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We quantify the ability ofB factories to observe supersymmetric contributions to the rare decays
B→Xsg andB→Xsl

1l2. A global fit to the Wilson coefficients which contribute to these decays is performed
from Monte Carlo generated data onB(B→Xsg) and the kinematic distributions associated with the final state
lepton pair inB→Xsl

1l2. This fit is then compared to supersymmetric predictions. Evaluation of the Wilson
coefficients is carried out with several different patterns of the superpartner spectrum. We find thatB factories
will be able to probe regions of the supersymmetry parameter space not accessible to CERN LEP II, the
Fermilab Tevatron, and perhaps the CERN LHC. We also employ the recent NLO calculation of the matrix
elements forB→Xsg and find the boundmH6.300 GeV in two-Higgs-doublet models using present data.
@S0556-2821~97!04409-3#

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

I. INTRODUCTION

Softly broken supersymmetry~SUSY! is a decoupling
theory, thus making it a challenge to search for its effects
through indirect methods. When competing with standard
model tree-level processes, the relative shift in an elec-
troweak observable with respect to the standard model~SM!
value should not be expected to exceed much more than
(a2/2p)MW

2 /m̃2. In the era after the CERNe1e2 collider
LEP II and Fermilab Tevatron, if supersymmetry has not
been directly observed thenm̃*MW , and so the relative
shift expected is standard model observables from virtual
supersymmetry is&0.5%. Although the 1s bounds on
sin2uW are approaching this level from the analysis of SLAC
Linear Collider~SLC! or LEP data, a more statistically sig-
nificant result would be difficult to obtain given the current
data sets available.

Another approach to indirect searches of supersymmetry
is to measure observables where supersymmetry and the
standard model arise at the same order in perturbation
theory. In this case, the SUSY contributions do not suffer an
extraa/4p reduction compared to the standard model ampli-
tudes. The relative ratio between the lowest order standard
model amplitudes and supersymmetric partner amplitudes
could then be of order 1 ifm̃.MW . RareB-decay measure-
ments provide an opportunity for discovering indirect effects
of supersymmetry by this second approach.

Two problems in the past have marred the attempts to use
rareB decays as a good probe for physics beyond the stan-
dard model. The first is limited statistics, or rather the num-
ber ofB mesons available in data sets which can be used to
study and obtain good precision on low branching fraction
modes. By the end of this decay, theB factories presently
under construction~e1e2 storage ring PEP II at SLAC,
KEK-II at KEK, and HERA-B at DESY!, as well as CLEO
and the Tevatron will collect some 107–108 B mesons per
year and alleviate this issue. In the next decade, LHC-B will
amass even large data sets. The second difficulty is theoret-
ical. Since all the processes occur near 5 GeV the uncertain-
ties in the strong interactions can hide even order 1 effects in

the electroweak contributions. However, this problem dimin-
ishes significantly@1,2,3# with a complete program of next-
to-leading order~NLO! computations of the QCD correc-
tions to rareB decays. For the processes we will consider
here,B→Xsg andB→Xsl

1l2, these higher order calcula-
tions have essentially been completed recently@4,3,5#. ~We
discuss this extensively in the next section.! The inclusive
decay B→Xsg has been observed by CLEO@6# with a
branching fraction of (2.3260.5760.35)31024 and 95%
C.L. bounds of 131024,B(B→Xsg),4.231024. Mean-
while, experiments ate1e2 and hadron colliders are closing
in on the observation @7# of the exclusive modes
B→K (* )l1l2 with l5e andm, respectively. Once this decay
is observed, the utilization of the kinematic distributions of
the l1l2 pair, such as the lepton pair invariant mass distri-
bution and forward backward asymmetry@8,9#, and the tau
polarization asymmetry@10# in B→Xst

1t2, together with
B(B→Xsg) will provide a stringent test of the SM.

The outline of this paper is as follows. In Sec. II we
calculate the ability of futureB factories to experimentally
determine the magnitude and sign of the relevant Wilson
coefficients in the rareB decay interaction Hamiltonian us-
ing a global fit procedure. We find that the sensitivity for
new physics will be substantially increased beyond what is
currently possible. In Sec. III we apply these results to su-
persymmetry and estimate the sensitivity to high supersym-
metric mass scales. We also reexamine the constraints on the
H6 sector fromB→Xsg, in light of the recent NLO compu-
tations. And in the final section we discuss our conclusions.

II. DETERMINATION OF THE WILSON COEFFICIENTS

The effective field theory for the decaysB→Xsg and
B→Xsl

1l2, which incorporates the QCD corrections, is
governed by the Hamiltonian

Heff5
24GF

&
VtbVts*(

i51

10

Ci~m!Oi~m!, ~1!

where theOi are a complete set of renormalized operators of
dimension six or less which mediateb→s transitions. These
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operators are catalogued in, e.g., Ref.@11#. TheCi represent
the corresponding Wilson coefficients which are evaluated
perturbatively at the electroweak scale where the matching
conditions are imposed and then evolved down to the renor-
malization scalem'mb . We note that the magnetic and
chromomagnetic dipole operatorsO7,8 contain explicit mass
factors which must also be renormalized.

For B→Xsl
1l2 this formalism leads to the physical de-

cay amplitude~neglecting the strange quark mass!

M~B→Xsl
1l2!5

&GFa

p
VtbVts* FC9

effs̄LgmbLl̄g
ml

1C10s̄LgmbLl̄g
mg5l22C7

effmbs̄Lismn

qn

q2
bRl̄g

ml G ,
~2!

whereq2 represents the momentum transferred to the lepton
pair. The expressions forCi(MW) are given by the Inami-
Lim function @12#. A NLO analysis for this decay has re-
cently been performed@4#, where it is stressed that a scheme-
independent result can only be obtained by including the
leading and next-to-leading logarithmic corrections to
C9(m) while retaining only the leading logarithms in the
remaining Wilson coefficients. The residual leadingm de-
pendence inC9(m) is canceled by that contained in the ma-
trix element ofO9 . The combination yields an effective
value ofC9 given by

C9
eff~ ŝ!5C9~m!h~ ŝ!1Y~ ŝ!, ~3!

with Y( ŝ) being the one-loop matrix element ofO9 , h( ŝ)
represents the single gluon corrections to this matrix ele-
ment, andŝ[q2/mb

2 is the scaled momentum transferred to
the lepton pair. The effective value forC7

eff(m) refers to the
leading order scheme independent result obtained by Buras
et al. @2#. The corresponding formulas forCi(m), Y( ŝ), and
h( ŝ) are collected in Refs.@4, 11#. The operatorO10 does not
renormalize and hence its corresponding coefficient does not
depend on the value ofm ~except for them dependence as-
sociated with the definition of the top-quark mass!. The nu-
merical estimates@in the naive dimensional regularization
~NDR! scheme# for these coefficients are then@takingmb

pole

54.87 GeV,mt
phys5175 GeV, andas(MZ)50.118#

C7
eff~m5mb1mb

2mb/2!520.31210.034
0.059 ,

C9~m5mb1mb

2mb/2!54.2120.40
10.31, ~4!

and

C10~m!524.55. ~5!

The reduced scale dependence of the NLO versus the LO
corrected coefficients is reflected in the deviationsDC9(m)
&610% andDC7

eff(m)'620% asm is varied in the range
mb/2<m<2mb . We find that the coefficients are much less
sensitive to the values of the remaining input parameters,
with DC9(mb), DC7

eff(mb)&3%, varying as(MZ)50.118
60.003@13,14#, andmt

phys517566 GeV @15# corresponding

to mt(mt)516666 GeV. The resulting inclusive branching
fractions ~which are computed by scaling the width for
B→Xsl

1l2 to that forB semileptonic decay! are found to be
(6.2520.93

11.04)31026, (5.7320.78
10.75)31026, and (3.2420.54

10.44)
31027 for l5e, m, andt, respectively, taking into account
the above input parameter ranges, as well asBsl
[B(B→Xln)5(10.2360.39)% @16# and mc /mb50.29
60.02 @3,13#. There are also long distance resonance
contributions to B→Xsl

1l2, arising from
B→K (* )c (8)→K (* )l1l2. These appear as an effective
( s̄LgmbL)( l̄gml ) interaction and are incorporated intoC9

eff

via the modificationY( ŝ)→Y8( ŝ)[Y( ŝ)1Yres( ŝ), where
Yres( ŝ) is given in Ref.@17#. These pole contributions lead to
a significant interference between the dispersive part of the
resonance and the short distance contributions. However,
suitable cuts on the lepton pair mass spectrum can cleanly
separate the short distance physics from the resonance con-
tributions.

The operator basis for the decayB→Xsg contains the first
eight operators in the effective Hamiltonian of Eq.~1!. The
leading logarithmic QCD corrections to the decay width
have been completely resummed, but lead to a sizeablem
dependence of the branching fraction~as demonstrated above
with the large value ofDC7

eff!, and hence it is essential to
include the next-to-leading order corrections to reduce the
theoretical uncertainty. In this case, the calculation of the
perturbative QCD corrections involves several steps, requir-
ing corrections to both the Wilson coefficients and the matrix
elements of the operators in Eq.~1! in order to ensure a
scheme independent result. For the matrix elements, this in-
cludes the QCD bremsstrahlung correction@18# b→sg1g,
and the NLO virtual corrections which have recently been
completed in both the NDR and ’t Hooft-Veltman schemes
@3#. Summing these contributions to the matrix elements and
expanding them aroundm5mb , one arrives at the decay
amplitude

M~b→sg!52
4GFVtbVts*

&
D^sguO7~mb!ub& tree, ~6!

with

D5C7
eff~m!1

as~mb!

4p SCi
~0!eff~m!g i7

~0!effln
mb

m
1Ci

~0!effr i D .
~7!

Here, the quantitiesg i7
(0)eff are the entries of the effective

leading order anomalous dimension matrix, and ther i are
computed in Greubet al. @3#, for i52,7,8. The first term in
Eq. ~7!, C7

eff(m), must be computed at NLO precision, while
it is consistent to use the leading order values of the other
coefficients. The explicit logarithmsas(mb)ln(mb /m) in the
equation are canceled by them dependence ofC7

(0)eff(m).
This feature significantly reduces the scale dependence of the
resulting branching fraction. The contribution to the inclu-
sive width including these virtual corrections is then

GNLO
virt ~B→Xsg!5

mb,pole
5 GF

2aemuVtbVts* u2

32p4 FuDu2, ~8!
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where the factor F5mb
2(mb)/mb,pole

2 5128as(mb)/3p
arises from the mass factor present in the magnetic dipole
operator. This should be compared to the familiar leading
order result~which omits the virtual corrections tôO7&!

G~B→Xsg!5
mb,pole
5 GF

2aem

32p4 uVtbVts* u2uC7
eff~m!u2. ~9!

For the Wilson coefficients, the NLO result entails the
computation of theO(as) terms in the matching conditions,
and the renormalization group evolution of theCi(m) must
be computed using theO(as

2) anomalous dimension matrix.
The former step has been completed@19#, but the latter step
is quite difficult since some entries in the matrix have to be
extracted from three-loop diagrams. Nonetheless, prelimi-
nary NLO results for these anomalous dimensions have re-
cently been reported@5#, with the conclusion being that in
the NDR scheme the NLO correction toC7

eff(m) is small.
Therefore, a good approximation for the inclusive width is
obtained by employing the leading order expression for
C7
eff(m), with the understanding that this introduces a small

inherent uncertainty in the calculation.
The total inclusive width is then given by the sum of

the virtual and bremsstrahlung corrections,G(B→Xsg)
5Gvirt1Gbrems, whereGbrems is given in Greubet al. @18,3#
and the branching fraction is calculated by scaling to the
semileptonic decay rate. The leading order power corrections
in the heavy quark expansion are identical forB→Xsg and
B→Xlv, and hence cancel in the ratio@20#. This allows us
to approximateG(B→Xsg) with the perturbatively calcu-
lable free quark decay rate. Formt

phys517566 GeV, mb/2
<m<2mb , as50.11860.003, Bsl5(10.2360.39)%, and
mc /mb50.2960.02, we find the branching fraction

B~B→Xsg!5~3.2560.3060.40!31024, ~10!

where the first error corresponds to the combined uncertainty
associated with the value ofmt andm, and the second error
represents the uncertainty from the other parameters. This is
well within the range observed by CLEO. In Fig. 1 we dis-

play our results forB(B→Xsg) as a function of the top
mass. The dashed lines indicate the error in the branching
ratio if we fix m5mb and vary all the other parameters over
their allowed ranges given above. The solid lines indicate the
error formb/2,m,2mb with all other parameters fixed to
their central values. This visually demonstrates that the error
in the theoretical calculation ofB→Xsg is not overwhelmed
by the scale uncertainty; other uncertainties are now compa-
rable.

Measurements ofB(B→Xsg) alone constrain the magni-
tude, but not the sign, ofC7

eff(m). We can write the coeffi-
cients at the matching scale in the formCi(MW)
5Ci

SM(MW)1Ci
new(MW), whereCi

new(MW) clearly repre-
sents the contributions from new interactions. Due to opera-
tor mixing, B→Xsg then limits the possible values for
Ci
new(MW) for i57,8. These bounds are summarized in Fig.

2. Here, the solid bands correspond to the constraints ob-
tained from the current CLEO measurement, taking into ac-
count the variation of the renormalization scalemb/2<m
<2mb , as well as the allowed ranges of the other input
parameters. The dashed bands represent the constraints when
the scale is fixed tom5mb . We note that large values of
C8
new(MW) are allowed even in the region where

C7
new(MW).0. Experimental bounds on the decayb→sg are

needed to constraintC8 .
Measurement of the kinematic distributions associated

with the final state lepton pair inB→Xsl
1l2 as well as the

rate forB→Xsg allows for the determination of the sign and
magnitude of all the Wilson coefficients for the contributing
operators in a model-independent fashion@9,10#. Here, we
perform a Monte Carlo analysis in order to ascertain how
much quantitative information will be obtainable at future
B factories. We improve upon our previous study@10# by
implementing the NLO computations for these decays and
by examining the luminosity dependence of the resulting
global fits. For the processB→Xsl

1l2, we consider the lep-
ton pair invariant mass distribution and forward-backward
asymmetry forl5e,m,t, and thet polarization asymmetry
for B→Xst

1t2. We note that the asymmetries have the
form A( ŝ);C10@ReC9

efff1(ŝ)1C7
efff2(ŝ)#, and hence are sensi-

tive probes of the Wilson coefficients. We generate ‘‘data,’’

FIG. 1. The branching ratio ofB→Xsg versusmt . The dashed
lines indicate the error in the branching ratio if we fixm5mb and
vary all the other parameters over their allowed ranges:as(MZ)
50.11860.003, Bsl510.2360.39%, and mc /mb50.2960.02.
The solid lines indicate the error formb/2,m,2mb and all other
parameters fixed to their central values.

FIG. 2. Bounds on the contributions from new physics to
C7,8. The region allowed by the CLEO data corresponds to the area
inside the solid diagonal bands. The dashed bands represent the
constraints when the renormalization scale is set tom5mb . The
diamond at the position~0,0! represents the standard model.
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assuming the SM is realized, by dividing the lepton pair
invariant mass spectrum into nine bins. Six of the bins are
taken to be in the low dilepton invariant mass region below
the J/c resonance~in order to take advantage of the larger
statistics!, with 0.02< ŝ<0.32 and a bin width ofD ŝ
50.05. We have also cut out the region nearq250 in order
to remove the photon pole. The highMl1 l2 region above the
c8 pole is divided into three bins, corresponding to 0.6< ŝ
<0.7, 0.7< ŝ<0.8, and 0.8< ŝ<1.0. The number of events
per bin is calculated as

Nbin5LE
ŝmin

ŝmax dG~B→Xsl
1l2!

dŝ
dŝ, ~11!

and the average value of the asymmetries in each bin is

^A&bin5
L
Nbin

E
ŝmin

ŝmax
A
dG~B→Xsl

1l2!

dŝ
dŝ. ~12!

We statistically fluctuate the ‘‘data’’ using a normalized
Gaussian distributed random number procedure, where the
statistical errors are given bydN5AN and dA
5A(12A2)/N . We expect the errors in each bin to be sta-
tistics dominated and hence we neglect any possible system-
atic errors. ForB→Xsg, we again statistically fluctuate the
‘‘data’’ for the inclusive rate. However, in this case, the sta-
tistical precision will eclipse the possible systematic and the-
oretical accuracy. We thus assume a flat 10% error in the
determination of the branching fraction in anticipation of fu-
ture theoretical and experimental improvements. A three-
dimensionalx2 fit to the coefficientsC7,9,10(m) is performed,
employing the usual prescription

x i
25(

bins
SQi

obs2Qi
SM

dQi
D 2, ~13!

for each observable quantityQi . We repeat this procedure
for three values of the integrated luminosity, 33107, 108,
and 53108 BB̄ pairs, corresponding to the expectede1e2

B factory luminosities of one year at design, one year at an
upgraded accelerator, and the total accumulated luminosity
at the end of the programs. Hadron colliders will, of course,

also contribute to this program, but it is more difficult to
assess their potential systematic and statistical weights with-
out further study.

The 95% C.L. allowed regions as projected onto the
C9(m)2C10(m) andC7

eff(m)2C10(m) planes are depicted in
Figs. 3~a! and ~b!, where the diamond represents the expec-
tations in the SM. We see that the determinations are rela-
tively poor for 33107 BB̄ pairs and that higher statistics are
required in order to focus on regions centered around the
SM. Clearly, C9 and C10 are highly correlated, whereas
C7
eff andC10 are not. We see that the sign, as well as the

magnitude, of all the coefficients includingC7
eff can now be

determined.
For the remainder of this paper, we analyze the supersym-

metric contributions to the Wilson coefficients in terms of
the quantities

Ri[
Ci
SUSY~MW!

Ci
SM~MW!

21[
Ci
new~MW!

Ci
SM~MW!

, ~14!

whereCi
SUSY(MW) includes the full standard model plus su-

perpartner contributions.Ri is meant to indicate a relative
fraction difference from the standard model value. It is most
convenient to define these ratios at theW scale to avoid the
added complication of the renormalization group evolution
to the low scale.

III. EXPECTATIONS IN SUPERSYMMETRY

Supersymmetry has many potential sources for flavor vio-
lation. The flavor mixing angles among the squarks area
priori separate from the Cabibbo-Kobayashi-Maskowa
~CKM! angles of the standard model quarks. If we allow the
super-CKM angles to be arbitrary then we find, for example,
that the relative SUSY versus SM amplitudes forb→s are
(MW /m̃)

n(Ṽts* Ṽtb /Vts*Vtb). uVts*Vtbu.0.04, and so allowing
the Ṽ angles to be oriented randomly with respect to the
CKM angles constitutes a flavor problem for supersymmetry
if m̃ is near the weak scale. Natural solutions to this problem
exist. One solution is alignment@21# of the super-CKM ma-
trices with the quark matrices. Another natural solution is
universality induced by gauge mediated supersymmetry
breaking@22#. In the minimal model of gauge mediated su-
persymmetry breaking@23#, theb→sg decay is currently not

FIG. 3. The 95% C.L. projec-
tions in the ~a! C9–C10 and ~b!
C7
eff–C10 planes, where the al-

lowed regions lie inside of the
contours. The solid, dashed, and
dotted contours correspond to 3
3107, 108, and 53108 BB̄ pairs.
The SM prediction is labeled by
the diamond.
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a strong constraint on the spectrum, but will show deviations
from the standard model at theB factory if mx̃

1
6

&350 GeV. We adopt the viewpoint in this paper that
flavor-blind ~diagonal! soft terms@24# at the high scale are
the phenomenological source for the soft scalar masses at the
high scale, and that the CKM angles are the only relevant
flavor-violating sources. With this assumption the gluino and
neutralino mediated flavor-cleaning neutral currents~FCNC!
contributions are negligible. We build on other studies of
supersymmetry effects on rareB decays@25,9,26#.

The spectroscopy of the supersymmetric states is model
dependent. We will analyze two possibilities. The first pos-
sibility is that all the supersymmetric states follow from
common scalar mass at high scale and common guagino
mass at the high scale. This is the familiar minimal super-
gravity model. The second possibility is to relax the condi-
tion of common scalar masses at the high scale and allow
them to take on more uncorrelated values at the low scale
while still preserving gauge invariance.

We begin by searching over the full parameter space of
minimal supergravity model. We use the words ‘‘minimal
supergravity’’ as an idiom to indicate that we generate@27#
these models by applying common soft scalar masses and
common gauging masses at the boundary scale. The triscalar
A terms are also an input at the high scale and are universal.
The radiative electroweak symmetry-breaking conditions
yield theB andm2 terms as output, with a sgn(m) ambiguity
left over as an input parameter.~Here m refers to the
Higgsino mixing parameter.! We also choose tanb and re-
strict it to a range which will yield perturbative Yukawa
couplings up to the grand unified theory~GUT! scale.

We have generated thousands of solution according to the
above procedure. The ranges of our input parameters are 0
,m0,500 GeV, 50,m1/2,250 GeV, 23,A0 /m0,3, 2
,tanb,50, and we have takenmt

phys5175 GeV. Each su-
persymmetric solution is kept only if it is not in violation
with present constraints form SLC, LEP, LEP II, and Teva-
tron direct sparticle production limits. These limits are en-
forced by requiring all charged sparticles be above 80 GeV.
The Tevatron limits in the squark-gluino plane are enforced
according to Ref.@28#. For each of these remaining solutions
we now calculateR7–R10. We neglect the additional QCD
corrections due to the mass splittings between the particles
running in the loops as well as those from integrating out the
heavy particles at scales different from theW mass@29#. We
do not expect these corrections to be substantial for sparticle
masses above the reach of LEP II due to the slow running of
as at that scale. Expansions ofCi(MW) with the assumption
of approximate universality are given in the appendix.

First, we present a scatter plot ofR7 vs R8 in Fig. 4; we
remind the reader that these quantities are evaluated at the
electroweak scale. Again, each point in the scatter plot is
derived from the minimal supergravity model with different
initial conditions. Also, each point is consistent with all col-
lider bounds and is out of reach of LEP II. The first thing to
note from the figure is that large values ofR7 andR8 are
generated, and theR7 andR8 values are very strongly cor-
related. The diagonal bands represent the bounds on the Wil-
son coefficients from the observation ofB→Xsg as deter-
mined in the previous section. We note that these bands

appear to be straight here as they correspond to a small re-
gion of Fig. 2. We see that the current CLEO data already
places significant restrictions on the supersymmetric param-
eter space. Further constraints will be obtainable once a 10%
measurement ofB(B→Xsg) is made, and the sign ofC7 is
determined from a global fit described in the previous sec-
tion. In this case, if no deviations from the SM are observed,
the supersymmetric contributions will be restricted to lie in
the dashed band. It is clear that these processes can explore
vast regions of the supersymmetric parameter space. In fact,
it is possible that spectacularly large deviations in rareB
decays could be manifest atB factories, while collider ex-
periments would not detect a hint of new physics.

The large effects inR7 andR8 are coming from models
with umu&400 GeV as can be seen in Fig. 5. This is because
light charged Higgsinos, or rather light charginos with a
large Higgsino fraction, are required in order to yield a large
effect on the Wilson coefficients. Later in this section we
will demonstrate this requirement more carefully by expand-
ing the supersymmetric contributions in the Higgsino limit.

In Fig. 6 the correlation betweenR9 andR10 is plotted
using the same supersymmetric parameter space. We see that
R9 is always positive since charge Higgs boson and chargino
contributions always add constructively. We see that the val-

FIG. 4. Parameter space scatter plot ofR7 vs R8 in minimal
supergravity model. The allowed region from CLEO data, as ob-
tained in Fig. 2, lies inside the 2 sets of solid diagonal bands. The
dashed band represents the potential 10% measurement from the
previously described global fit to the coefficients.

FIG. 5. Parameter space scatter plot ofR7 vs m in minimal
supergravity model.
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ues ofR9 andR10 are bounded by about 0.04, a small num-
ber compared to the range forR7 . The main reason for these
smaller values is the dependence on the bottom Yukawa cou-
pling lb`1/cosb. R7 has a contribution directly dependent
on this 1/cosb Yukawa enhancement, and the other multipli-
cative terms associated with this Yukawa coupling are the
large top Yukawa coupling and a large kinematic loop factor.
R9 andR10 do not have such factors due the chirality struc-
ture of these operators and the requirement that leptons and
sleptons only couple via SU~2! and U~1! gauge couplings.
These factors, along with the correlations between the mass
spectra dictated by minimal supergravity relations, render the
minimal supergravity contributions toR9,10 essentially unob-
servable. The solid lines in this figure correspond to the 95%
C.L. bounds obtainable with high integrated luminosity~5
3108 BB̄ pairs! atB factories from the global fit performed
in the previous section. If large deviations inR9,10 are ob-
served, then, of course, that would be an indication that the
minimal model presently under discussion is not the correct
description of nature. Later in this section we will find that
even when the mass correlations of the minimal supergravity
model are lifted, the quantitiesR9,10 still cannot be large.

We next examine the effects of the minimal supergravity
model on the kinematic distributions forB→Xsl

1l2. Using
our generated models as input, we calculate the maximal
deviations from the SM for theMl1 l2 distribution, lepton

pair forward-backward asymmetry, andt polarization asym-
metry. These are displayed in Figs. 7~a!–~c!. Here, the dotted
line corresponds to the SM prediction, while the dashed
~solid! bands represent the maximal possible deviations due
to points in the supersymmetric parameter space which are
within ~outside! the expected reach of LEP II. We have also
demanded consistency with the present CLEO data on
B→Xsg. We see from the figure that, generally, larger de-
viations are expected for the asymmetries than for the
branching fraction, and that constraints from LEP II on su-
persymmetry greatly affect the magnitude of these potential
deviations. Since the SUSY contributions toR9,10 are so
small these deviations are mainly due toR7,8. We find that
much larger effects in these distributions are possible if the
constraint from radiativeB decays is not taken into account.

We now adopt a more phenomenological approach. The
maximal effects for the parametersRi can be estimated for a
superparticle spectrum independent of these high scale as-
sumptions. However, we still maintain the assumption that
CKM angles alone constitute the sole source of flavor viola-
tions in the full supersymmetric Lagrangian. We will focus
on the region tanb&30 since enormous effects are possible
in the large tanb limit; later on we will discuss the large tanb
limit more carefully. The most important features which re-
sult in large effects are a lightt̃1 state present in the spectrum
and at least one light chargino state. For the dipole moment
operators a light Higgsino is most important. A pure
Higgsino and/or pure gaugino state have less of an effect
than two mixed states when searching for maximal effects in
C9 andC10. In fact, we have found thatM2.2m is optimal.

Figures 8 and 9 display the maximum contribution to
R9,105C9,10

SUSY(MW)/C9,10
SM (MW)21 versus an applicable

SUSY mass scale. The other masses which are not plotted
~t̃ i , l̃ L , etc.! are chosen to be just above the reach of LEP II
or the Tevatron, whichever gives better bounds.

The maximum size ofR9,10 is much larger than what was
allowed in the minimal supergravity model. The reason for
this is the lifted restriction on mass correlations. Light slep-
tons, sneutrinos, charginos, and tops squarks are allowed si-
multaneously with mixing angles giving the maximal contri-
bution to theRi ’s. However, we find that the maximum
allowed values forR9,10are still much less than unity. Earlier
we determined thatB factory data would be sensitive to
DR9*0.3 andDR10*0.08 at the highest luminosities, and so
the largest SUSY effect would give a 122s signal in

FIG. 6. Parameter space scatter plot ofR9 vs R10 in minimal
supergravity model. The global fit to the coefficients obtained in
Fig. 3 with 53108 BB̄ pairs corresponds to the region inside the
diagonal bands.

FIG. 7. The~a! differential branching fraction,~b! lepton pair forward-backward asymmetry, and~c! t polarization asymmetry as a
function of the scaled momentum transfer to the lepton pairŝ[q2/mb

2. The dotted curves represent the SM prediction, while the dashed and
solid bands correspond to the maximal potential deviations due to supersymmetric contributions for different regions of the parameter space
as described in the text. In some cases the dashed line overlaps with the solid line.
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R9,10, hardly enough to be a compelling indication of phys-
ics beyond the standard model. If, on the other hand, much
larger deviations ofR9,10are found in the data, it could mean
the assumption of only CKM angles allowed in the super-
symmetric Lagrangian is inaccurate, or it could indicate that
minimal supersymmetry is not the source of physics beyond
the standard model.

It should be remembered that even though it appears dif-
ficult to resolve the SUSY contributions to the coefficients
C9210, theB→Xsl

1l2 decay rate and distributions can still
demonstrate large deviations from the standard model in-
duced largely by the SUSY corrections toC7(MW). The
global fit using all the rareB decay data is still necessary in
this circumstance since it will enable a precise determination
in which band in theC7 vs C8 plot we reside. Furthermore,

some ideas@30# of physics beyond the standard model pre-
dict small corrections toB→Xsg and large deviations in
B→Xsl

1l2, motivating again the procedure of doing a glo-
bal fit to all the rareB decay data.

Given the sensitivity of all the observables it is instructive
to narrow the focus toC7(MW). In the minimal supergravity
models, the scalars obtain dependence on the gaugino masses
through the renormalization group running. However, the
gaugino masses do not get substantial scalar mass contribu-
tions to their masses. This tends to separate the mass scale
for the scalars far from the gauginos. The separation is espe-
cially important between electroweak gauginos and strongly
interacting squarks. Neglecting theD-term contributions the
squarks have masses given roughly bym̃q

2'm0
217m1/2

2 and
the weak gaugino has massmW̄'0.8m1/2, wherem0 is the
common scalar mass andm1/2 is the common gaugino mass
at the high scale. From these equations it is easy to see that
the squark masses are much heavier than the weak gaugino
mass for any givenm1/2 andm0 .

When all the squark masses are very heavy~much heavier
than the charginos, for example! then the SUSY contribu-
tions toC7(MW) decouple. However, one eigenvalue of the
top squark mass matrix might be much lighter than the other
squarks. The large top Yukawa coupling tends to drivet̃R
much lower than the otherq̃L,R . Also, the top squark has a
mixing term proportional tomt(At2m cotb). Since this mix-
ing is proportional to the top mass, it can be substantial.
Mixings in any positive definite matrix will push the lightest
eigenvalue lower and the heaviest eigenvalue higher. These
two effects tend to push the lightest top squark eigenvalue
well below the other squarks. In fact, a highly mixed, light
top squark is generic in these theories. For a large supersym-
metric contribution toRb @31# and/or the ability to achieve
successful baryogenesis in the early universe@32#, a light
t̃R is needed. We would therefore like to present results on
C7(MW) in the limit of one light squark, namely thet̃1 , and
light charginos. We allow thet̃1 to have arbitrary compo-
nents oft̃ L and t̃R since cross terms can become very impor-
tant. This is especially noteworthy in the high tanb limit as
we will discuss below.

In this limit of one light top squark, we can expand the
chargino–top-squark contribution toC7(MW) as

dC7~MW!5
1

6 (
i

MW
2

mx
i
6

2 l i
LH l i

LF~xi !12l i
R
mx

i
6

mb
J~xi !J ,

~15!

where

l i
L52T11Vi11T12

Vi2

&

mt

MW

1

sinb
,

l i
R5T11

Ui2

&

mb

MW

1

cosb
,

xi5
m

t̃ 1

2

mx
i
6

2 ,

FIG. 8. The maximum value ofR95C9
SUSY(MW)/C9

SM(MW)
21 achievable for general supersymmetric models. The top solid
line comes fromt-H6 contribution and is displayed versus the
H6 mass. The bottom dot dashed line is fromt̃ i-x j

6 contribution
with tanb51 and is shown versus thex i

6 mass. The dashed line is
the t̃ i-x j

6 contribution with tanb52. The other mass parameters
which are not plotted are chosen to be just above LEP II and Teva-
tron’s reach.

FIG. 9. The maximum value ofR105C10
SUSY(MW)/C10

SM(MW)
21 achievable for general supersymmetric models. The top solid
line comes fromt-H6 contribution and is shown versus theH6

mass. The bottom solid line is fromt̃ i-x j
6 contribution with tanb

51 and is plotted versus thex i
6 mass. The dashed line is the

t̃ i-x j
6 contribution with tanb52. The other mass parameters which

are not presented are chosen to be just above LEP II and Tevatron’s
reach.
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J~x!5
527x

2~12x!2
1
2x23x2

~12x!3
lnx,

F~x!5
725x28x2

6~12x!3
1
2x23x2

~12x!4
lnx.

The matrixTi j is the top squark mixing matrix which rotates
( t̃ Lt̃R) into (t̃1t̃2). The matricesUi j and Vi j are the usual
chargino mixing matrices@33#. For the reader’s convenience
we have plotted the functionsF(x) andJ(x) in Fig. 10.

The total contribution todC7(MW) above will depend on
several combinations of mixing angles:T11

2 , T11T12,
V11U12, etc., and cancellations can occur for different signs
of m @35#. Therefore, it is instructive to summarize the rela-
tive signs of each angle combination in the evaluation of Eq.
~15!:

sgn~U12V11!52sgn~m!,

sgn~U12V12!51sgn~m!,

1, if M2tanb1m,0,

sgn~V11V12!52sgn~M2tanb1m!,

sgn~T11T12!51, if t̃R, t̃ L and At2m cotb,0,

2, if t̃R, t̃ L and At2m cotb.0,

2, if t̃ L, t̃R and At2m cotb,0,

1, if t̃ L, t̃R and At2m cotb.0.

We are using the Haber-Kane convention for the sign ofm
which requires, for example, that1m be in the chargino
mass matrix.

The first case we discuss is the limit where the lightest
chargino is a pure Higgsino and the lightest top squark is
pure right handed:x1

6;H̃6, t̃1; t̃R . Then Eq.~15! can be
written as

dC7~MW!5
1

12

mt
2

mx
1
6

2 FS mt̃ 1

2

mx
1
6

2 D . ~16!

This limit is roughly applicable in the case whereRb is af-
fected substantially by supersymmetric corrections@31,34#.
After LEP II completes its run the charginos will have been
probed up to aboutMW , and so the maximum effect on
dC7(MW) that would be possible in this limit~if LEP II does
not find charginos! corresponds to settingmx

1
6.MW . We do

this and show the result as a function of thet̃R mass in Fig.
11 ~dashed line!. The contribution toC7(MW) in this limit is
always positive. SinceC7

SM(MW) is a negative quantity in
our convention, thenR75dC7(MW)/C7

SM(MW) is necessar-
ily negative as well.

In the case where the only light chargino is a pure
W-ino we find

dC7~MW!5
T11
2

6

mW
2

m
W̃

2 FS mt̃ 1

2

m
W̃

2 D . ~17!

If m is very large and tanb is not too large, then this contri-
bution will be the largest todC7(MW). The effects of a light
pureW-ino are generally small since theW-ino couples like
g2 rather than the top Yukawa coupling and since generally
supersymmetric models do not yield lightt̃ L necessary to
couple with theW-ino. The loop integralF(x) which char-
acterizes the pure gaugino contribution is also small. There-
fore, these contributions are both coupling suppressed and
‘‘loop integral’’ suppressed. The contribution of a pure
W-ino to R7 is shown in Fig. 11~dotted line!. As expected,
this contribution is rather small and always negative.

As we pointed out above, in minimal supergravity mod-
els, what we mostly expect is a highly mixedt̃1 state such

FIG. 10. The kinematic loop functionsF(x) andJ(x) necessary
to calculate the standard model and sypersymmetric contributions to
C7(MW). J(x) and F(x) asymptote to52 and

7
6, respectively, as

x→0.

FIG. 11. Contributions toR7 in different limits. The top solid
line is the chargedH6/t contribution versusmH

6. The bottom solid
line is thex̃1

6/ t̃1 contribution versusmx̃
6 where both the chargino

and top squark are maximally mixed states~equal magnitude mix-
tures for all states!. This line was made form,0. The dashed line is
the H̃6/ t̃R contribution, and the dotted line is theW̃6/ t̃1 contribu-
tion ~t̃1} t̃R1 t̃ L is a maximally mixed top squark mass eigenstate!.
These two lines are both plotted against thex̃1

6 mass. All lines are
for tanb52 andmt5175 GeV. We have set all other masses to be
just above the reach of LEP II.
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that all entries in theTi j are filled. By just looking at the
limit of pure t̃R some very interesting effects can be missed.
For example, an attractive high scale theory is supersymmet-
ric SO~10!. These have been shown to successfully recover
many important features of the standard model: quark to lep-
ton ratios, CKM angles, etc. One of the generic predictions
in these models is that tanb must be rather high
(;mt /mb) in order to get theb-t-t mass unification. There-
fore, it is interesting to focus on contributions toC7(MW)
which are especially dependent on high tanb. Since l i

R

}1/cosb;tanb, we isolate this piece. For simplicity we ex-
pand aboutx1

6;H̃6, although it is clear that substantial
contributions exist even if the chargino is not a pure
Higgsino. We then obtain

dC7.sgn~m!
1

6

mt

mH̃6
T11T12tanbJS m

t̃ 1

2

m
H̃6

2 D . ~18!

Here it is crucial that there be substantialt̃R and t̃ L contribu-
tions to t̃1 . As argued above, this is generic in minimal su-
pergravity theories. This expansion demonstrates that large
tanb solutions (tanb*40) can yield greater than order 1 con-
tributions toR7 for mass scales of 1 TeV. Even rather low
values of tanb exhibit enhancements with a light Higgsino
and light mixed top squark. This is demonstrated for tanb
52 in Fig. 11 ~solid line!. Furthermore, large contributions
are possible in both the negative and positive directions of
R7 depending on the sign ofm. For example, withmt̃ 1
5250 GeV, uT11T12u51/10, mx̃

1
65250 GeV, and tanb550

we find that uR7(MW)u*3. Again, we are in a region of
parameter space which is not tuned just to give this large
effect inB→Xsg, rather we are in a region which is highly
motivated by SO~10! grand unified theories. The finite cor-
rections to theb quark mass@36,37# constitute approximately
a 20% correction to theb Yukawa coupling when tanb
*40. Thisb Yukawa coupling is implicitly present inl i

R .
Depending on the sign ofm this correction can be positive or
negative. We don’t include these finiteb mass corrections in
our analysis since it requires a detailed knowledge of the
sparticle spectrum which we are not specifying.

The chirality structure of theOi operators allow a large
tanb enhancement only for theC7,8(MW) coefficients. In
O7 thebR quark must undergo an helicity flip as long as we
neglectms dependent effects. Therefore, all contributions to
C7 in the standard model and minimal supersymmetric stan-
dard model~MSSM! must be proportional to theb-quark
mass. However, some diagrams witht̃ k /x̃ j

6 loops allow pro-
portionality to the bottom Yukawa coupling alone, which
yields amb /cosb enhancement for large tanb @38#. The mix-
ings between the charged Higgs weak eigenstate and gold-
stone forbidmb /cosb enhancements in the physical charged
Higgs graphs. Furthermore, the helicity structure of the four-
fermion operatorsO9,10 forbid large tanb enhancements.

We conclude our analysis by examining the charged
Higgs boson contributions toB→Xsg alone. It is well
known @39,40# that aH6 boson can contribute significantly
to C7,8, but has a smaller effect on the coefficientsC9,10;
this is also illustrated above in Figs. 8, 9, and 11. The form
of the coefficients of the magnetic dipole operators in this

case are presented in the appendix. From these equations, we
see that not only do large enhancements occur for small val-
ues of tanb, but more importantly, the coefficients are always
larger than those of the SM, independent of the value of
tanb. This leads to the familiar boundmH6.260 GeV ob-
tained from the measurement ofB(B→Xsg) by CLEO.
However, this constraint does not make use of the recent
NLO calculation of the matrix elements for this decay which
are discussed in previous sections. We remind the reader that
a full NLO calculation would also require the higher order
matching conditions for the SM andH6 contributions as
well as the NLO anomalous dimensions forC7

eff(m). Never-
theless, we recall that preliminary results on the NLO cor-
rections toC7

eff(m) indicate they are small@5#, and a good
approximation is obtained by employing the leading order
expression forC7

eff(m) with the NLO matrix elements. Since
this drastically reduces them dependence of the branching
fraction, we would expect theH6 constraints to improve.
Indeed, we find that the CLEO bound excludes the region to
the left and beneath the curves in Fig. 12. Formt

phys

5169 GeV we see thatmH6.300 GeV. This is calculated
by using the same procedure that produced the previous
charged Higgs boson mass bound by CLEO, i.e., all the input
parameters@e.g.,as , m,mc /mb , andB(B→Xlv)# are varied
over their allowed ranges in order to ascertain the most con-
servative limit. This bound holds in the general two-Higgs-
doublet model II, and in supersymmetry if the superpartners
are all significantly massive.

IV. CONCLUSION

In this paper we have studied the effects of supersymme-
try to the FCNC observables concerningb→s transitions,
and we have seen that deviations from the standard model
could be detected with supersymmetric masses even at the
TeV scale. This is especially true if tanb is very high. The
large tanb enhancements in theb→s processes are unique.
Deviations inB-B̄ mixing are not as pronounced since the
mb /cosb enhancements, which are possible in this case,
must be compared withmt , whereas in the magnetic dipole

FIG. 12. Constraints in the charged Higgs boson mass-tanb
plane from the CLEO bound onB(B→Xsg). The excluded region
is that to the left and below the curves. The top line is formt

phys

5181 GeV and the bottom line is formt
phys5169 GeV. We also

display the restriction tanb/mH6.0.52 GeV21 which arises from
measurements ofB→Xtn as discussed in@41#.
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b→s transitions themb /cosb enhancement is to be com-
pared withmb . Furthermore, the uncertainties in the decay
constant and bag factor makeB-B̄ mixing observables
slightly less appealing when trying to probe deviations from
the standard model.

Therefore, it is possible that the first distinct signs of su-
persymmetry could come from deviations inb→s transi-
tions. One would like direct confirmation of a possible de-
viation at theB factory, and collider programs such as an
upgraded luminosity Tevatron@42# and the CERN Large
Hadron Collider~LHC! could provide it. At the Tevatron, the
cleanest signal for supersymmetry is the 3l signal coming
from leptonic decays ofpp̄→x1

6x2
0. If the light charginos

and neutralinos are mostly gauginolike then the branching
fraction into 3l can be quite high. This is true when the
sleptons are lighter than the squarks and nearMW , as the
slepton mediated decays of the gauginos enhance the final
state leptons branching fraction. If the charginos and neu-
tralinos contained a substantial Higgsino fraction then the
slepton mediated exchanges are suppressed by lepton Yuka-
was to a negligible level, and all the decays must proceed
throughW andZ bosons, and recall that the branching frac-
tion of WZ→ l1l2l 8&2% ~not countingt’s.! On the other
hand, theb→s transitions are largest when there is a sub-
stantial Higgsino fraction in the lightest chargino state. The
good news is that the trilepton signal andb→s decays are
somewhat complementary in supersymmetric parameter
space. The bad news is that confirmation between the two
experiments might be difficult. Confirmation could be pos-
sible later at the LHC through total missing energy signa-
tures, or at the Next Linear Collider~NLC! through direct
mass and mixing angle measurements which would allow
SUSY predictedb→s rates to be compared with the data.

Much of the signal phenomenology at high energy collid-
ers such as the Tevatron and LHC rely on missing energy
signatures. However, these are only possible with a stable
LSP, which is the result of a postulatedR parity among the
fields.R-parity conservation certainly need not hold in the
correct theory of nature, and even tinyR-parity-violating
couplings destroy the missing energy signatures. More com-
plicated analyses then must be performed with greatly re-
duced sensitivity to sparticle production. The Tevatron up-
grade then would have difficulty exceeding equivalent LEP
II bounds on sparticle masses@43#. The LHC would have a
significant search capability beyond LEP II, although much
reduced compared to search capabilities withR-parity con-
servation if the LSP decays hadronically@44#. It appears to
be difficult to extract SUSY signals at the LHC for super-
partners above 1 TeV in this case. Searches for virtual spar-
ticles, such as those we discuss in this paper, do not suffer in
the presence ofR-parity violation, and we have already
noted that SUSY contributions are resolvable with masses
above 1 TeV. In fact, the signal may be enhanced over the
rate for gauge interactions alone if theR-parity-violating
couplings are sufficiently large. It is therefore possible that
theB factory could be sensitive to some parts in supersym-
metric parameter space not accessible at the LHC.
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APPENDIX

In this appendix all the standard model and supersymmet-
ric contributions to the matching conditionsC7–10(MW) are
listed in the limit that all squarks are degenerate except the
top squarks. It is also assumed that no sources of flavor vio-
lation are allowed other than the CKM angles.

The dipole moment operatorsC7,8(MW) are already pro-
vided in the literature in several places for this limit. For
completeness we write them down here using the formulas of
@45# which are normalized according to our definition above:

C7,8
W ~MW!5

3

2
xWf g,g

~1! ~xW!,

C7,8
H6

~MW!5
xH
2 F 1

tan2b
f g,g

~1! ~xH!1 f g,g
~2! ~xH!G ,

C7,8
x6

~MW!5(
i

MW
2

mx̃
i
6

2 Vi1
2 f g,g
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i ,k

MW
2

mx̃
i
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2 L ik
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Ui2
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i
6
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It is convenient to writeC9,10(MW) as

C9~MW!5
Y24Z sin2uW

sin2uW
and

C10~MW!5
2Y

sin2uW
.

The values forY andZ are contained in@26# for arbitrary
flavor structure and masses. For all squarks degenerate ex-
cept the top squarks and with only CKM flavor violation
then

Y5Yt1YH6
Z

1YH1
g

1Yx6
Z

1Yx6
g

1Yx6
box,

Z5Zt1ZH6
Z

1ZH1
g

1Zx6
Z

1Zx6
g

1Zx6
box.

The functional form of each of these contributions is
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In the above equationsmq̄ is the common squark mass. The
functions are defined as
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2 !5MW

2 d2~mx̃
i
6

2
,mx̃

j
6

2
,mq̃

2 ,mñ
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TheseL functions are expressed in terms of functions con-
tained in@26# and are explicitly given by
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