Higgs loops:

dC75
1

6 H 12 mt
2

mh6
2 cot2b f 1S mt

2

mh6
2 D 1 f 2S mt

2

mh6
2 D J . ~A2!

FIG. 3. Ratio of the nonresonant electron asymmetry observab
A(B→Xse

1e2)NR calculated in the MSSM relative to its standard-
model value. The ratio is plotted as a function ofA0~MGUT! and
m0~MGUT! with mW̃(mz)5150 GeV and tanb520 held fixed. Ex-
cluded MSSM parameter space points are indicated in the plot
Lego blocks saturated at their maximum values.
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Graphs with chargino loops:

dC75
1

3g2
2Kts*Ktb

(
A51

6

(
I51

2 mw
2

mx̃
I
6

2 H 2
1

2
~XI

UL!2A
† ~XI

UL!A3f 1S mũA

2

mx̃
I
6

2 D 1~XI
UL!2A

† ~XI
UR!A3

mx̄
I
6

mb
f 2S mũA

2

mx̃
I
6

2 D J . ~A3!

Graphs with neutralino loops:

dC752
1

3g2
2Kts*Ktb

(
A51

6

(
I51

4 mw
2

mx̃
I
0

2 H 1

2
~ZI

DL!2A
† ~ZI

DL!A3f 3S md̃A

2

mx̃
I
0

2 D 1~ZI
DL!2A

† ~ZI
DR!A3

mx̃
I
0

mb
f 4S md̃A

2

mx̃
I
0

2 D J . ~A4!

Graphs with gluino loops:

dC75
4g3

2

9g2
2Kts*Ktb

(
A51

6 mw
2

mg̃
2 H 2~GDL!2A

† ~GDL!A3f 3Smd̃A

2

mg̃
2 D 12~GDL!2A

† ~GDR!A3
mg̃

mb
f 4Smd̃A

2

mg̃
2 D J . ~A5!
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The one-loop integral functions that enter into these matc
ing conditions are given by

f 1~x!5
2715x18x2

6~12x!3
2
2x23x2

~12x!4
lnx,

f 2~x!5
3x25x2

2~12x!2
1
2x23x2

~12x!3
lnx,

f 3~x!5
215x2x2

6~12x!3
1

x

~12x!4
lnx,

f 4~x!5
11x

2~12x!2
1

x

~12x!3
lnx. ~A6!

APPENDIX B: MSSM s̄˜d̄e1e2 AND b˜se1e2

MATCHING CONDITIONS

We tabulate below theW-scale matching contributions to
theYSUSY andZSUSY parameters which appear in the Wilso
h-

n

coefficientsy7V and y7A of the strange sector semileptonic
operatorsQ7V andQ7A in Eq. ~4.2!. These same formulas
hold for Wilson coefficients of analogous operators in th
bottom sector. The KM matrix labelq and numerical indexi
respectively equalq5d, i51 andq5b, i53 for s̄→d̄e1e2

andb→se1e2 decay.

Z-penguin and bubble graphs with charged Higgs loops

dYSUSY5dZSUSY52
1

8
cot2bxt f 5S mt

2

mh6
2 D . ~B1!

g-penguin and bubble graphs with charged Higgs loops

dYSUSY50,

dZSUSY52
1

72
cot2b f 6S mt

2

mh6
2 D . ~B2!
Z-penguin and bubble graphs with chargino loops:

dYSUSY5dZSUSY5
1

2g2
2Kts*Ktq

(
A,B51

6

(
I ,J51

2

~XI
UL!2A

† ~XJ
UL!BiH c2~mx̃

I
6

2
,mũA

2 ,mũB

2 !~GULGUL
†
!ABd IJ

2c2~mũA

2 ,mx̃
I
6

2
,mx̃

J
6

2
!dABVI1* VJ11

1

2
mx̃

I
6mx̃

J
6c0~mũA

2 ,mx̃
I
6

2
,mx̃

J
6

2
!dABUI1UJ1* J . ~B3!

g-penguin and bubble graphs with chargino loops:

dYSUSY50,

dZSUSY5
1

36g2
2Kts*Ktq

(
A51

6

(
I51

2 mW
2

mũA

2 ~XI
UL!2A

† ~XI
UL!Ai f 7S mx̃

I
6

2

mũA

2 D . ~B4!

Z-penguin and bubble graphs with neutralino loops:

dYSUSY5dZSUSY5
1

2g2
2Kts*Ktq

(
A,B51

6

(
I ,J51

4

~ZI
DL!2A

† ~ZJ
DL!Bi$c2~mx̃

I
0

2
,m

d̃A

2
,m

d̃B

2
!~GDRGDR

†
!ABd IJ

2c2~md̃A

2
,mx̃

I
0

2
,mx̃

J
0

2
!dAB~NI3* NJ32NI4* NJ4!2 1

2mx̃
I
0mx̃

J
0c0~md̃A

2
,mx̃

I
0

2
,mx̃

J
0

2
!dAB~NI3NJ3* 2NI4NJ4* !% ~B5!

g-penguin and bubble graphs with neutralino loops:

dYSUSY50,

dZSUSY52
1

216g2
2Kts*Ktq

(
A51

6

(
I51

4 mW
2

m
d̃A

2 ~ZI
DL!2A

† ~ZI
DL!Ai f 8S mx̃

I
0

2

m
d̃A

2 D . ~B6!

Z-penguin and bubble graphs with gluino loops:

dYSUSY5dZSUSY5
4g3

2

3g2
2Kts*Ktq

(
A,B51

6

~GDL!2A
† ~GDL!Bic2~mg̃

2 ,m
d̃A

2
,m

d̃B

2
!~GDRGDR

†
!AB . ~B7!
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g-penguin and bubble graphs with gluino loops:

dYSUSY50,

dZSUSY52
g3
2

81g2
2Kts*Ktq

(
A51

6 mW
2

m
d̃A

2 ~GDL!2A
† ~GDL!Ai f 8S mg̃

2

m
d̃A

2 D . ~B8!

Chargino box graph:7

dYSUSY5
mW
2

g2
2Kts*Ktq

(
A51

6

(
I ,J51

2

~XI
UL!2A

† ~XJ
UL!Aid2~mx̃

I
6

2
,mx̃

J
6

2
,mũA

2 ,mñ1

2 !VI1* VJ1 ,

dZSUSY50. ~B9!

Neutralino box graphs:

dYSUSY52 sin2udZSUSY1
mW
2

2g2
2Kts*Ktq

(
A51

6

(
I ,J51

4

~ZI
DL!2A

† ~ZJ
DL!Ai$d2~mx̃

I
0

2
,mx̃

J
0

2
,m

d̃A

2
,mẽ1

2 !~NI2* 1tanuNI1* !~NJ21tanuNJ1!

1 1
2mx̃

I
0mx̃

J
0d0~mx̃

I
0

2
,mx̃

J
0

2
,m

d̃A

2
,mẽ1

2 !~NI21tanuNI1!~NJ2* 1tanuNJ1* !%,

dZSUSY5
mW
2

g2
2Kts*Ktq

(
A51

6

(
I ,J51

4

~ZI
DL!2A

† ~ZJ
DL!Aisec

2u@d2~mx̃
I
0

2
,mx̃

J
0

2
,m

d̃A

2
,mẽ4

2 !NI1* NJ1

1 1
2mx̃

I
0mx̃

J
0d0~mx̃

I
0

2
,mx̃

J
0

2
,m

d̃A

2
,mẽ4

2 !NI1NJ1* #. ~B10!

The one-loop integral functions which appear within these MSSM matching conditions are given by

f 5~x!5
x

12x
1

x

~12x!2
lnx,

f 6~x!5
38x279x2147x3

6~12x!3
1
4x26x213x4

~12x!4
lnx,

f 7~x!5
522101x143x2

6~12x!3
1
629x12x3

~12x!4
lnx,

f 8~x!5
227x111x2

~12x!3
1

6x3

~12x!4
lnx,

c0~m1
2,m2

2,m3
2!52S m1

2 ln~m1
2/m2!

~m1
22m2

2!~m1
22m3

2!
1~m1↔m2!1~m1↔m3! D ,

c2~m1
2,m2

2,m3
2!5

3

8
2
1

4 F m1
4 ln~m1

2/m2!

~m1
22m2

2!~m1
22m3

2!
1~m1↔m2!1~m1↔m3!G ,

d0~m1
2,m2

2,m3
2,m4

2!52F m1
2 ln~m1

2/m2!

~m1
22m2

2!~m1
22m3

2!~m1
22m4

2!
1~m1↔m2!1~m1↔m3!1~m1↔m4!G ,

d2~m1
2,m2

2,m3
2,m4

2!52
1

4 F m1
4 ln~m1

2/m2!

~m1
22m2

2!~m1
22m3

2!~m1
22m4

2!
1~m1↔m2!1~m1↔m3!1~m1↔m4!G . ~B11!

All dependence upon the renormalization scalem cancels out from the total supersymmetric matching conditions inYSUSY and
ZSUSY.

7Our chargino and neutralino box graph matching condition results differ from those reported in@16# by overall signs.
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