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We study lepton distributions in flavor-changing neutral current inducedB meson decays into a pair of light
leptons along with strange states. In addition to the invariant mass distribution, we examine the polarization,
forward-backward, and polarization forward-backward asymmetries of the final state leptons. The standard
model predictions for these distributions are at a level which is accessible to the forthcomingB factories. We
also investigate the consequence of extensions of the standard model, including models with two Higgs
doublets and supersymmetric extensions. Substantial deviations in individual distributions are found in certain
regions of the parameter space of specific models. Therefore confronting these findings with future measure-
ments may either highlight new physics or place constraints on extensions beyond the standard model. We
derive results determined by the structure of the effective Hamiltonian which is common to the standard model
and other models, independently of the values of couplings which can vary from model to model.
@S0556-2821~97!05809-8#

PACS number~s!: 13.20.He, 11.30.Ly, 11.40.Ex, 12.60.Rc

I. INTRODUCTION

Flavor-changing neutral-current-~FCNC-! induced dilep-
ton B decays, like their radiative counterparts, proceed
through loop diagrams within the standard model and thus
are sensitive to new physics. The recent measurement of
B→Xsg by the CLEO group@1# results in constraints on the
parameter space of extensions of the standard model@2#.
Present searches for FCNC decays into final dileptons have
set an upper limit within a factor of 3 of the branching ratio
predicted by the standard model@3#. We expect that forth-
coming experiments in the currentB facilities and at future
B factories will offer much more information about these
leptonic channels. Because of the several sources which can
lead to these decays, including even the long-distance con-
tribution fromJ/c andc8 resonances, the proper method of
isolating different effects in the dileptonic channel is to mea-
sure a number of kinematic distributions of the final state
particles. So far, apart from extensive studies about the in-
variant mass spectrum of dileptons, there is published work
on the leptonic polarization@4,5#, forward-backward asym-
metry @6–9#, the lepton-antilepton energy asymmetry@10#,
and the polarization ofK* in the exclusive channel@11#. In
this paper, we present our analysis for the leptonic distribu-
tions and asymmetries in the decayB→Xsl

1l2 ~l5e andm!
within and beyond the standard model.

As most of the phase space of the transitionB→Xs has
momentum transfer much greater than the mass of light lep-
tons, we will evaluate our amplitudes in the limit ofml→0
and neglect the mixting between the left- and right-handed
leptons when it is appropriate to consider the decay distribu-
tions in terms of the lepton handness. At the same time we
want to account for the angular distribution of lepton produc-
tion. We shall derive the decay distribution for left-handed
leptons over all angles and their right-handed counterpart.
However, the practical observables are the invariant mass
spectrum of dileptons which is obtained by summing these
handed components in the forward and backward directions
separately; from these four distributions, we also obtain po-

larization, forward-backward, and polarization forward-
backward double asymmetries corresponding to three sepa-
rate differences. To our knowledge, the polarization forward-
backward asymmetry of lepton production in the
B→Xsl

1l2 is considered for the first time in the context of
the standard model as well as its extensions. The effect of the
two-Higgs-doublet model I on the dilepton decay width has
been studied previously@12,13#. We now reexamine the sub-
ject in the light of a tightly constrained parameter space in-
duced by the recent measurements ofB(B→Xsg) andmt .
Interestingly, the constrained model I is still able to increase
G l1 l2 substantially; the prediction changes slightly with the
mass of the charged Higgs boson.~Model II is embraced by
supersymmetric models.! Although the polarization of light
leptons has been studied in the standard model, it has not yet
been examined in the context of extended models, especially
in supersymmetric ones. We thus consider the polarization in
a number of extended models of electroweak interactions.
Ali, Giudice, and Mannel have attempted to study the impact
of a supersymmetric model on theB→Xsl

1l2, but they
mainly concentrated on the parameter space@8#. Here we
present the direct consequence of the supersymmetric model
on individual lepton distributions. Moreover, we are able to
derive results which are the consequences of the structure of
an effective Hamiltonian for the transitionB→Xs and thus
apply not only to the standard model, but also to a large
number of its extensions. For instance, we find that the lep-
ton polarization approaches twice as large as the forward-
backward asymmetry at the upper boundary of the phase
space and the polarization forward-backward asymmetry
~normalized to the width! goes to23/4 at the lower bound-
ary. Also, we propose a method for determining experimen-
tally the short-distance coefficients~both their magnitudes
and signs! governing theB→Xs transition, using a dilepton
invariant mass spectrum along with asymmetries yet to be
measured. By following such a procedure, we are able to
probe new physics in a model-independent way. We do not
consider thet1t2 channel here for two reasons: first, the
phase space is limited and appreciably reduces the
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branching fraction; second, the left- and right-handed chiral
projections do not quite correspond to helicities for massive
leptons, and so the kinematics is rather more complicated.

In the following section we shall set out the formalism.
After a brief review of an effective Hamiltonian inducing the
transitionb→s, we summarize the expressions of the differ-
ential distributions of decay width, polarization, forward-
backward, and polarization forward-backward asymmetries.
In Sec. III we report model calculations of these distribu-
tions, corresponding to~i! the standard model,~ii ! a model
with two Higgs doublets of type I, and~iii ! the supersym-
metric extension of the standard model in the context of
minimal supergravity with radiative breaking of
SU~2!3U~1!. We highlight model-independent results in
Sec. IV as well as describing a proposal to determine the
coefficients for the effective Hamiltonian experimentally.
The last section is devoted to conclusions. The coefficients
arising from nonstandard models are presented in the Appen-
dix.

II. LEPTON DISTRIBUTIONS AND ASYMMETRIES

Let us begin with an effective Hamiltonian relevant to
flavor-changing neutral current processesb(P)→
s(p) l1(p1) l

2(p2) @14#:

Heff5
GF

&
S a

4psW
2 D @ s̄Gm

Abl̄gm~12g5!l

1 s̄Gm
Bbl̄gm~11g5!l #, ~1!

with the effective vertex Gm
A5Agm(12g5)

2 imbsW
2 F2smnq

n(11g5)/q
2 andGm

B is obtained by substi-
tuting B for A. HeresW denotes sinuW, uW being the weak
mixing angle,mb is the mass of the bottom quark, and
q5(p11p2), is the total momentum of the outgoing lepton
pair. The fine structure constant of electromagnetic interac-
tion a takes a value of 1/133 at the mass scale of the bottom
quark. In the standard model, theF2 term arises from the
photon penguindiagram in which theW boson and top quark
circulate. It is necessarily the same for left- and right-handed
leptons in order to produce a purely vectorial interaction at
the photon end, while the (11g5) factor at the quark end is
dictated by the handedness of the quarks. The CLEO mea-
surement ofB→Xsg results in a constraint on the magnitude
of F2 , which is consistent with the value of the standard
model and leaves limited room for new physics. Because
they are absent in the radiative decays, the coefficientsA and
B can only be tested in dilepton processes. However, asA
~and B! consists of several parts associated with different
contributions, to obtain bounds on the parameters for exten-
sions of the standard model from experiments needs some
degree of sophistication. For the sake of a precise descrip-
tion, it is appropriate to decompose these two coefficients
into

A5A11A21(
V

AV , B5B11B21(
V

BV , ~2!

where the short-distance componentsA1 and B1 represent
the contribution of heavy particles such as top quarks and

W,Z bosons in the standard model. They are very sensitive
to new physics and take different values in different models.
We divide them further into two parts, writing them in the
form A15A1

SM1A18 ~the same applies toB1!. Here A1
SM

(B1
SM) accounts for the contribution of the standard model

@15#, which we shall always include in what follows. The
effects of new physics~whatsoever the source! are repre-
sented byA18 (B18). The termA2 (5B2) arises from the
additive QCD renormalization and the loops of light quarks
active at an energy scale of about 1 GeV@12#. It is indepen-
dent of schemes as explicitly demonstrated at next-to-leading
order by the authers of Refs.@16, 17#. This part is related to
the low energy scale and, we believe, remains unchanged in
extensions of the standard model when no new operators are
introduced.~By contrast, in certain extensions such as left-
right symmetric models low energy operators are also
changed.! Finally, the contribution of vector resonances such
as J/c andc8 via current-current four-quark operators are
taken into account byAV (5BV), which may be given by
vector-meson dominance@18#. We point out that the differ-
ence between left- and right-handed leptons lies in the short-
distance coefficientsA1 andB1 . In other words, the combi-
nation A2B remains equal to its high energy scale value,
A12B1 . In this work, we restrict ourselves into the structure
of Eq. ~1!, which incorporates, in addition to the standard
model, a number of new models such as the two-Higgs-
doublet model and a minimal supersymmetric model. Allow-
ing for nonzero inputs ofA18 and B18 in extensions of the
standard model, we are able to study the consequences of
new physics in the decayB→Xsl

1l2, in terms of different
decay distributions or, put another way, we derive bounds on
A18 andB18 and, consequently, constraints on new models by
using these distributions when they become available experi-
mentally.

Let us now consider the decay distributions. With the
GA sector of Eq.~1!, a double-differential distribution in the
Dalitz plot for left-handed leptons is calculated to be

dGL

dsdx
5
GF
2mb

5

16p3 S a

4psW
2 D 2H UAU2F14 ~12s2!2x22sxG

1
1

s
uCu2F14 ~12s2!1x21xG

12 Re~A*C!F12 ~12s!2xG J , ~3!

whereC[sW
2 F2 . In this form we have ignored the mass of

the strange quark and measureds in units ofmb
2 so that the

squared invariant mass of the dilepton ranges over
(2ml /mb)

2<s<1. Also, x stands for k•p/mb
2 with

k5p12p2 , ranging from2(12s)/2 to (12s)/2. If the
( l1l2) frame is specified, the ratio 2x/(12s) turns out to be
cosul wherep-u l is the polar angle of thel

1 with respect to
the direction of motion of the decaying particle. Such an
effect disappears in thes distribution obtained by integrating
overx and can only be detected by measurements of angular
distributions such as a forward-backward asymmetry. To ob-
tain a corresponding result for right-handed leptons substi-
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tute B for A in Eq. ~3! and flip the sign of terms linear in
x. Now we are in a position to write out individual distribu-
tions.

First, the differential decay width in the dilepton invariant
mass squared reads

1

Gsl

dG

ds
5

1

8p2uVbcu2 f̃ bc
S a

sW
2 D 2~12s!2F ~112s!~ uAu2

1uBu2!12S 11
2

s
D uCu216 Re@~A1B!*C#G ,

~4!

with G5GR1GL . This distribution is normalized to the
width of the semileptonicB decayGsl dominated by the pro-
cessb→cl n̄ l . Gsl itself containsmb

5 and thereby eliminates
the uncertainty that is highly sensitive to the bottom quark
mass; nevertheless, there is moderate dependence off̃ bc on
mb , a product of the phase space factor and the one-loop
QCD correction to the semileptonicB decay, which will be
taken equal to 0.39 numerically in this work. In addition, we
obtain the differential distribution for the lepton polarization:

1

Gsl

dGpol

ds
5

1

8p2uVbcu2 f̃ bc
S a

sW
2 D 2~12s!2@~112s!~ uBu2

2uAu2!16 Re@~B2A!*C##, ~5!

with Gpol5GR2GL . Clearly, it is a parity-violating effect
revealed by the overall factorA-B, which depends solely on
the short-distance coefficients. So we expect that the lepton
polarization will play a particular role in probing new phys-
ics of the high energy scale. Because there is no singularity
at s50 in Eq. ~5! the polarization difference between elec-
tron and muon channels is negligible. In them channel this
polarization should be readily found via the energy distribu-
tions of the decay products in the subsequentm decays,
which depend on them polarization. However, for thee
channel this may be a little more difficult to test experimen-
tally as the efficiency is usually rather low.

The differential forward-backward asymmetry of thel1

production that we are to consider is defined by

dGFB~s!5E
0

1

dG~cosu l !2E
21

0

dG~cosu l !,

where thez axis is along the direction of the bottom quark in
the center-of-mass frame of the lepton pair. It involves the
chirality of lepton currents and takes the form

1

Gsl

dGFB

ds
5

1

8p2uVbcu2 f̃ bc
S a

sW
2 D 2~12s!2F3

2
s~ uBu22uAu2!

13 Re@~B2A!*C#G . ~6!

It is also proportional to the combinationA-B and should
become an effective test of new physics. In parallel, we de-
fine the polarization forward-backward asymmetry as

dGFB
pol~s!5E

0

1

dGpol~cosu l !2E
21

0

dGpol~cosu l !,

which is derived to have the form

1

Gsl

dGFB
pol

ds
5

1

8p2uVbcu2 f̃ bc
S a

sW
2 D 2~12s!2F3

2
s~ uAu21uBu2!

2
3

s
uCu213 Re@~A1B!*C#G . ~7!

Note that the dependence on the coefficient functions in the
equation is analogous to that in Eq.~4!. As far as them
channel is concerned, the polarization forward-backward
asymmetry of them1 production may be indirectly measured
via the correlation between the decay distributions of the
m1m2 pair as the decay distribution of a single lepton only
depends on its polarization.

III. MODEL PREDICTIONS

A. Lepton distributions in the standard model

The standard model calculation for the coefficients in the
effective Hamiltonian of Eq.~1! has been carried out in
many works. It is well known now that the main contribution
to B→Xsl

1l2 arises from the photon penguin,Z boson pen-
guin, andW boson box diagrams. Given the large top quark
mass, namely,mt5175.2 GeV, obtained by averaging the
data of Collider Detector at Fermilab~CDF! and D0 groups
@19#, theZ boson penguin along withW boson box diagrams
take over the the photon penguin one, except nears.0.
Measurements of the dilepton process offer an opportunity to
test aspects of the standard model which are hardly detect-
able in radiative decays. ForA1

SM andB1
SM, we will use their

explicit form given in Refs.@14,15#,

A1
SM5Vts*VtbAt , B1

SM5Vts*VtbBt , ~8!

whereVts andVtb are Cabibbo-Kobayashi-Maskawa~CKM!
matrix elements. At the energy scale equal to theW boson
mass,At andBt take the forms~with x5mt

2/MW
2 !

At~x,1!5Bt~x,1!1
1

4 Fx1
3x

12x
1

3x2

~12x!2
ln xG ,

Bt~x,1!52F12 x1
3

4

x

12x
1
3

4

2x22x

~12x!2
ln x2

4

9
~ ln x11!1

1

36

82x32151x2163x

~12x!3

1
1

36

10x4159x32138x2163x

~12x!4
ln xGsW2 . ~9!
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The current-current and gluon penguin four-quark operators
also give rise toA andB through the mixing due to the QCD
renormalization. From unitarity of the CKM matrix, we have

A25Vts*Vtb~AQCD2Af !,

whenVus* Vub is negligible. The evaluation ofAQCD has been
performed at next-to-leading order by the authors of Refs.
@16,17#. Here we adopt their results in the naive dimension
reduction~NDR! scheme:

AQCD~h!52sW
2 (
i51

6 F S p

as~MW!
pi1si D ~12h2ai21!

1r i~12h2ai !G ,

where the scale-dependent parameterh5as(m)/as(MW),
with as(MW) taking a value of 0.120. The effect arising
from the one-loop matrix elements of the four-quark opera-
tors is given by

Af5sW
2 F ~a21a41a6!f~mc

2/mb
2 ,q2/mb

2!2
a31a41a6

2

3f~1,q2/mb
2!2

a3
2

f~0,q2/mb
2!2

2

3
~a41a6!G ,

where a25c11c2/3, a35c3/31c4 , a45c31c4/3, a6
5c51c6/3, and the functionf reads

f~r q ,s!55
4

3
ln r q2

8

9
2
4

3

4r q
s

1
2

3
A12

4r q
s S 21

4r q
s D S ln 11A124r q /s

12A124r q /s
2 ip D

4

3
lnr q2

8

9
2
4

3

4r q
s

1
4

3
A4r q

s
21S 21

4r q
s Darctan 1

A4r q /s21

S 4r qs ,1D
S 4r qs .1D .

Whenh51 corresponding tom5MW , one hasa251/3 and
a35a45a650. The QCD renormalization decreasesa2 and
gives rise to the other coefficients. Nevertheless, the charm
quark essentially dominates the effect of these active quarks
at the scale near the bottom quark mass, as indicated by the
numerical values of these coefficients forh51.75. As for
the long-distance effects arising from vector resonances, we
shall follow the notation of Ref.@9#:

AV5
16p2

3 S f V
MV

D 2Vcs* Vcb

a2sW
2

q22MV
21 iM VGV

.

Last but not least, the magnetic-moment operator has non-
zero anomalous dimension and mixes with other operators;
the coefficient for it is given byF25F281Vts*VtbF2

t , where
@16#

F2
t ~x,h!5h216/23F 112 8x

315x227x

~12x!3
1
1

2

3x322x2

~12x!4
ln x

1~h2/2321!S 23 x325x222x

~12x!3
2

4x2

~12x!4
ln xD G

12(
i51

8

hih
2ai. ~10!

Here F28 ~switched off in this section! represents the
magnetic-moment form factor arising from extensions of the
standard model. It mixes with the chromomagnetic Pauli in-
teraction as the energy scale goes down, but this mixing is
actually rather weak; for instance,h2/2321 is merely 5% for
h51.75.

The standard model predictions for the leptonic distribu-
tions discussed in the previous section are summarized in
Figs. 1 and 2. In Fig. 1~a!, we plot the differential decay
width of the theB→Xsl

1l2. Obviously, the soft photon
penguin governs the regions.0. Thus measurements of the
distribution in this region provide a cross-check of the
magnetic-moment operator. The two pronounced peaks in
the middle region correspond to the contributions of the
J/c and c8 via V→ l1l2. They are insensitive to short-
distance physics, but dominate theintegratedwidth of the
B→Xsl

1l2. To probe the effects ofA1
SM and B1

SM on the
spectrum, we have to examine the regions outside these
peaks. As we can see in Fig. 1~a!, the photon and vector
poles are relatively localized and we are left with three win-
dows to observe the effects of the short-distance components
of A1,2 andB1,2. The first window is the region above the
c8 resonance, say,s>0.65, where the left-handed magnetic-
moment operator enters mainly through interference which
slightly lower the differential rate; thec8 resonance has very
limited impact. We believe that this region may be one of the
ideal places where the decay behavior is determined by the
short-distance physics and where we can compare the model
prediction with experimental measurements, in spite of the
fact that the phase space tends to be small there. In the sec-
ond window, namely, the region between the two reso-
nances, the situation is more involved. Although the contri-
butions of A11A2 and B11B2 are important, the
interference between them andAV (BV) along withF2 has
much more influence on the spectrum. We may make the
third window by a cut below theJ/c peak and by excluding
the very smalls region. The measurement of the lepton spec-
trum in this region will not only provide information about
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FIG. 1. ~a! The standard model prediction for the differential decay width of theB→Xsl
1l2 in the dilepton invariant mass squared in

units of mb
2 ~solid line!; the dashed line corresponds to the contribution solely from the coefficientsA11A2 and B11B2 , while the

dot-dashed line stands for the contribution of the vector resonances along with the photon penguin diagram, namely, theF2 term of Eq.~1!
~all plots are rescaled by the semileptonic decay width of theB meson, multiplied by the factor of 105!, and~b! the differential distribution
of lepton polarization normalized to differential decay width, (dGpol/ds)/(dG/ds), in the standard model with~solid line! and without
~dashed line! vector resonances.
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the short-distance components ofA andB, but also help us
to determine the relative sign between the coefficientF2 and
A1
SM or B1

SM as the interference between them becomes sub-
stantial.

The differential distribution of lepton polarization, nor-
malized to differential decay width, is plotted in Fig. 1~b!. As
we know, it scales asA-B and thus reveals the short-distance
physics even in the vector resonant region. Note that the
polarization is sizable and negative in most of the phase
space, which indicates left-handed lepton dominance, except
for the two resonance ands.0 regions; note also that at the
actual resonance peaks the polarization is negligible as it is
near the photon mass shell. This means that the integrated
polarization over the three ranges stated above is comparable
to the corresponding integrated width.

The forward-backward asymmetry in Fig. 2~a! is likewise
governed byA-B, vanishing at the exact resonance peaks; at
the extreme limits51, it is predicted to be exactly21/2 for
the left-handed leptons as can be checked by taking the ratio
of Eqs.~6! and~4!. There is a small region nears50 where
the forward-backward asymmetry is positive, however, re-
vealing the contribution of the photon penguin. So far as Fig.
2~b! is concerned the resonance peaks almost cancel out of
the ratio of Eq.~7! to Eq. ~4!, which is a nice feature as it
washes out the spikes in the resonant region to a large de-
gree. Once again, there is a prediction that ass→1 this par-
ticular asymmetry tends to 1/2 as the effect of the photon
penguin is bounded in the samlls region, where we have
23/4 regardless of the actual values of the coefficients.

Finally, we observe that with respect to integrals overs of
asymmetries expressed in Eqs.~5! and ~6!, the polarization
asymmetry is much more significant than the forward-
backward asymmetry; the latter suffers from cancellation in
the smalls region and is about half of the former in the
s.1 region.

B. Effects of charged Higgs bosons

In models with two Higgs doublets, there is a pair of
physically charged Higgs particles, which can add to theW
boson contribution in the loops of the standard model, giving
rise to extra diagrams inducing the FCNCB decay@20–23#.
In this situation, two additional parameters enter the analysis;
one is the mass of the charged Higgs bosonmH2, and the
other is the ratio of the vacuum expectation values
v215v2 /v1 associated with the two neutral scalar Higgs
bosonsf1

0 andf2
0. Here we investigate the consequences of

two versions~I and II! of two-Higgs-doublet models, where
the FCNC is absent at the tree level. In model I it isf1

0 that
is involved in Yukawa couplings and gives rise to the mass
of all quarks, whilef2

0 decouples from them. In model II, by
contrast,f1

0 generates the mass of the up-type quarks and
f2
0 is responsible for the mass of down-type quarks.
Let us consider model I first. In this case the interactions

of the charged Higgs bosons with quarks are proportional to
the ratio of the two vacuum expectation values and as a
result the loop amplitude of the FCNCB decay grows qua-
dratically withv21. Depending uponv21 andmH2, the addi-
tional photon penguin diagram can either enhance or sup-
press the FCNC radiativeB decay rate over the standard
model. Consequently, the CLEO data of theB→Xsg allows

two separate regions in the parameter plane of model I
@2,24#. One is a band with moderatev21 ;2 for
mH25100 GeV ~referred to as thea region hereafter!,
which will shrink as the measurement is improved; the other
~b region! is presently consistent with vanishingv21. Note
that there is no actual bound on the mass of charged Higgs
bosons in both of them. Our scheme of choosing parameters
in the a region is as follows. We define a path in the
v21-mH2 plane for thea region such that it reproduces the
mean value of the CLEO data, namely,
B(B→Xsg)52.3231024. Given the masses of charged
Higgs bosons,v21 is fixed ~or conversely!. We regard the
path as a representative of thea region and observe that both
A18 andB18 add considerably and constructively toA1

SM and
B1
SM for a large range of themH2 from 50 GeV to 1600 GeV.

In fact, oncev21 satisfies the constraint of fixed rate of the
B→Xsg, the leading term ofA18 andB18 ~see the Appendix!
for large charged Higgs boson mass (lnmH2

2 )/mH2
2 cancels

out and these two coefficients are approximately independent
of mH2 as it becomes heavy along the particular path in the
mH2–v21 plane. Moreover, the interference in Eq.~4! be-
comes constructive. As a result, the invariant mass distribu-
tion of model I@see Fig. 3~a!# is substantiallyenhanced over
that of the standard model in the three windows stated pre-
viously. This large enhancement in decay width was ad-
dressed by Grinstein, Savage, and Wise@12#. Here we have
demonstrated that it still survives after practical constraints
from the B→Xsg are placed on the parameter plane. The
integrated widths without the vector resonant contributions
over the whole phase space are calculated to be
Gee529.631025Gsl and Gmm527.631025Gsl for
mH25100 GeV. Using the CLEO 95% C.L. bounds on
B(B→Xsg), we end up with ranges of (24–36)31025Gsl
and (23–33)31025Gsl for the electron and muon channels,
respectively. They are over a half of the current experimental
upper limits. We have evaluated these widths for a range of
the charged Higgs boson mass from 50 GeV to 1600 GeV
and found that they decrease slightly with increasingmH2.
We may, therefore, regard the above predictions for the de-
cay width as typical of the wholea region.

The distributions of lepton asymmetries are plotted in Fig.
3 for the same parameters. We observe that the polarization
@see Fig. 3~b!# is reduced by the extra effects, apart from
small s where it is enhanced in magnitude~the resonant re-
gion is hardly affected, of course!. The forward-backward
asymmetry@Fig. 3~c!# for s.0 reverses its sign and there is
no longer cancellation when we integrate. Since the short-
distance component is enhanced overall, the contribution of
vector resonances is accordingly less apparent in the polar-
ization forward-backward asymmetry@Fig. 3~d!#. Interest-
ingly, this particular asymmetry does not seem to change
above thec8 and is pinned down at the lower boundary of
the phase space.

The situation for parameters falling in theb region on the
v21-mH2 plane is distinctly different from thea region. The
rate of theB→Xsg with charged Higgs bosons is smaller
than without them. Thus the CLEO lower limit at 95% C.L.
B(B→Xsg).1.031024 sets up a boundary of this region.
Only smallv21 or heavymH2 is allowed. On the other hand,
theB→Xsl

1l2 rate, as we shall soon see, is enhanced by the
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charged Higgs boson contribution, but to a lesser extent. This
is due to the fact thatA18 andB18 still add constructively to
A1
SM andB1

SM even though their magnitudes are strongly con-
strained by the measurements. Once again, we find that the
A18 andB18 change slightly along the stated boundary and we
expect the lepton distributions to be represented by a set of

parameters on it, say,mH25100 GeV and the associated
v21. For them we plot the decay width and asymmetry dis-
tributions in Fig. 4.

The increase of about 50% in decay width of them chan-
nel may be compared with only 10% of thee channel. As far
as FCNC dileptonB decays are concerned, it seems difficult

FIG. 2. ~a! The differential distribution of the forward-backward asymmetry of thel1 production in the l1l2 frame,
(dGFB /ds)/(dG/ds), in the standard model with~solid line! and without~dashed line! vector resonances;~b! the same for the polarization
forward-backward asymmetry of leptons, (dGFB

pol/ds)/(dG/ds).
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to observe the consequence of further reducingv21 or heavy
mH2, unless there is a dramatic improvement in the calcula-
tion of the QCD renormalization and a high level of accuracy
in measurements.

In model II, v21
2 appears in the coupling of the charged

Higgs bosons to left-handed quarks and 1/v21
2 in right-handed

ones; they cancel out when they meet in the cross term of the
photon penguin amplitude@21,22#. Hence we are left with a

FIG. 3. The same as Figs. 1 and 2 for model I of the two-Higgs-doublet extension~solid line! of the standard model~dashed line!,
namely,~a! dG/ds normalized to the semileptonic decay width of theB meson,~b! (dGpol/ds)/(dG/ds), ~c! (dGFB /ds)/(dG/ds), and~d!
(dGFB

pol/ds)/(dG/ds). The mass of the charged Higgs boson takes a value of 100 GeV andv21 ~in thea region! is fixed by the CLEO date
of B(B→Xsg).

FIG. 4. The same as Fig. 3 forv21 in theb region.

55 7051LEPTON DISTRIBUTION IN RAREB DECAYS



v21-independent part in the magnetic, monent form factor,
which enhancesthe rate ofB→Xsg ~as it does in the invari-
ant mass spectrum for smalls!. This property leads to a
lower bound on the charged Higgs boson mass in model II,
regardless of the value ofv21, obtained from the CLEO data
of the rate of the FCNC radiativeB decay. The bound is far
higher than that from the direct search at the CERNe1e2

collider LEP@25#. But when the Higgs boson of model II is
considered in the context of supersymmetric theory, as we
shall do presently, its contribution to the decayB→Xsg is
sometimes destroyed by the chargino effect and the resulting
experimental bound is modified dramatically. Moreover, the
mass of charged Higgs bosons is no longer necessarily a free
parameter; it may be evaluated in terms of other parameters.
In the following subsection we continue our analysis by
combining charged Higgs bosons arising from the supersym-
metric extension of the standard model with other supersym-
metric particles.

C. Minimal supergravity with radiative breaking
of SU„2…3U„1…

In supersymmetric extensions of the standard model, such
as minimal supersymmetry standard model~MSSM!, loop
diagrams of supersymmetric particles contribute to the
FCNCB meson decays. The authors of Ref.@26# have pre-
sented a comprehensive analysis of theB→Xs transition in
the context of the MSSM. They pointed out that in addition
to W2-t and model IIH2-t loops, there are chargino-up-
squark (x2-Ũ), gluino-down-squark, and neutralino-down-
squark loops. Nevertheless, the latter two do not contribute
to the processB→Xsl

1l2 as significantly as the others. This
observation was recently confirmed by the authors of Ref.
@10#. We shall not, therefore, consider them at the present
stage. The short-distance~at the weak scale! coefficients aris-
ing fromx2-Ũ diagrams computed in Refs.@10,26# are sum-
marized in the Appendix. It should be remarked that the sign
of the amplitude arising from the chargino box diagram in
Ref. @26# differs from that in Ref.@10#. We notice that this
amplitude turns out not to be substantial numerically and
thus this sign discrepancy hardly impacts on our phenomeno-
logical analysis reported below. The partial width of the
B→Xsl

1l2 has been investigated in Refs.@10,26# and we
extend the study to various lepton distributions in this sub-
section.

Clearly, the analysis in the context of the supersymme-
trized standard model involves many extra parameters in ad-
dition to the standard model parameters. Two of them come
from the above stated charged Higgs boson contribution, be-
ing its mass and the ratio of the two neutral Higgs vacuum
expectations, tanb[1/v21. The right-handed squarks of the
first two generations are ignored since their effects are sup-
pressed by a factor ofmu,c /MW . We also notice that the
B→Xs transition is insensitive to the mass difference of the
~left-handed! up and charm squarks due to the small quark
mixing Vub compared withVtb . As a result, provided no
mixing occurs between or within these flavors, only one out
of the four masses is important as far as first two generation
up-type squarks are concerned. By contrast, we need to di-
agonalize the mass-squared matrix of left- and right-handed
top squarks states, which has a rather large off-diagonal ele-

ment due to the heavy top quark. Here one has two masses
mt̃ 1

andmt̃ 2
along with a mixing angleu t̃ . The effects of

charginos which are mass eigenstates of theW-ino and
Higgsino, supersymmetric partners of theW and charged
Higgs bosons, are parametrized by their masses and two
mixing angles. As well, the supersymmetric counterpart of
box diagrams involves the mass of the degenerate sneutrinos
in the first two generations. Such a large number of param-
eters is undesirable when conducting a phenomenological
study.

Like many others have done, we proceed to a further
analysis in the context of the minimal supergravity theory
with radiative breaking of SU~2!3U~1! @27#. In this theory
three running gauge couplings meet each other at a unifica-
tion scaleMX , which defines an universal coupling constant
aX . In practice,MX along withaX are determined by a fit of
the three gauge couplings measured atmZ via renormaliza-
tion group equations of the minimal supersymmetric
SU~3!3SU~2!3U~1! @28#. It is also assumed that the mass of
every scalar particle runs and reaches a universal scalar mass
m0 atMX , and so gaugino masses unify tom1/2. Moreover,
there is a common trilinear couplingA0 for the soft scalar
terms responsible for explicit supersymmetric breaking. Thus
one has three parameters atMX plus the tanb defined earlier
at the weak scale which is the fourth parameter. Finally, the
sign of the Higgs mixing parameterm4 ~which is sometimes
denoted bym in the literature! is free although its magnitude
is fixed in terms of the measuredmZ along with the above
four parameters. We take no account of the phases inA0 and
m4 and assumeR-parity conservation. The masses or mass
matrices of supersymmetric particles at the weak scale are
computed via one-loop renormalization group equations
which determine the evolution of these masses below the
unification scale. In this procedure we only take into account
the Yukawa coupling of top quarks and restrict ourselves
into tanb<35, above which the bottom quark Yukawa cou-
pling is enhanced so much that it is comparable to the top
quark one. On the other hand, to avoid a Landau pole of the
top quark Yukawa coupling below the unification scale we
have to set a lower limit of tanb>1.98 for a top quark mass
of 175.2 GeV.

In the supersymmetry ~SUSY! limit, namely,
m1/25m450 and tanb51, the magnetic operator cancels
out, resulting inB(B→Xsg)50 @29#. This is in conflict with
CLEO measurements of the rate ofB→Xsg. Further,
tanb51 leads to a Landau pole for the Yukawa coupling of
the top quark. However, a partial cancellation between vari-
ous contributions to the radiative decays ofB mesons still
occurs away from the SUSY limit due to the fact that in
certain regions of the parameter space, especially for large
values of tanb andm4.0, the chargino loop amplitude has
an opposite sign to that of theW and charged Higgs loops.
Consequently, as the rate of the decayB→Xsg is irrelevant
to the sign ofF2 , we cannot distinguish between two pos-
sible cases; one is the small deviation ofF2 from its standard
model prediction within the current uncertainties of both ex-
perimental measurements and theoretical calculations. The
other is a large deviation producing anF2 of a similar mag-
nitude, but opposite sign to the standard model. The mea-
surement ofB→Xsl

1l2 will enable us to disentangle the
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ambiguity as its width tends to be greater in the latter than in
the former@8#. Therefore, large tanb is of particular interest,
which enhances the effect of chargino loops inF28 @30# and
suppresses charged Higgs contributions toA18 andB18 . For
m4.0, we evaluate the lepton distributions for two represen-
tative sets of parameters; the first is chosen such that low-
lying supersymmetric particles such as the light top squark
and chargino are heavier than bounds set up by direct
searches at LEP-1.5, but within the reach of LEP-2, namely,
that mt̃ 1

580.9, Mx1
575.7 ~the light neutral scalar Higgs

boson now has a mass aboutmZ!; the second results in the
masses of all supersymmetric particles greater than 90 GeV,
for example,mt̃ 1

599.7 andMx1
592.9.

Some remarks are in order:~1! These sets of parameters
both repreduce the decay rates of theB→Xsg, agreeing with
the CLEO data, but the resultingF2 is now positive.~2!
A1B ~mainly arising from chargino loops! changes less than
10%, while A2B adds by about 50% constructively; the
reason for this is that the dominant chargino loop is that of
Z penguin type, for which the ratio of vector to axial vector
lepton currents is 124sW

2 . ~3! In fact, if a squark mass is
much greater than a chargino mass~or conversely! all ampli-
tudes of chargino loops are finite, except for that of theZ
penguin diagram which diverges logarithmically with the
squark mass~the standard modelZ penguin increases qua-
dratically with the top quark mass!.

Our numerical results are shown in Fig. 5. Obviously, we
observe a large enhancement in the decay width distribution
over the standard model prediction. The integrated widths
without the vector resonant contributions over the whole
phase space are calculated to beGee519.6(19.0)31025Gsl

andGmm516.6(15.9)31025Gsl for the first ~second! set of
parameters. The increase in decay width is roughly a factor
of 2 and far beyond the uncertainty due to the calculation of
QCD renormalization@16,17#. We increasedm0 to 500 GeV
and 800 GeV, respectively, and correspondingly adjusted the
value ofA0 to keepmt̃ 1

to be around 100 GeV, but we failed
to find larger decay widths. Unlike the width, the deviations
of asymmetries from the standard model prediction mainly
occur in the smalls region, say, below theJ/c peak. With
respect to polarization it seems that there is rarely a differ-
ence between the standard model and its supersymmetric ex-
tension whens.0.2. In the region above thec8 resonance
where the impact of the magnetic operator fades out, nearly
complete lepton polarization~near 21! indicates that the
left-handed lepton dominance is retained to a great extent
after the effects of supersymmetric particles are taken into
account, at least for the parameters used in this work.
Forward-backward asymmetries flip their sign fors.0, and
as a result, an integrated asymmetry will be greatly en-
hanced. A sign change also occurs in polarization forward-
backward asymmetries in the smalls region. We may con-
clude that for the parameters used in this analysis all
integratedasymmetries, like decay width, are enhanced in
the supersymmetrized standard model.

We can also reverse the sign ofm4 for these two sets of
parameters and find that the mass of top squarks is driven
down to 28.1 GeV, well below the lower limit of LEP’s
direct searches andB(B→Xsg) almost reaches the CLEO
upper limit at 95% C.L. in the first case, while in the second
casemt̃ 1

drops to 76.6 GeV, butB(B→Xsg) violates the

upper limit. In other words, a negativem4 corresponding to
these values of parameters is not viable.

FIG. 5. The same as Fig. 3 for supersymmetric extensions of the standard model~solid line!. The parameters are taken as~i!
m1/25100 GeV,m05300 GeV, A052.50, and tanb518 ~dashed line!; ~ii ! m1/25120 GeV,m05300 GeV, A052.65, and tanb528
~dot-dashed line!.

55 7053LEPTON DISTRIBUTION IN RAREB DECAYS



IV. MODEL-INDEPENDENT ANALYSIS

In this section we first highlight results of lepton distribu-
tions which are not dependent on the specific values of the
coefficientsA, B, andF2 . Thus these results are regarded as
consequences of the structure of the effective Hamiltinian of
FCNCB decays in the context of standard model, as well as
its supersymmetric extensions. We believe that violation of
them, if observed in future experiments, can be regarded as
evidence of new physics. We shall now show how to deter-
mine the three coefficients both in magnitude and in sign
using the measurements of the width and asymmetries of the
decayB→Xsl

1l2 along with the width of theB→Xsg.
We begin by considering the polarization and forward-

backward asymmetry, both of which measure the magnitude
of the axial vector component of the lepton current (A2B)
interfering with the polar vector component. It is illuminat-
ing to write out the ratio

dGpol/ds

dGFB /ds
52

~112s!~ uBu22uAu2!16 Re@~B2A!*C#

3s~ uBu22uAu2!16 Re@~B2A!*C#
.

~11!

Taking the limit ass→1 produces a factor of 2, irrespective
of A, B, andC. Remembering the neglect of the mass of
strange quarks, which can modify decay distributions at
s51, we expect the polarization to be approximately twice
as large as the forward-backward asymmetry in the region
near the upper boundary of the phase space. Another limit
for the polarization forward-backward asymmetry is

dGFB
pol/ds

dG/ds
U
s→0

52
3

4
.

To extract unambiguously the coefficients relevant to
B→Xsl

1l2 from measurements is not so straightforward as
we might think because they involve observables bilinearly.
At this stage, we examine the situation by assuming that
A1 , B1 , andC ~or F2! are real, disregarding the likelihood
that an imaginary part of them arises from new physics at the
weak scale. The assumption does apply to a large number of
models.~Strictly speaking, all these coefficients contain the
CKM matrix element having a phase factor, but each of them
is proportional toVts*Vtb ; only does its modulus appear in
the observables.! It is interesting that a real (A2B) actually
cancels out of numerator and denominator of Eq.~11! for the
whole range ofs. In this case we may rewrite this ratio as

dGpol/ds

dGFB /ds
52

~112s!Re@~A1B!C#16C2

3s Re@~A1B!C#16C2 . ~12!

Here we have deliberately put an extraC in both numerator
and denominator in order to determine the product
Re@(A1B)C# experimentally, usingC2 ~rather thanC! fixed
by theB→Xsg as input, when the data of the polarization
along with the forward-backward asymmetry is available.
The linear dependence on Re@(A1B)C# enables us to obtain
its size as well as the sign. Note that (A1B) has an imagi-
nary part coming from the one-loop matrix elements of four-
quark operators and the resonant contributions, which are
given by the measurements of nonleptonicB decays. The

imaginary part depends ons and appears in the region above
the charm quark threshold 2mc .

Next, we move on to the invariant mass distribution from
which we may extract the combination (A2B) up to a sign;
to obtain the sign, one needs the individual asymmetry. Tak-
ing the polarization as an example, we have

dGpol

ds
}eau~A2B!CuS ~112s!

Re@~A1B!C#

C2 16D , ~13!

whereea stands for the sign of (A2B)C and can be even-
tually read off once the polarization measurement is carried
out. This gives rise to an additional way of measuring the
uA2Bu. ~Alternatively, the goal can be achieved by using
forward-backward asymmetries.!

Ali, Giudice, and Mannel have proposed a method to ob-
tain coefficientsA andB ~which are linear combinations of
their notationsC9 and C10! using partial integrated decay
widths along with forward-backward asymmetries@8#. Their
method results in four possible solutions. The advantage of
including lepton polarizations, as we have shown above, is
that we can work out anunique solution to simultaneous
equations determined by measured decay width~integrated
over a certain kinematic range!, polarization, and forward-
backward asymmetry. Let us explain it geometrically. The
contour line of a given decay width is a ring on theA-B
plane. The center of the ring is located on the lineA5B, but
not on the lineA52B. The contour line of polarization
~forward-backward asymmetry! has two branches; one is as-
sociated with a positiveA2B, while the other with negative
A2B. When we just combine the width either with polariza-
tion or with forward-backward asymmetry, each of these two
branches can cross over the ring, resulting in four intersec-
tions at most. It is also possible that only one branch crosses
over the ring and we end up with two intersections. In such a
case, we obtain two values of the combinationA2B; they
are of the same sign, but different magnitudes. Once we put
all three sorts of contour lines on theA-B plane, they will
intersect at one point.The failure to intersect indicates that
the effective Hamiltonian in Eq. (1) needs to be modified. As
far as signs are concerned, we are able to constrain the rela-
tive signs betweenC andA2B as well as the real part of
A1B ~or the sign ofA1B since the sign of its imaginary
part is irrelevant to the observables in question!. There is still
a free sign which we cannot determine. In fact, under the
exchange ofA→2A, B→2B, andC→2C in Eqs. ~4!–
~7!, the decay width along with these asymmetries remain
unchanged. It is worthwhile pointing out that the efficiency
of our method decreases near thes.1 where, as discussed
above, the ratio of leptonic polarizations to forward-
backward asymmetries becomes rather insensitive to these
coefficients.

A comparison of these experimental outputs with that ob-
tained by model calculations certainly offers a direct test of
different models. Nevertheless, we may carry out a model-
independent check since we are now in a position to predict
the polarization forward-backward asymmetries given in Eq.
~7!, normalized to the decay width of Eq.~4! without involv-
ing specific model calculations. Once again, when we con-
duct such an analysis we need to be away froms.0 where
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this particular asymmetry tends to be independent of the spe-
cific values of these coefficients.

V. CONCLUSION

We have investigated lepton distributions in the decay
B→Xsl

1l2 in number of various models as well as made the
analysis in a model-independent way. For model calcula-
tions, we summarized the results in Figs. 1–5. For param-
eters of the extensions of the standard model satisfying con-
straints placed by direct searchs in collider and by the decay
B→Xsg, we still observed large deviations from the stan-
dard model predictions in these distributions. We have drawn
conclusions which are independent of these models. As well,
we have proposed ways to determine the coefficients for the
effective Hamiltonian via the measured decay width, polar-
ization, and forward-backward asymmetries. The advantage
of our proposal is that both magnitudes and signs of relevant
coefficients can be unambiguously extracted from experi-
ments once they become available.

In this work we have assumed lepton distributions in the
inclusive processB→Xsl

1l2 to be the corresponding ones
of the free quark decayb→sl1l2. The scheme is justified
by a systematic expansion in inverse powers of the mass of
the bottom quark@31,32#. For instance, Falk, Luke, and Sav-
age have evaluated leading corrections to free quark decay
and have found that these corrections increase the dilepton
invariant mass spectrum by about 10% over the whole range
of q2. Recently, Ali et al. reported their calculation of the
leading power correction to the dilepton invariant mass spec-
trum as well as forward-backward asymmetries of the lepton
production. They found these distributions to be stable
against the corrections, except in the region near the high
q2 end point, where, in contrast with the previous work of
Falk et al., they observed a large power correction. Power
corrections to leptonic polarization have been calculated
lately by Bär and Pott who take a different value of the
parameterl1 from that used in the work of Falket al.; they
have shown the correction to the free quark decay is at most
3.5% for q2.0.4mb

2 and 5.2% forq2.0.1mb
2 @33#. They

also found a small power correction for the invariant mass
spectrum, compared with what Falket al. suggested. With
respect to lepton polarization forward-backward asymmetry
we do not expect the correction to be substantial in the small
and mediumq2 region.
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APPENDIX: SHORT-DISTANCE COEFFICIENTS IN
EXTENSIONS OF THE STANDARD MODEL

We present short-distance coefficientsA18 , B18 , and F28
arising from extensions of the standard model. For the am-
plitude of loop diagrams with charged Higgs bosons, we
have

A185B182v21
2 xb~y!,

B185v21
2 @2xb~y!1 f ~y!#sW

2 , ~A1!

with y5mt
2/MH2

2 , whereb(y) represents the contribution of
Z penguin diagrams andf (y) comes from photon ones. Also,
photon penguin diagram give rise to

F2852v21
2 h216/23~ g~y!2 1

6 a~y!1 8
3 ~h2/2321!

3@h~y!2 1
6 e~y!#! , ~A2!

in models of type I. The box diagrams witht-H2-n loops
are negligible due to the weak Yukawa coupling of leptons.
In model II,A18 andB18 remain unchanged, but

F28522h216/23S g~y!1
v21
2

6
a~y!1

8

3
~h2/2321!

3Fh~y!1
v21
2

6
e~y!G D . ~A3!

An interesting property ofF28 is that in the latter case, it does
not vanish withv21. The various functions appearing in the
above equations are listed below:

a~y!52
y

2 F16 8y215y27

~12y!3
1
3y222y

~12y!4
ln yG , ~A4!

b~y!5
y

4 F 1

12y
1

1

~12y!2
ln yG , ~A5!

e~y!52
y

2 F12 y225y22

~12y!3
2

3y

~12y!4
ln yG , ~A6!

f ~y!5
y

18 F16 47y2279y138

~12y!3
1
3y326y14

~12y!4
ln yG , ~A7!

g~y!5
y

6 F12 5y23

~12y!2
1

3y22

~12y!3
ln yG , ~A8!

h~y!5
y

2 F12 y23

~12y!2
2

1

~12y!3
ln yG . ~A9!

Now we move on to loop diagrams containing charginos.
We use the notationsF̃1 and F̃2 to represent the monopole
and dipole form factors, respectively, for the photon penguin
diagram with chargino-up-squark loops. As well,C̃Z and
C̃box denote the contributions ofZ penguin and box diagrams
~both of which contain chargino-up-squark loops!. Then, in
addition to the effect of charged Higgs bosons in model II,
we have

A185B181C̃Z1C̃box, ~A10!

B1852sW
2 ~ F̃112C̃Z!, ~A11!

and the dipole form factorF28 is augmented by
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F̃2524h216/23(
j51

2 MW
2

Mx j

2

3 (
k51

6

MjkFRjkg~zk j!2
Njk

6
a~zk j!G , ~A12!

with zk j5m
Ũk

2
/Mx j

2 , wheremŨk
andMx j

stand for the mass

of the six up squarks and two charginos, respectively.M,N,

andR are made up of various mixing matrices which trans-
form weak interaction eigenstates into mass ones. Under the
circumstance where we just account for the dominant mixing
between the left- and right-handed supersymmetry partners
of top quarks,t̃ L and t̃R , the mass eigenstate of up squarks
reads

Ũk5~ ũL ,c̃L , t̃1 ,ũR ,c̃R , t̃2!. ~A13!

Thus one has

Mjk5F2Vj1Kus* , 2Vj1Kcs* , S 2Vj1c t̃ 1
mt

&MW sin b
Vj2st̃ DKts* ,

mu

&MW sin b
Vj2Kus* ,

mc

&MW sin b
Vj2Kcs* , S Vj1st̃ 1

mt

&MW sin b
Vj2c t̃ DKts* ,G , ~A14!

andNjk ~associated with the incoming bottom quark line! is
obtained by replacement ofKqs* by the correspondingKqb

~we useK to stand for the CKM matrix in this Appendix!.
Moreover, we have

Rjk5
mb

&MW cosb
Uj2@Kub ,Kcb ,c t̃ Ktb ,0,0,2s t̃ Ktb#.

~A15!

Here s t̃ (c t̃ ) stands for sinũt(cosũt), ũ t being the mixing
angle betweent̃ L and t̃R . V along with U transform the
W-ino and Higgsino~the supersymmetric partners of theW
boson and the charged Higgs boson!, which are interaction
eigenstates, into the charginos that are mass eigenstates. We
may safely overlook the weak mixing between supersymmet-
ric magnetic and chromomagnetic operators if the latter is
not particularly large.

It is worthwhile noting the property of a Glashow-
Iliopoulos-Maiani~GIM!-like cancellation~with unitarity of
the CKM matrix! possessed byF̃2 . As demonstrated explic-
itly by Garisto and Ng@30#, theR-related part ofF̃2 disap-
pears when all up-type squarks involved have the same mass.
But we point out that theN-related part~and F̃1 given be-
low! vanishes only if the up-type quarks are degenerate.

The photon penguin diagram~with the chargino-up-
squark loop!, in addition to dipole form factor, gives rise to
the monopole form factor

F̃15
2

3 (
j51

2 MW
2

Mx j

2 (
k51

6

MjkNjkd̃~zk j!, ~A16!

whered̃ is defined as

d̃~z!52
1

6 F16 52z22101z143

~12z!3
1
6z329z212

~12z!4
ln zG .

~A17!

It is associated with a vector lepton current and thus contrib-
utes toA18 andB18 equally. We can read off a logarithmic
dependence ofd̃(z) on smallz. This indicates a potentially
large effect of the lightest up-type squark such as the top
squark. However, such a logarithmic enhancement may
manifest itself only for a lightest top squark with a mass less
than theW mass.

The coefficient arising from the box diagrams,C̃box, is
given by

2 (
i , j51

2 MW
2

Mx j

2 (
k51

6

MjkNikVi1Vj1j~zk j ,zki /zk j ,zl j !, ~A18!

with zl j5mñ
2 /Mx j

2 and

j~z1 ,z2 ,z3!5
z1
2 ln z1

~z121!~z12z2!~z12z3!
1z1↔z21z1↔z3 .

~A19!

It contributes only to the left-handed current of leptons and
ought to be added toA18 . Like the ordinary neutrino, the
sneutrinosñ appear in the box diagrams, and when we re-
strict ourselves toe andm channels only the first two gen-
erations of sneutrinos, which are assumed to be degenerate
with a massmñ , are involved. The functionj is not bounded
when all zi are simultaneously small. To reveal the feature
we examine a special case ofz15z25z35z, where j re-
duces to

j~z!5
z23

2~z21!2
1

ln z

~z21!3
. ~A20!

Obviously, it goes logarithmically with a vanishingz. Nev-
ertheless, once again the factor ofMW

2 /Mx j

2 can reduce the

contribution with smallzi . When up-type squarks are degen-
erate C̃box also experiences a GIM-like cancellation, pro-
vided that the two charginos have the same mass or do not
mix or if the quarks of up type are mass degenerate.
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Finally, the short-distance coefficient arising fromZ pen-
guin diagrams takes the form

C̃Z5
1

4 (
i , j51

2

(
k,k851

6

MikNjk8@2d i jgkk8j1~zk j ,zk8 j !

1dkk8Vi1Vj1j2~zki ,zk j!1dkk8Ui1Uj1j3~zki ,zk j!,

~A21!

where gkk85gkdkk82c t̃ s t̃ (dk3dk861k↔k8) and gk

5(1,1,c
t̃

2
,0,0,s

t̃

2
). Also, we define above three~positive

definite! functions as

j1~z1 ,z2!5
z1
2 lnz1

~z121!~z12z2!
1z1↔z2 , ~A22!

j2~z1 ,z2!5
ln z1

2~z121!~z221!
S z1z22 z1

21z2
22z12z2
z12z2

D
1z1↔z2 , ~A23!

j3~z1 ,z2!522Az1z2
ln z1

~z121!~z12z2!
1z1↔z2 . ~A24!

Note thatj1 andj2 increase logarithmically with largez1 or
z2 , while j3 decreases. To illustrate the situation we con-
sider a special case ofz15z25z, wherej i ’s reduce to

j1~z!5zS 1

z21
1

z22

~z21!2
ln zD , ~A25!

j2~z!52
1

z21
1

z2

~z21!2
lnz, ~A26!

j3~z!52
2

z21
1

2z

~z21!2
ln z. ~A27!

Clearly, asz becomes large,j1,2 become lnz, while j3 is
vanishing. We have checked the GIM-like cancellation for
C̃Z. If all up-type squarks have the same mass, thegkk8 term
disappears directly as does theV^V term with the same
additional conditions which apply toC̃box. However, for de-
generate squarks and charginos as well, theU^U term can-
cels out only when theW-ino–Higgsino mass matrix is sym-
metric, namely, tanb51. This will be badly broken by a
large tanb.

Note thatMjk ~andNjk! for k54,5 are effectively sup-
pressed, which violates the GIM-like cancellation forF̃1 and
partially for F̃2 . In this work we neglect them and thus the
contributions of the right-handed supersymmetric partners of
up and charm quarks. Applying unitarity of the CKM matrix
we may further isolate a particular part of these coefficients
such that it is determined by the mass difference of the left-
handed supersymmetric partners of up and charm quarks, but
suppressed byKubKus* . Thus we can safely ignore this part
as long asumc̃L

2mũL
u,umt̃ 1,2

2mc̃L
u is satisfied. As a re-

sult, we end up with coefficients proportional toKtbKts* ;
they depend explicitly upon six massesmc̃L

, mt1,2, mx1,2
, and

mñ , as well as three mixing anglesũ t , ũV , and ũU ; the
latter two angles apply to theW-ino and Higgsino.
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