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We investigate the leading power corrections to the decay rates and distributions in the decay
B→Xsl

1l 2 in the standard model~SM! using heavy quark expansion~HQE! in (1/mb) and a phenomeno-
logical model implementing the Fermi motion effects of theb quark bound in theB hadron. In the HQE
method, we find that including the leading power corrections the decay widthG(B→Xsl

1l 2) decreases by
about 4% and the branching ratioB(B→Xsl

1l 2) by about 1.5% from their~respective! parton model values.
The dilepton invariant mass spectrum is found to be stable against power corrections over a good part of this
spectrum. However, near the high-mass end point this distribution becomes negative with the current value of
the nonperturbative parameterl2 ~the l1-dependent corrections are found to be innocuous!, implying the
breakdown of the HQE method in this region. Our results are at variance with the existing ones in the literature
in both the decay rate and the invariant dilepton mass distribution calculated in the HQE approach. As an
alternative, we implement the nonperturbative effects in the decayB→Xsl

1l 2 using a phenomenologically
motivated Gaussian Fermi motion model. We find small corrections to the branching ratio, but the nonpertur-
bative effects are perceptible in both the dilepton mass distribution and the forward-backward asymmetry in the
high dilepton mass region. Using this model for estimating the nonperturbative effects, modeling the dominant
long distance contributions from the decaysB→Xs1(J/c,c8, . . . )→Xsl

1l 2, and taking into account the
next-to-leading order perturbative QCD corrections inb→sl 1l 2, we present the decay rates and distributions
for the inclusive processB→Xsl

1l 2 in the SM.@S0556-2821~97!00107-0#

PACS number~s!: 12.39.Hg, 13.20.He

I. INTRODUCTION

RareB decaysB→Xsl
1l 2 andB→Xsg are well suited

to test the standard model~SM! and search for physics be-
yond the SM. In the SM, such processes are governed by the
Glashow-Iliopoulos-Maiani~GIM! mechanism@1#, and their
rates and distributions are sensitive to the top quark mass and
the Cabibbo-Kobayashi-Maskawa~CKM! matrix elements
@2#. First measurements of the decay rates for the exclusive
decayB→K*1g @3# and the inclusive decayB→Xsg @4#
have been reported by the CLEO Collaboration. At the par-
tonic level, the complete leading-order~LO! anomalous di-
mension matrix involving theb→sg decay was calculated in
@5–7# in the context of an effective five-quark theory. First
calculations of the gluon bremsstrahlung and virtual correc-
tions, which are part of the next-to-leading-order~NLO! per-
turbative QCD improvements, were reported in@8–10# ~see
also @11,12#!. The NLO virtual corrections to the matrix el-
ements have been completed in@13#. A first calculation of
the hitherto missing NLO anomalous dimension matrix has
been recently reported in@14#. Leading power corrections in
(1/mb) to the decay rateG(B→Xsg) @and G(B→Xl n l ),
which is often used to estimate the branching ratio

B(B→Xsg)# have also been calculated in the heavy quark
expansion~HQE! approach@15,16#. A quantitative measure
of the rapport between experiment and present estimates in
the SM is the CKM matrix element ratiouVtsu/uVcbu for
which a valueuVtsu/uVcbu50.8560.12~expt!60.10 ~theor!
has been obtained from the inclusive decay rate for
B→Xsg @17#, in agreement with the bounds obtained from
unitarity of the CKM matrix@18#.

It is known that the inclusive energy spectra in the decays
B→Xl n l and B→Xsg are not entirely calculable in the
HQE framework@16,19–21#. In particular, the end-point en-
ergy spectra are problematic in that the energy released for
the light quark system in the decayb→qX ~hereX5g or a
dilepton pair! is not of ordermb but of order L̄, where
L̄5mB2mb5O(L QCD). Hence, the expansion parameter in
the HQE approach, which is formally ofO(1/Q2)
5O(1/mb

2), near the end-point gets replaced by a quantity
which is of O(1/K2)5O(1/L̄mb)@O(1/mb

2), implying the
onset of the breakdown of the HQE method. To make con-
tact with experiments one has to smear the energy spectrum
in question over an energy interval sufficiently larger than
LQCD. Thus, direct comparison of theoretical distributions
with experiments requires additional input in terms of phe-
nomenological models, e.g., the Gaussian Fermi motion
model of@22#, which incorporate such smearing. The smear-
ing effects are very important inB→Xsg @8,9,12# and not
negligible in the lepton and hadron-energy spectra in the
decaysB→Xc(Xu)l n l either @22–24#. Alternatively, one
may have to resort to a resummation of the power correc-
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tions near the end point@19,25#. Such resummations, how-
ever, remain so far inconclusive.

In this paper, we address the related flavor-changing neu-
tral current~FCNC! processB→Xsl

1l 2, l 5e,m. ~Since
we neglect the lepton masses in our calculation, our results
are not applicable to the decayB→Xst

1t2.! The SM-based
short distance~SD! contribution to the decay rate for the
partonic processb→sl 1l 2, calculated in the free quark
decay approximation, has been known in the LO approxima-
tion for some time@26#. In the meanwhile, also the NLO
perturbative QCD corrections have been calculated which
reduce the scheme-dependence of the LO effects in these
decays @27,28#. In addition, long distance~LD! effects,
which are expected to be very important in the decay
B→Xsl

1l 2 @29#, have been estimated from data
on the premise that they arise dominantly from the
charmonium resonancesJ/c and c8 through the
decay chainsB→XsJ/c(c8)→Xsl

1l 2. Higher resonances
(c9,c-, . . . ) also contribute though at a reduced level. Es-
timates of the LD effects away from the resonance regions
involve specific assumptions about theq2 dependence of the
relevant vertices, which at present can only be obtained in
specific models@29–32#.

The particular aspect we are interested in is an estimate of
the nonperturbative effects on the decay distributions in
B→Xsl

1l 2, which take into account theB-hadron wave
function effects and incorporate the physical threshold in the
final state on the underlying partonic calculations. This ef-
fects both the SD and LD contributions, and to the best of
our knowledge has not yet been calculated. Closely related to
this aspect is the question of power corrections to the parton
model decay rates and spectra which have been calculated
for the SD part of the dilepton invariant mass distribution in
B→Xsl

1l 2 by Falk, Luke, and Savage@33# ~FLS! using
the HQE approach. We reevaluate these corrections in this
paper, reaching different results and conclusions than in the
FLS paper which we specify later.

From the power corrections calculated in the HQE ap-
proach for the decaysB→Xsg andB→Xl n l @15,16#, we
recall that there are no leading, i.e.,O(1/mb), corrections in
the inclusive rates. Likewise, in the decayB→Xsl

1l 2, the
first nonvanishing corrections to the inclusive rates are of
O(1/mb

2). Furthermore, the dilepton mass spectrum in
B→Xsl

1l 2 is found to be well behaved in the HQE frame-
work in theentire dilepton mass range in FLS@33#. In par-
ticular, the high dilepton invariant mass spectrum in the par-
ton model is found to receive moderate power corrections,
typically ;10%, increasing the dilepton yield in
B→Xsl

1l 2 ~see Fig. 2 in@33#!. This result differs qualita-
tively from analogous power corrections in the lepton energy
spectra inB→Xl n l , which are large and negative near the
end-points~see, for example, Figs. 5–8 in the paper by
Manohar and Wise@16#!. In addition, taking theV-A limit in
the matrix element forB→Xsl

1l 2, the differential distri-
butions and decay rate in this process can be related to the
corresponding quantities in the semileptonic decay
B→Xl n l . The power corrections in the latter decays have
been calculated and discussed at great length by Bigiet al. in
@15# and by Manohar and Wise@16#. We are of the opinion
that both the power corrected dilepton spectrum and the in-
clusive decay rateG(B→Xsl

1l 2) obtained by integrating

this spectrum in FLS are at variance with the results in
@15,16# in this limit ~see Appendix C!. In view of the im-
pending interest in the decayB→Xsl

1l 2, in particular the
dilepton mass spectrum and the forward-backward asymme-
try involving l 1 versusl 2 @34#, which have been put for-
ward as precision test of the SM in the FCNC sector and
hence a possible place for discovering new physics@35,36#,
we have recalculated the power corrections in this process in
the SM using the HQE approach.

To that end, we have computed the Dalitz distribution,
d2B/dŝdû, for the decayB→Xsl

1l 2 ~see Sec. II for the
definition of these variables!, taking into account the NLO
perturbative QCD correction inas and the leading 1/mb cor-
rections in the HQE approach. In doing this, we have also
kept thes-quark mass effects. Integrating over one of the
variables, the resulting expressions for the dilepton invariant
mass and the FB asymmetry are derived. While the power-
corrected FB asymmetry inB→Xsl

1l 2 is a new result, not
presented earlier, our expression for the power-corrected
dilepton mass distribution is not in agreement with the one
presented in FLS@33#. Since the derivations of the final re-
sults for dG(B→Xsl

1l 2)/dŝ and the FB asymmetry
A( ŝ) are rather involved, we have decided to give the details
of the calculations so that they can be checked stepwise and
the source of this discrepancy pinned down accordingly.
Some checks of our results in the limiting case mentioned
above are already possible and have been carried out. In
particular, we are able to derive the results in@15,16# taking
the appropriate limit of our expressions inB→Xsl

1l 2 ~see
again Appendix C!.

We find that the final-state distributions inB→Xsl
1l 2

are not calculable entirely in the HQE approach, as the dilep-
ton mass distribution becomes negative in the end-point re-
gion. While this defect may be resuscitated by resummation
of the HQE-power corrections, we do not attempt this here.
Instead, we estimate the nonperturbative effects on the decay
rates and distributions inB→Xsl

1l 2 by invoking the
Gaussian Fermi motion model@22#. This model has been
used successfully in the analysis of the lepton energy spec-
trum in the semileptonic decaysB→Xl n l @23# and the pho-
ton energy spectrum inB→Xsg @9#. As pointed out in@16#
on the example ofB→Xl n l , this model reproduces the
effect due to the kinetic energy terml1 in the HQE ap-
proach, if theb-quark mass is appropriately defined, but
there is no analogue ofl2 ~the matrix element of the mag-
netic moment operator! in the Fermi motion model. The dis-
tributions in the two approaches~HQE and the Fermi motion
model! are hence, in general, different, which is most notice-
able near the end points. By construction, there are no nega-
tive probabilities encountered in the Fermi motion model and
the final state thresholds can be correctly incorporated.

This paper is organized as follows. In Sec. II, we derive
the double differential distributiond2B/dŝdû for the decay
B→Xsl

1l 2, including the explicitO(as) and the leading
power corrections in 1/mb , giving in Appendix A the indi-
vidual contributions to the structure functions from several
contributing sources governing these decays. Some of the
lengthy expressions obtained in the derivation of the HQE-
improved Dalitz distribution are displayed in Appendix B.
The power-corrected dilepton invariant mass distribution and
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the FB asymmetry inB→Xsl
1l 2, together with their sim-

plified versions in the limitms50, are also given in this
section. We also present here numerical comparisons in the
two quantities of interest between the parton model and the
HQE approaches, as well as differences between our result
and the one in FLS@33#. In Appendix C, we present the
limiting case of our results forB→Xsl

1l 2 and compare
them with the existing ones in the literature@15,16#. In Ap-
pendix D, we show~a peripheral result! that the energy
asymmetry defined in@36# and the FB asymmetry introduced
in @34# are related. In Sec. III, we implement theB-meson
wave function effects and the physical threshold on the final
state inB→Xsl

1l 2, using the NLO-corrected parton dis-
tributions and the Gaussian Fermi motion model@22#. Since
the calculation of the FB asymmetry in this model involves
some nontrivial kinematic transformations, we have given
the details in Appendix E. The LD contributions in
B→Xsl

1l 2 are estimated in Sec. IV, using data on vector
meson intermediate states B→V1Xs , where
V5@J/c(1S), . . . ,c(6S)#. The resulting dilepton mass
spectrum and the FB asymmetry, including the wave func-
tion and LD effects, are also presented here. We conclude
with a discussion of our results and possible improvements
of the LD effects inB→Xsl

1l 2 in Sec. V.

II. POWER CORRECTIONS TO THE DILEPTON
INVARIANT MASS DISTRIBUTION AND FB

ASYMMETRY IN B˜Xsl
1l 2

We start by defining the various kinematic variables in the
decayb(pb)→s(ps)1l

1(p1)1l
2(p2):

u52~pb2p1!21~pb2p2!2,

s5~p11p2!2,

u~s,ms!5A@s2~mb1ms!
2#@s2~mb2ms!

2#. ~1!

For subsequent use, we note thatp65(E6 ,p6), and
qm5(p11p2)m is the momentum transfer to the lepton-
antilepton pair~henceq25s). We also define the four veloc-
ity of the b quarkvm5(pb)m /mb , which we shall take sub-
sequently to be the same as that of theB hadron
vm5(pB)m /MB . Finally, we introduce the scaled variables
ŝ and û,

ŝ5
s

mb
2 ,

û5
u

mb
2 52v•~ p̂12 p̂2!, ~2!

which in the decayb→sl 1l 2 are bounded as follows:

2û~ ŝ,m̂s!,û,1û~ ŝ,m̂s! ,

û~ ŝ,m̂s!5A@ ŝ2~11m̂s!
2#@ ŝ2~12m̂s!

2# ,

4m̂l
2, ŝ,~12m̂s!

2 , ~3!

where m̂i and p̂im are the scaled quark masses and scaled
momenta, respectively,m̂i5mi /mb , p̂i5pi /mb .

A. NLO-corrected amplitude for b˜sl 1l 2 in the effective
Hamiltonian approach

Next, the explicit expressions for the matrix element and
~partial! branching ratios in the decaysb→sl 1l 2 are pre-
sented in terms of the Wilson coefficients of the effective
Hamiltonian obtained by integrating out the top quark and
theW6 bosons:

Heff~b→s1X!5Heff~b→s1g!

2
4GF

A2
Vts*Vtb@C9O91C10O10#, ~4!

where

Heff~b→s1g!52
4GF

A2
Vts*Vtb(

i51

8

Ci~m!Oi~m! . ~5!

Here,Vi j are the CKM matrix elements and the CKM uni-
tarity has been used in factoring out the productVts*Vtb . The
operator basis is chosen to be~herem and n are Lorentz
indices anda andb are color indices!

O15~ s̄LagmbLa!~ c̄LbgmcLb!, ~6!

O25~ s̄LagmbLb!~ c̄LbgmcLa!, ~7!

O35~ s̄LagmbLa! (
q5u,d,s,c,b

~ q̄LbgmqLb!, ~8!

O45~ s̄LagmbLb! (
q5u,d,s,c,b

~ q̄LbgmqLa!, ~9!

O55~ s̄LagmbLa! (
q5u,d,s,c,b

~ q̄RbgmqRb!, ~10!

O65~ s̄LagmbLb! (
q5u,d,s,c,b

~ q̄RbgmqRa!, ~11!

O75
e

16p2 s̄asmn~mbR1msL !baF
mn, ~12!

O85
g

16p2 s̄aTab
a smn~mbR1msL !bbG

amn, ~13!

where L and R denote chiral projections,L(R)
51/2(17g5), and the two additional operators involving the
dileptons are

O95
e2

16p2 s̄agmLba l̄ gml ,

O105
e2

16p2 s̄agmLba l̄ gmg5l . ~14!
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The Wilson coefficients are given in the literature~see, for
example@27,28#!.

With the help of the effective Hamiltonian in Eq.~4! the
matrix element for the decayb→sl 1l 2 can be written as

M~b→sl 1l 2!

5
GFa

A2p
Vts*VtbF ~C9

eff2C10!~ s̄gmLb!~ l̄gmLl !

1~C9
eff1C10!~ s̄gmLb!~ l̄gmRl!

22C7
effS s̄ismn

qn

q2
~msL1mbR!bD ~ l̄gml !G . ~15!

We have kept thes-quark mass term in the matrix element
explicitly and this will be kept consistently in the calculation
of power corrections and phase space. The above matrix el-
ement can be written in a compact form:

M~b→sl 1l 2!5
GFa

A2p
Vts*Vtb ~GL

m LLm1GR
m LRm! ,

~16!

with

LL/Rm[ l̄ gm L~R!l , ~17!

GL/R
m[ s̄FR gmS C9

eff7C1012C7
eff q”̂

ŝ
D

12m̂s C7
effgm

q”̂

ŝ
LGb . ~18!

We recall that the coefficientC9 in LO is scheme dependent.
However, this is compensated by an additional scheme-
dependent part in the~one loop! matrix element ofO9

@27,28#. We call the sumC9
eff , which is scheme-independent

and enters in the physical decay amplitude given above, with

C9
eff~ ŝ![C9h~ ŝ!1Y~ ŝ!. ~19!

The functionY( ŝ) is the one-loop matrix element ofO9 and
is defined as@6,28#

Y~ ŝ!5g~m̂c ,ŝ!~3C11C213C31C413C51C6!

2
1

2
g~1,ŝ!~4C314C413C51C6!

2
1

2
g~0,ŝ!~C313C4!1

2

9
~3C31C413C51C6!

2j
4

9
~3C11C22C323C4!, ~20!

h~ ŝ!511
as~m!

p
v~ ŝ!. ~21!

Here, j is dependent on the dimensional regularization
scheme@27,28#, with

j5H 0 ~NDR!,

21 ~HV!,
~22!

in the naive dimensional regularization~NDR! and the
’t Hooft–Veltman ~HV! schemes. The functionv( ŝ) repre-
sents theO(as) correction from the one-gluon exchange in
the matrix element ofO9 @37#:

v~ ŝ!52
2

9
p22

4

3
Li 2~ ŝ!2

2

3
lnŝ ln~12 ŝ!

2
514ŝ

3~112ŝ!
ln~12 ŝ!2

2ŝ~11 ŝ!~122ŝ!

3~12 ŝ!2~112ŝ!
lnŝ

1
519ŝ26ŝ2

6~12 ŝ!~112ŝ!
. ~23!

The functiong(z,ŝ) includes the charm quark-antiquark
pair contribution@27,28#:

g~z,ŝ!52
8

9
lnSmb

m D 2
8

9
lnz1

8

27
1
4

9
y2

2

9
~21y!Au12yu

3FQ~12y!S ln11A12y

12A12y
2 ip D

1Q~y21!2arctan
1

Ay21
G , ~24!

g~0,ŝ!5
8

27
2
8

9
lnSmb

m D2
4

9
lnŝ1

4

9
ip, ~25!

wherey54z2/ ŝ. With the help of the above expressions, the
differential decay width becomes

dG5
1

2Mb

GF
2a2

2p2 uVts*Vtbu2
d3p1

~2p!32E1

d3p2

~2p!32E2

3~WL
mn L

Lmn1WR
mn L

Rmn! , ~26!

whereWmn and Lmn are the hadronic and leptonic tensors,
respectively. The hadronic tensorWmn

L/R is related to the dis-
continuity in the forward scattering amplitude, denoted by
Tmn
L/R , through the relationWmn52Im Tmn . Transforming

the integration variables toŝ, û, andvq̂, one can express the
Dalitz distribution in b→sl 1l 2 ~neglecting the lepton
masses! as

dG

dû dŝ
5

1

2mb

GF
2a2

2p2

mb
4

256p4 uVts*Vtbu2

32 ImE d~vq̂!~TLmn L
Lmn1TRmn L

Rmn! ,

~27!

with
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TL/Rmn[ i E d4y e2 i q̂•y^BuT$G1m
L/R~y!,G2n

L/R~0!%uB& ,

~28!

LL/R
mn

[(
spin

@ v̄L/R~p1!gmuL/R~p2!#

3@ ūL/R~p2!gnvL/R~p1!#

52@p1
mp2

n1p2
mp1

n2gmn~p1p2!

7 i emnab p1a p2b# , ~29!

whereG1m
L/R†5G2m

L/R5Gm
L/R , given in Eq.~18!. The Dalitz

distribution Eq.~27! contains the explicitO(as) improve-
ment, and the two distributions in which we are principally
interested in can be obtained by straightforward integrations.

B. Leading power „1/mb… corrections in the decay
B˜Xsl

1l 2

The next task is to expand the forward scattering ampli-
tude Tmn in the inverse powers in 1/mb . Suppressing the
Lorentz indices for the time being, this expansion can be
formally represented as

E d4y e2 i q̂•y^BuT$G1~y!,G2~0!%uB&

52
1

mb
F ^BuO0uB&1

1

2mb
^BuO1uB&

1
1

4mb
2 ^BuO2uB&1••• G , ~30!

and the expressions for the operatorsO0, O1, andO2 are
given explicitly in @33#. They are obtained by expanding the
propagators in the Feynman diagrams contributing to the
time-ordered product on the left-hand side~LHS! of the
above equation~see Fig. 1 in@33#!, usingpbm5mbvm1km ,
fixing the four-velocity of the externalb quark field to be
vm and treating the components of the ‘‘residual momen-
tum’’ km to be much smaller thanmb .

As is well known, the leading power corrections can be
parametrized in terms of the matrix elements of the kinetic
energy and magnetic moment operators, calledl1 and l2,
respectively, and defined as

^Buh̄ ~ iD !2huB&[2MBl1 ,

KBUh̄ 2 i

2
smnGmnhUBL [6MBl2 , ~31!

whereB denotes the pseudoscalarB meson,Dm is the cova-
riant derivative andGmn is the QCD field strength tensor.
The two-component effective field in the HQE approach
h(y) is related to the QCD fieldb(y) through the expansion

b~y!5eimbvyF11 i
D”

2mb
1••• Gh~y!, ~32!

where D” 5Dmgm. The parametersl1 and l2 are related
through the quantityL̄ to the hadron masses@38#:

mB5mb1L̄2
l113l2

2mb
1•••,

mB*5mb1L̄2
l12l2

2mb
1•••. ~33!

From the B2B* mass difference, one obtains
l2.0.12 GeV2. The quantityl1 has been determined from
QCD sum rules@39,40# and data@41#. Its present value is
subject to a certain theoretical dispersion, estimated some-
where betweenl152(0.5260.12) GeV2 ~Ball and Braun
in @39#! to l152(0.1060.05) GeV2 ~Neubert@40#!.

Concerning the definitions of the operators in Eq.~30!, we
follow the prescription given in@33#, in which the leading
operator O0 is defined in terms of the ‘‘full’’ four-
component fieldb(y):

O0~y!5
1

x
b̄G1~v”2q”̂1m̂s!G2b, ~34!

wherex[11 ŝ22(vq̂)2m̂s
21 i e. The other two subleading

operatorsO1 andO2 are, however, written in terms of the
two-component effective fieldsh(y), which is related to the
field b(y) through the expansion given in Eq.~32!. Of these,
the expression forO2 involving the expansion of the one-
gluon graph is obtained by a nontrivial derivation, which we
have checked, and it agrees with the one given in Eq.~3.8! of
@33#. ~Likewise, we agree with the expression forO1 given
in Eq. ~3.6! of @33#.! For the sake of completeness, we give
below the explicit expression forO1 andO2 given in @33#,

O1~y!5
2

x
h̄G1g

aG2iD ah2
4

x2
~v2q̂!ah̄G1~v”2q”̂1m̂s!

3G2iD ah ~35!

and

O2~y!5
16

x3
~v2q̂!a~v2q̂!bh̄G1~v”2q”̂1m̂s!G2iD aiD bh

2
4

x2
h̄G1~v”2q”̂1m̂s!G2~ iD !2h

2
4

x2
~v2q̂!bh̄G1g

aG2~ iD aiD b1 iD biD a!h

1
2

x2
m̂sh̄G1isabG2G

abh

1
2

x2
i emlab~v2q̂!lh̄G1gmg5G2Gabh

1
2

x
h̄~gbG1g

aG21G1g
bG2g

a!iD biD ah

2
4

x2
~v2q̂!ah̄gbG1~v”2q”̂1m̂s!G2iD biD ah

2
4

x2
~v2q̂!ah̄G1~v”2q”̂1m̂s!G2g

biD aiD bh.

~36!

Using Lorentz decomposition, the tensorTmn can be ex-
panded in terms of three structure functions:
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Tmn52T1gmn1T2vmvn1T3i emnabv
aq̂b , ~37!

where the structure functions which do not contribute to the
amplitude in the limit of massless leptons have been ne-
glected. After contracting the hadronic and leptonic tensors,
one finds

TL/Rmn L
L/Rmn

5mb
2H 2ŝT1L/R1F ~vq̂!22

1

4
û22 ŝGT2L/R

7 ŝûT3
L/RJ . ~38!

We remark here that theT3 term will contribute to the FB
asymmetry but not to the branching ratio or the dilepton
invariant mass spectrum in the decayB→Xsl

1l 2.
The results of the power corrections to the structure func-

tions Ti can be decomposed into the sum of various terms,
denoted byTi

( j ) , which can be traced back to well defined
pieces in the evaluation of the time-ordered product given
above:

Ti~vq̂,ŝ!5 (
j50,1,2,s,g,d

Ti
~ j !~vq̂,ŝ! . ~39!

The expressions for Ti
( j )(vq̂,ŝ) calculated up to

O(MB /mb
3) are given in Appendix A. They contain the par-

ton model expressionsTi
(0)(vq̂,ŝ) and the power correction

in the HQE approach which depend on the two HQET-
specific parametersl1 andl2 defined in Eqs.~31!. Note that
the s-quark mass terms are explicitly kept inTi

( j )(vq̂,ŝ).
From the expressions forTi

( j ) given in Appendix A, we
see thatTi

(0) ( i51,2,3) are of orderMB /(mb) and the rest
Ti
(1) , Ti

(d) , Ti
(2) , Ti

(s) , andTi
(g) are all of orderMBl1 /mb

3

or MBl2 /mb
3. Since the ratioMB /mb511O(1/mb), we

note that the Dalitz distribution inB→Xsl
1l 2 has linear

corrections in 1/mb . The origin of the various terms in the
expansion given in Eq.~39! is as follows.

~i! The contributions toTi
(1) come from the matrix ele-

ment of those terms in the operatorO2, which originate from
expanding the spinor of the heavy quark fieldb(x) in terms
of the spinor of the heavy quark effective theoryh(x).

~ii ! The remaining contributions from the matrix element
of the operatorO2 are denoted byTi

(2) andTi
(g) , with Ti

(g)

originating from the matrix element of the one gluon emis-
sion diagram and the rest beingTi

(2) .
~iii ! The contributions denoted byTi

(d) arise from the ma-
trix element of the operatorO1. In the leading order in
(1/mb) this matrix element vanishes, but in the subleading
order it receives a nontrivial contribution which can be cal-
culated by using the equation of motion.

~iv! Finally, the contributionsTi
(s) arise from the matrix

element of the scalar operatorb̄b.
Concerning the last point noted above, we recall that the

scalar current can be written in terms of the vector current
plus higher dimensional operators as@15#

b̄b5vmb̄gmb1
1

2mb
2 h̄@~ iD !22~v iD !21smnGmn#h1•••,

~40!

with Gmn5@ iDm ,iD n# and smn5(2 i /2)smn. We note that
in deriving Ti

(s) , use has been made of the conservation of
the b-number current in QCD, which yields the normaliza-
tion

^Bub̄gmbuB&52~pB!m . ~41!

Finally, after doing the integration on the complex plane

vq̂ ~see Fig. 1 in@16# for the analytic structure ofTmn and
the contour of integration!, we derive the double differential
branching ratio inB→Xsl

1l 2. The result can be expressed
as

dB
dŝ dû

5B0 S H F ~12m̂s
2!22 ŝ22û22

1

3
@2 l̂1~2112m̂s

22m̂s
422ŝ1 ŝ2!13l̂2~2116m̂s

225m̂s
428ŝ15ŝ2!#G

3~ uC9
effu21uC10u2!1H 4~12m̂s

22m̂s
41m̂s

628m̂s
2ŝ2 ŝ22m̂s

2ŝ21û21m̂s
2û2!2

4

3
@2l̂1~211m̂s

21m̂s
42m̂s

612ŝ

110m̂s
2ŝ1 ŝ21m̂s

2ŝ2!13l̂2~315m̂s
223m̂s

425m̂s
614ŝ128m̂s

2ŝ15ŝ215m̂s
2ŝ2!#J uC7

effu2

ŝ

28 H @ ŝ~11m̂s
2!2~12m̂s

2!2#1
2

3
l̂1~2112m̂s

22m̂s
41 ŝ1m̂s

2ŝ!1l̂2~5m̂s
225m̂s

412ŝ15m̂s
2ŝ!J Re~C9

eff!C7
eff

12 @21l̂115l̂2#ûŝ Re~C9
eff!C1014 @2~11m̂s

2!1l̂1~11m̂s
2!1l̂2~315m̂s

2!#û Re~C10!C7
effJ

3u@ û~ ŝ,m̂s!
22û2#2E1~ ŝ,û!d@ û~ ŝ,m̂s!

22û2#2E2~ ŝ,û!d8@ û~ ŝ,m̂s!
22û2# D , ~42!
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wherel̂15l1 /mb
2 and l̂25l2 /mb

2 . The auxiliary functions

Ei( ŝ,û) ( i51,2), introduced here for ease of writing, are
given explicitly in Appendix B. The boundary of the Dalitz
distribution is as usual determined by the argument of the
u function and in the (û,ŝ) plane it has been specified ear-
lier. The analytic form of the result~42! is very similar to the
corresponding double differential distributions derived by
Manohar and Wise in@16# for the semileptonic decays
B→(Xc ,Xu)l n l . Further comparisons with this work in the
V-A limit for the single differential and integrated rates are
given in Appendix C.

It has become customary to express the branching ratio
for B→Xsl

1l 2 in terms of the well-measured semileptonic
branching ratioBsl for the decaysB→(Xc ,Xu)l n l . This
fixes the normalization constantB0 to be,

B0[Bsl
3a2

16p2

uVts*Vtbu2

uVcbu2
1

f ~m̂c!k~m̂c!
, ~43!

where

f ~m̂c!5128m̂c
218m̂c

62m̂c
8224m̂c

4lnm̂c ~44!

is the phase space function forG(B→Xcln) in the lowest
order ~i.e., parton model! and the functionk(m̂c) accounts
for both theO(as) QCD correction to the semileptonic de-
cay width @22,37# and the leading order (1/mb)

2 power cor-
rection @15#. Written explicitly, it reads as

k~m̂c!512
2as~mb!

3p
g~m̂c!1

h~m̂c!

2mb
2 , ~45!

where the two functions are

g~m̂c!5S p22
31

4 D ~12m̂c!
21

3

2
,

h~m̂c!5l11
l2

f ~m̂c!
@29124m̂c

2272m̂c
4172m̂c

6215m̂c
8

272m̂c
4lnm̂c# . ~46!

Finally, after integrating over the variableû, we derive
the differential branching ratio in the scaled dilepton invari-
ant mass forB→Xsl

1l 2:

dB
dŝ

52B0H F23û~ ŝ,m̂s!@~12m̂s
2!21 ŝ~11m̂s

2!22ŝ2#1
1

3
~124m̂s

216m̂s
424m̂s

61m̂s
82 ŝ1m̂s

2ŝ1m̂s
4ŝ2m̂s

6ŝ23ŝ222m̂s
2ŝ2

23m̂s
4ŝ215ŝ315m̂s

2ŝ322ŝ4!
l̂1

û~ ŝ,m̂s!
1~128m̂s

2118m̂s
4216m̂s

615m̂s
82 ŝ23m̂s

2ŝ19m̂s
4ŝ25m̂s

6ŝ215ŝ2218m̂s
2ŝ2

215m̂s
4ŝ2125ŝ3125m̂s

2ŝ3210ŝ4!
l̂2

û~ ŝ,m̂s!
G ~ uC9

effu21uC10u2!1F83û~ ŝ,m̂s!@2~11m̂s
2!~12m̂s

2!2

2~1114m̂s
21m̂s

4!ŝ2~11m̂s
2!ŝ2#1

4

3
~226m̂s

214m̂s
414m̂s

626m̂s
812m̂s

1025ŝ212m̂s
2ŝ134m̂s

4ŝ212m̂s
6ŝ

25m̂s
8ŝ13ŝ2129m̂s

2ŝ2129m̂s
4ŝ213m̂s

6ŝ21 ŝ3210m̂s
2ŝ31m̂s

4ŝ32 ŝ42m̂s
2ŝ4!

l̂1

û~ ŝ,m̂s!

14~2612m̂s
2120m̂s

4212m̂s
6214m̂s

8110m̂s
1013ŝ116m̂s

2ŝ162m̂s
4ŝ256m̂s

6ŝ225m̂s
8ŝ13ŝ2173m̂s

2ŝ21101m̂s
4ŝ2

115m̂s
6ŝ215ŝ3226m̂s

2ŝ315m̂s
4ŝ325ŝ425m̂s

2ŝ4!
l̂2

û~ ŝ,m̂s!
G uC7

effu2

ŝ
1F8û~ ŝ,m̂s!@~12m̂s

2!22~11m̂s
2!ŝ#

14~122m̂s
21m̂s

42 ŝ2m̂s
2ŝ!û~ ŝ,m̂s!l̂114~25130m̂s

4240m̂s
6115m̂s

82 ŝ121m̂s
2ŝ125m̂s

4ŝ245m̂s
6ŝ113ŝ2

122m̂s
2ŝ2145m̂s

4ŝ227ŝ3215m̂s
2ŝ3!

l̂2

û~ ŝ,m̂s!
GRe~C9

eff!C7
effJ . ~47!

Another interesting quantity is the FB asymmetry defined in@34,35#:

dA~ ŝ!

dŝ
5E

0

1 d2B
dŝ dz

dz2E
21

0 d2B
dŝ dz

dz , ~48!

wherez[cosu is the angle ofl 1 measured with respect to theb-quark direction in the dilepton c.m. system. The leading
power corrected expression for the FB asymmetryA( ŝ) is
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dA~ ŝ!

dŝ
522B0H F2@ û~ ŝ,m̂s!#

2ŝ1
ŝ

3
~326m̂s

213m̂s
412ŝ

26m̂s
2ŝ13ŝ2!l̂11 ŝ~2926m̂s

2115m̂s
4214ŝ

230m̂s
2ŝ115ŝ2!l̂2GRe~C9

eff!C10

1F4@ û~ ŝ,m̂s!#
2~11m̂s

2!1
2

3
~11m̂s

2!~326m̂s
2

13m̂s
412ŝ26m̂s

2ŝ13ŝ2!l̂112~2723m̂s
225m̂s

4

115m̂s
6210ŝ224m̂s

2ŝ230m̂s
4ŝ19ŝ2

115m̂s
2ŝ2!l̂2GRe~C10!C7

effJ . ~49!

From the experimental point of view, a more useful quantity
is the normalized FB asymmetry, obtained by normalizing
dA/dŝ with the dilepton mass distribution,dB/dŝ:

dĀ
dŝ

5
dA
dŝ
Y dB

dŝ
. ~50!

This asymmetry, which we recall is defined in the dilepton
c.m. system frame, is identical to the energy asymmetry in-
troduced in@36#, which is defined in theB rest frame, as
shown in Appendix D.

The results derived for theO(as)-improved and power-
corrected Dalitz distribution, dilepton invariant mass, and FB
asymmetry inB→Xsl

1l 2 are the principal new results in
this section. It is useful to write the corresponding expres-
sions in the limitms50. For the dilepton invariant mass
distribution, we get

dB
dŝ

52B0H F13 ~12 ŝ!2~112ŝ!~21l̂1!1~1215ŝ2

110ŝ3!l̂2G ~ uC9
effu21uC10u2!

1F43 ~12 ŝ!2~21 ŝ!~21l̂1!14~2623ŝ15ŝ3!l̂2G
3

uC7
effu2

ŝ
1@4~12 ŝ!2~21l̂1!

14~2526ŝ17ŝ2!l̂2#Re~C9
eff!C7

effJ . ~51!

The ~unnormalized! FB asymmetry reads as

dA
dŝ

522B0H F2~12 ŝ!2ŝ1
ŝ

3
~312ŝ13ŝ2!l̂1

1 ŝ~29214ŝ115ŝ2!l̂2GRe~C9
eff!C10

1F4~12 ŝ!21
2

3
~312ŝ13ŝ2!l̂1

12~27210ŝ19ŝ2!l̂2GRe~C10!C7
eff J . ~52!

A direct comparison of our result for the dilepton invari-
ant mass distribution given in Eq.~51! above can now be
made with the differential decay width dG(B

→Xsl
1l 2)/dŝ derived in Eq.~3.21! of the paper by FLS

@33#. To that end, one has to take into account the~obvious!
normalization difference between the decay width and
branching ratio, rewrite the quantitiesAi andBi used in FLS
@33# in terms of the Wilson coefficientsC7

eff , C9
eff andC10

used by us, withAR/L5C9
eff6C10 and B

R/L522C7
eff , and

drop the explicitO(as) improvement in the coefficient
C9
eff , as FLS did not include it in their calculations. The

resulting expression is

dBFLS
dŝ

54B0~12 ŝ!H F13 ~12 ŝ!~112ŝ!1
1

6
~513ŝ22ŝ2!l̂1

1
1

2
~1115ŝ210ŝ2!l̂2G ~ uC9

effu21uC10u2!

1F43 ~12 ŝ!S 11
2

ŝ
D 2

2

3
~11 ŝ!l̂1

210~11 ŝ!l̂2G uC7
effu21F4~12 ŝ!22S 2

5

3
1 ŝD l̂1

12~527ŝ!l̂2GRe~C9
eff!C7

effJ . ~53!

We would like to make the following observations.
~i! The results derived here@Eq. ~52!# and in FLS@33#

@Eq. ~54!# reproduce the known parton model expression for
the dilepton invariant mass distribution in the limitl1→0
andl2→0.

~ii ! The power corrections themselves, i.e., the expres-
sions multiplying the constantsl1 andl2, aredifferentin the
two derivations.

~iii ! The power-corrected dilepton invariant mass distribu-
tion derived by us retains the characteristic 1/ŝ behavior fol-
lowing from the one-photon exchange in the parton model,
in contradiction to the observations made in@33#. This dif-
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ference can be seen by comparing the two expressions mul-
tiplying the Wilson coefficientuC7

effu2.
~iv! Leading order power corrections in the dilepton mass

distribution are found to be small over a good part of the
dilepton massŝ. However, we find that the power corrections
become increasingly large and negative as one approaches
ŝ→ ŝmax. Since the parton model spectrum falls steeply near
the end pointŝ→ ŝmax, this leads to the uncomfortable result
that the power corrected dilepton mass distribution becomes
negative for the high dilepton masses—in contradiction to
the observations made in@33#. We show in Fig. 1 this distri-
bution in the parton model and the HQE approach, using the
central values of the parameters in Table I.

~v! We note that the correction proportional to the kinetic
energy terml̂1 renormalizes the parton model invariant mass

distribution multiplicatively by the factor@11l1 /(2mb
2)#,

i.e., no new functional dependence inŝ is introduced~more-
over, this factor is hardly different from 1!. Hence, the nega-
tive probability near the end point is largely driven by the
magnetic moment terml̂2.

~vi! A comparison of the dilepton mass spectrum resulting
from Eq. ~51! of this work and Eq.~3.21! in FLS @33# @i.e.,
Eq. ~53! given above# is shown in Fig. 2, where we have
used the input parameters given in Table I, except that we
have setms50 to conform to the limit in which these two
equations are derived. The two curves differ in the largeŝ
region with ours becoming negative before the kinematic end
point is actually reached.

The normalized FB asymmetrydĀ( ŝ)/dŝ in the HQE ap-
proach and the parton model are shown in Fig. 3. We find
that this asymmetry is stable against leading order power
corrections up toŝ<0.6, but the corrections become increas-
ingly large and eventually uncontrollable due to the unphysi-
cal behavior of the HQE-based dilepton mass distribution as
ŝ approachesŝmax ~see Fig. 2!. Based on these investigations,
we must conclude that the HQE-based approach has a re-
strictive kinematical domain for its validity. In particular, it
breaks down for the high dilepton invariant mass region in
B→Xsl

1l 2.
This behavior of the dilepton mass spectrum in

B→Xsl
1l 2 is not unexpected, as similar behaviors have

been derived near the end-point of the lepton energy spectra
in the decaysB→Xl n l in the HQE approach@16#. To stress
these similarities, we show the power correction in the dilep-
ton mass distribution as calculated in the HQE approach
compared to the parton model through the ratio defined as

RHQE~ ŝ![
dB/dŝ~HQE!2dB/dŝ~parton model!

dB/dŝ~parton model!
. ~54!

The correction factorRHQE( ŝ) for B→Xsl
1l 2 shown in

TABLE I. Values of the input parameters used in the numerical
calculations of decay rates. Unless otherwise specified, we use the
central values.

Parameter Value

mW 80.26~GeV!

mZ 91.19~GeV!

sin2uW 0.2325
ms 0.2 ~GeV!

mc 1.4 ~GeV!

mb 4.8 ~GeV!

mt 17569 ~GeV!

m 522.5
15.0 ~GeV!

LQCD
(5) 0.21420.054

10.066 ~GeV!

aQED
21 129

as(mZ) 0.11760.005
Bsl (10.460.4) %
l1 20.20 ~GeV2)
l2 10.12 ~GeV2)

FIG. 1. Dilepton invariant mass spectrumdB(B→Xse
1e2)/dŝ in the parton model~dashed curve! and with leading power corrections

calculated in the HQE approach~solid curve!. The parameters used are given in Table I.
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Fig. 4 is qualitatively similar to the corresponding factor in
the lepton energy spectrum in the decayB→Xcl n l , given
in Fig. 6 of @16#. Finally, we note that we have been able to
derive the power corrected rate for the semileptonic decays
B→Xcl n l obtained by Manohar and Wise in@16#, taking
the appropriate limits of our calculations and taking into ac-
count the differences in our normalization of states and con-
ventions, as shown in Appendix C.

Finally, since the HQE-improved expression for the decay
rate including thes-quark mass effects is rather long, we
give below the results in a numerical form

GHQE5Gb~11C1l̂11C2l̂2! , ~55!

whereGb is the parton model decay width forb→sl 1l 2

and the coefficients depend on the input parameters. For the
central values of the parameters given in Table I, they have
the valuesC150.501 andC2527.425 ~see Table II!. This

leads to a reduction in the decay width by24.1%, using the
values ofl1 andl2 given in Table I. Moreover, this reduc-
tion is mostly contributed by thel2-dependent term. We
recall that the coefficient of thel̂1 term above is the same as
in the semileptonic widthG(B→Xul n l ), but the coefficient
of the l̂2 term above is larger than the corresponding coef-
ficient (529/2) in the semileptonic decay width. Hence, the
power corrections inG(B→Xul n l ) and G(B→Xsl

1l 2)
are rather similar but not identical.

III. B-MESON WAVE FUNCTION EFFECTS
IN B˜Xsl

1l 2

In this section, we present our estimates of the non-
perturbative effects on the decay distributions in
B→Xsl

1l 2. These effects are connected with the bound
state nature of theB hadron and the physical threshold in the

FIG. 2. Dilepton invariant
mass spectrumdB(B→Xse

1e2)/

dŝ with power corrections calcu-
lated in the HQE approach. The
solid curve corresponds to our cal-
culation and the dashed curve re-
sults from Eq.~3.21! of FLS @33#
with ms50. The other parameters
are given in Table I.

FIG. 3. FB asymmetry~nor-

malized! dĀ(B→Xse
1e2)/dŝ in

the parton model and with power
corrections calculated in the HQE
approach. The solid curve corre-
sponds to the HQE spectrum and
the dashed curve is the parton
model result. The parameters used
are given in Table I.
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B→Xsl
1l 2 in the final state. In order to implement these

effects on the decay distributions inB→Xsl
1l 2, we resort

to the Gaussian Fermi motion model introduced in@22#. In
this model, theB meson consists of ab quark and a spectator
antiquark q̄ and the four momenta of the constituents are
required to add up to the four momentum of theB meson. In
the rest frame of theB meson theb quark and the spectator
move back-to-back with three momentapW b52pW q[pW . En-
ergy conservation then implies the equation

mB5Amb
21pW 21Amq

21pW 2,

which can only hold for all values ofupW u, if at least one of the
masses becomes momentum dependent. We treat the specta-
tor quarkmq as a momentum-independent parameter; the
b-quark mass is then momentum dependent and we denote it
byW(p),

W2~p!5MB
21mq

222MBAp21mq
2. ~56!

Theb quark, whose decays determine the dynamics, is given
a nonzero momentum having a Gaussian distribution, with
the width determined by the parameterpF ,

f~p!5
4

AppF
3
expS 2p2

pF
2 D ; p5upW u, ~57!

with the normalization*0
` dp p2f(p)51. The distributions

from the decay of theB meson at rest are then obtained by
convoluting the appropriately boosted partonic distributions
with the Gaussian distribution. The resulting spectra and de-
cay rates depend essentially on two parameterspF determin-
ing the nonperturbative width of the momentum distribution,
andmq @or equivalentlyW(p)#, which determines the height.
In the Fermi motion model, the problem of negative prob-
abilities encountered in the HQE approach for the high dilep-
ton masses nears→smax is not present, which motivates us
to use this model as a reasonable approximation of the non-
perturbative effects in the entire dilepton mass range. The
success of this model in describing the inclusive lepton en-
ergy spectra inB→(Xc ,Xu)l n l and B→Xsg strengthens
this hope.

In the decayB→Xsl
1l 2, the distributiondB/dŝ de-

pends on the Lorentz-invariant variableŝ only. So, the Lor-
entz boost involved in the Fermi motion model~Doppler
shift! leaves the dilepton mass distribution invariant. How-
ever, since theb-quark massW(p) is now a momentum-
dependent quantity, this distribution is affected due to the
difference @W(p)2mb# ~mass defect!, which rescales the

variableŝ and hence smears the dilepton distribution calcu-
lated in the parton model. For different choices of the model
parameters (pF ,mq) corresponding to the same effective
b-quark masŝW& the dilepton mass distributions should be
very similar @24#, which indeed is the case as we have
checked numerically but do not show the resulting distribu-
tions here.

The situation with the FB asymmetry~or the energy
asymmetry! is, however, quite different. Being an angular-
dependent quantity, it is not Lorentz invariant and is sensi-
tive to both the Doppler shift and the mass defect. We give in
Appendix E, the Dalitz distributiond2G(B→Xsl

1l 2)/
dsdu in the Fermi motion model, given the partonic double
distribution d2G(b→sl 1l 2)/dŝdû in the b-quark rest
frame. These details, hopefully, will be useful in the analysis

TABLE II. Wilson coefficients used in the numerical calcula-
tions corresponding to the central values given in Table I.

Coefficient Value

C(0) 10.3805
C7
eff 20.3110

C9
NDR 14.1530

C10 24.5461

FIG. 4. The correction factor
RHQE(s) ~in percentage! as
defined in Eq. ~54! for the
dilepton mass spectrumdB(B
→Xsl

1l 2)/dŝ. The parameters
used are given in Table I.
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of data inB→Xsl
1l 2 due to the popularity of the Fermi

motion model.
As we calculate the branching ratio for the inclusive de-

cayB→Xsl
1l 2 in terms of the semileptonic decay branch-

ing ratioB(B→Xl n l ), we have to correct the normalization
due to the variableb-quark mass in both the decay rates. To
get the decay rates in this model one first implements the
wave function effects and then integrates the spectra. Fixing
mb but varying the model parameterspF andmq yields vari-
able effective~momentum dependent! b-quark masŝ W&.
We recall that the decay widths forB→Xsl

1l 2 and
B→Xl n l in this model are proportional tôW

5& @8#. Hence
the decay widths for both the decays individually are rather
sensitive to^W&. This dependence largely~but not exactly!
cancels out in the branching ratioB(B→Xsl

1l 2). Thus,
varying ^W& in the range^W&54.860.1 GeV results in
DG(B→Xsl

1l 2)/G5610.8%. However, the change in
the branching ratio itself is rather modest, namely
DB(B→Xsl

1l 2)/B562.3%. This is rather similar to
what we have obtained in the HQE approach.

The theoretical uncertainties in the branching ratios for
B→Xsl

1l 2 from the perturbative part, such as the ones
from the indeterminacy in the top quark mass, the QCD scale
LQCD and the renormalization scalem, have been investi-
gated in the literature@27,28#. We have recalculated them for
the indicated ranges of the parameters in Table I. The result-
ing ~SD! branching ratios and their present uncertainties are
found to be

B~B→Xse
1e2!5~8.462.3!31026 ,

B~B→Xsm
1m2!5~5.761.2!31026 ,

B~B→Xst
1t2!5~2.660.5!31027 , ~58!

where in calculating the branching ratioB(B→Xst
1t2), we

have included thet-lepton mass terms in the matrix element
@31#. These uncertainties, typically625%, are much larger
than the wave-function-dependent uncertainties, and so the
theoretical accuracy of the SD part in the SM in these decays
is not compromised by the nonperturbative effects.

We show the resulting dilepton invariant mass distribu-
tion in Fig. 5 and the FB asymmetry in Fig. 6, where for the
sake of illustration we have used the values (pF ,mq)
5(252,300)~both in MeV!, which correspond to an allowed
set of parameters obtained from the analysis of the measured
photon energy spectrum inB→Xsg, using the same model
@9#. We see that the dilepton mass distribution is very stable
against Fermi motion effects over most part of this spectrum,
as expected. The end-point spectrum in this model extends to
the physical kinematic limit in B→Xsl

1l 2,
smax5(mB2mK)

2, which obtains form(Xs)5mK , as opposed
to the parton model, in whichsmax5(mb2ms)

2. The two
thresholds can be made to coincide for only unrealistically
high values ofmb andms . The FB asymmetry shows a more
marked dependence on the model parameters, which be-
comes very significant in the high dilepton mass region.

FIG. 5. Differential branching ratiodB/ds for B→Xsl
1l 2 in the SM including the next-to-leading order QCD corrections. The dashed

curve corresponds to the parton model with the parameters given in Table I and the solid curve results from the Fermi motion model with
the model parameters (pF ,mq)5(252,300) MeV, yielding an effectiveb-quark masŝW&54.85 GeV.
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As the parameters of the Fermi motion model are not
presently very well determined from the fits of the existing
data@9,23#, one has to vary these parameters and estimate the
resulting dispersion on the distributions inB→Xsl

1l 2. We
show in Figs. 7 and 8 the dilepton mass distribution and the
FB asymmetry, respectively, indicating also the ranges of the
parameters (pF ,mq). The resulting theoretical uncertainty in
the distributions is found to be modest.

IV. LD CONTRIBUTIONS IN B˜Xsl
1l 2

Next, we implement the effects of LD contributions in the
processesB→Xsl

1l 2. The issues involved here have been
discussed recently in@30–32# and so we will be short in this
part. The LD contributions due to the vector mesonsJ/c and
c8 and higher resonances, as well as the (cc̄) continuum
contribution, which we have already included in the coeffi-
cient C9

eff , appear in the (s̄LgmbL)(ēgme) interaction term
only, i.e., in the coefficient of the operatorO9. This implies
that such LD contributions should changeC9 effectively, but
keepC7

eff andC10 unchanged. In principle, one has also a LD
contribution in the effective coefficientC7

eff ; this, however,
has been discussed extensively in the context of the
B→Xsg decay and estimated to be small@42,43#. The LD
contribution is negligible inC10. Hence, the three-coefficient
fit of the data onB→Xsl

1l 2 and B→Xsg, proposed in
@35# on the basis of the SD contributions, can be carried out
also including the LD effects. In accordance with this, to
incorporate the LD effects inB→Xsl

1l 2, the function
Y( ŝ) introduced earlier is replaced by

Y~ ŝ!→Y8~ ŝ![Y~ ŝ!1Yres~ ŝ!, ~59!

whereYres( ŝ) is given as@34#

Yres~ ŝ!5
3

a2kC~0! (
Vi5c~1s!, . . . ,c~6s!

pG~Vi→ l1l2!MVi

MVi
22 ŝmb

22 iM Vi
GVi
~60!

and

C~0![3C1
~0!1C2

~0!13C3
~0!1C4

~0!13C5
~0!1C6

~0! . ~61!

Here we adoptk52.3 for the numerical calculations@30#. Of
course, the data determines only the combination
k C(0)50.88. The relevant parameters of the charmonium
resonances (1S, . . . ,6S) are given by the Particle Data
Group@18#, and we have averaged the leptonic widths for the
decay modesV→l 1l 2 for l 5e and l 5m. Note that in
extrapolating the dilepton masses away from the resonance
region, no extraq2 dependence is included in theg* (q2)-
Vi junction. @The q2 dependence written explicitly in Eq.
~60! is due to the Breit-Wigner shape of the resonances.#
This is an assumption and it may lead to an underestimate of
the LD effects in the low-s region. However, as the present
phenomenology is not equivocal on this issue, any other
choice at this stage would have been on a similar footing.
The resulting dilepton mass spectrum and the FB asymmetry
are shown in Fig. 9 and Fig. 10, respectively. The two curves
labeled SD and SD1LD include:

FIG. 6. Normalized differential FB asymmetrydĀ(s)/ds for B→Xsl
1l 2 in the SM including the next-to-leading order QCD correc-

tion. The dashed curve corresponds to the parton model and the solid curve results from the Fermi motion model with the model parameters
(pF ,mq)5(252,300) MeV, yielding an effectiveb-quark masŝW&54.85 GeV.
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FIG. 7. Differential branching ratiodB/ds for B→Xsl
1l 2 using the Fermi motion model for three different pairs of the model

parameters (pF ,mq)5(450,0) MeV~solid curve!, (310,300) MeV~long dashed curve!, and (pF ,mq)5(310,0) MeV~short dashed curve!
yielding the effectiveb-quark masseŝW&54.76 GeV, 4.80 GeV, and 4.92 GeV, respectively.

FIG. 8. Normalized differential FB asymmetrydĀ(s)/ds for B→Xsl
1l 2 using the Fermi motion model for three different pairs of the

model parameters (pF ,mq)5(450,0) MeV~solid curve!, (310,300) MeV~long dashed curve!, and (pF ,mq)5(310,0) MeV~short dashed
curve! yielding the effectiveb-quark masseŝW&54.76 GeV, 4.80 GeV, and 4.92 GeV, respectively.
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FIG. 9. Differential branching ratiodB/ds for B→Xsl
1l 2 calculated in the SM using the next-to-leading order QCD corrections and

Fermi motion effect~solid curve!, and including the LD contributions~dashed curve!. The Fermi motion model parameters (PF ,mq) are
displayed in the figure. Note that the height of theJ/c peak is suppressed due to the linear scale.

FIG. 10. Normalized FB asymmetryĀ(s) for B→Xsl
1l 2 calculated in the SM using the next-to-leading order QCD corrections and

Fermi motion effect~solid curve!, and including the LD contributions~dashed curve!. The Fermi motion model parameters (PF ,mq) are
displayed in the figure.
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~i! Explicit O(as) improvement, calculated in the parton
model @27,28#.

~ii ! Nonperturbative effects related with the bound state
nature of theB hadrons and the physical threshold in the
final state inB→Xsl

1l 2, using the Fermi motion model
@22# with the parameters specified in the figures.

In addition, the SD1LD case also includes the LD effects
due to the vector resonances, contributing toC9

eff as dis-
cussed earlier.

Finally, the parametric dependence due to the Fermi mo-
tion model is shown in Figs. 11 and 12 for the dilepton mass
spectrum and the FB asymmetry, respectively, and compared
with the case of the parton model in which case no wave-
function effects are included. These figures give a fair esti-
mate of the kind of uncertainties present in these distribu-
tions from nonperturbative effects. In particular, we draw
attention to the marked dependence of the FB asymmetry to
both the LD~resonances! and wave function effects, which is
particularly noticeable in the regionml l .m(c8). The
dilepton invariant mass spectrum, on the other hand, is very
stable except at the very end of the spectrum, which is
clearly different in all three cases shown.

V. CONCLUDING REMARKS

We have investigated the question of power corrections to
the decay rates and distributions in the FCNC process
B→Xsl

1l 2 in the HQE framework. Our motivation here
was to check if indeed the entire dilepton mass spectrum in
these decays is calculable in a theoretically controlled sense,

which the existing results suggested@33#. Our calculations of
this distribution and the integrated rate do not agree with the
ones obtained in FLS@33#. We have presented the details of
our computations here, including the power corrections to
the FB asymmetry not calculated earlier. In line with the
analogous calculations for the lepton and photon energy
spectra in radiative and semileptonicB decays, we have
found that the HQE approach has a limited region of appli-
cability in describing the dilepton mass spectrum in
B→Xsl

1l 2. In the latter case, the use of the leading-order
HQE approach in the high-s region results in unphysical dis-
tribution and hence can not be used for comparison with
data. Excluding the high-s region, the power corrections to
the dilepton mass spectrum and the FB asymmetry are, how-
ever, found to be small. The inclusive decay rate
G(b→sl 1l 2) receives small power correction in the HQE
approach, typically (24%), which is similar to the one in
the semileptonic decay widthG(b→ul n l ) but not identical.

Despite progress in some sectors, the problem of incorpo-
rating nonperturbative effects in weak decays remains theo-
retically an intractable problem. In the present context, the
structure functionsTi ’s entering the decay distributions in
B→Xsl

1l 2 are not known from first principles in QCD.
We have modeled the nonperturbative effects in
B→Xsl

1l 2 using a popular Fermi motion model@22#,
which allows to incorporateB-hadron wave-function effects
and the correct threshold in the final states. Since this model
gives a good description of the existing data on the lepton
and photon energy spectra inB decays@9,23#, we hope that it
describes similar nonperturbative effects in the decay

FIG. 11. Dilepton invariant mass distribution inB→Xsl
1l 2 in the SM including next-to-leading order QCD correction and LD effects.

The solid curve corresponds to the parton model and the short-dashed and long-dashed curves correspond to including the Fermi motion
effects. The values of the Fermi motion model are indicated in the figure.
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B→Xsl
1l 2 as well. We have estimated the dispersion on

the theoretical predictions for the dilepton mass and the FB
asymmetry resulting from the present uncertainty in the
model parameters. This dispersion is marked in the high
dilepton mass region in the FB asymmetry, but the dilepton
mass spectrum is remarkably stable. Hence, in the very high-
s region, nonperturbative effects are important and have to
be included in order to have a reliable comparison of the
SM-based distributions and data, as and when they become
available.

Finally, we have incorporated the LD effects using data in
B decays and the measured properties of the resonances in
the charmonium sector. As discussed in the literature, this is
not sufficient to uniquely determine the dilepton distributions
away from these resonances. In that context, we note that the
vector-meson-dominance~VMD ! approximation of the old
vintage@44# is often invoked to model theq2 dependence of
the g-V junction, gV(q

2). This VMD framework has been
used to estimate the LD effects inB→Xsg @43#. Theoretical
uncertainties from these aspects in the dilepton mass distri-
butions inB→Xsl

1l 2 have been discussed in@32#. We
hope that data from HERA on the photoproduction ofJ/c
andc8 ~and other resonances! can be used to implement the
q2 dependence of the effective vertices to eliminate~or at
least reduce! the present theoretical uncertainty from this
source. However, as the HERA data on the relevant pro-
cessesg* (q2)1p→J/c(c8)1p are still preliminary and a
q2 dependence has not yet quantitatively been extracted@45#,
we do not attempt to undertake an improved treatment of the
LD effects in B→Xsl

1l 2 here. In view of this, and the

remaining theoretical uncertainties on the perturbative part
discussed in Sec. III, the distributions shown in Figs. 11 and
12 have an overall uncertainty of order625%.
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APPENDIX A: THE FUNCTIONS Ti
„ j …
„vq̂,ŝ…

In this appendix we list the expressions for the decompo-
sition of the structure functionsTi(vq̂,ŝ), (i51,2,3) in
terms of the functionsTi

( j )(vq̂,ŝ), with j50,1,2,s,g,d, rep-
resenting the power corrections inb→sl 1l 2 up to and
including terms of orderMB /mb

3 and explicitly keeping the
s-quark mass dependence. The origin of these individual
terms is explained in the text. The parton model contribu-
tionsTi

(0) are given in Eqs.~A1!–~A3!:

FIG. 12. FB asymmetry forB→Xsl
1l 2 in the SM as a function of the dimuon invariant mass including the next-to-leading order QCD

correction and LD effects. The solid curve corresponds to the parton model and the short-dashed and long-dashed curves correspond to
including the Fermi motion effects. The values of the Fermi motion model are indicated in the figure.
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ŝ2
@~11m̂s

2!@2~vq̂!22 ŝ~vq̂!2 ŝ#22m̂s
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12xvq̂214vq̂324m̂s
2vq̂3#Re@~C9

eff7C10!*C7
eff#J , ~A7!

T2
~2!L/R52

2

3

MB

mb
3 l1F 4x3 @ ŝ2~vq̂!2#2
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2ŝ1 ŝ~vq̂!~11m̂s
2!22 ~vq̂!2~11m̂s

2!#uC7
effu2

1
4

ŝ
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ŝ
~11m̂s

2!uC7
effu2G , ~A17!

T3
~d!L/R5

MB

mb
3 ~l113l2!H 2

1

x2
~12vq̂!uC9

eff7C10u21
4

ŝ2
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ŝx2
@212m̂s

22x22vq̂22m̂s
2vq̂#Re@~C9

eff7C10!*C7
eff#J . ~A18!

In the above expressions, the variablex is defined asx[11 ŝ22(vq̂)2m̂s
21 i e.

APPENDIX B: AUXILIARY FUNCTIONS E1„ ŝ,û…,

AND E2„ ŝ,û… IN THE DALITZ DISTRIBUTION d2B/dsdû„b˜sl 1l 2
… IN THE HQE APPROACH

In this appendix we give the auxiliary functionsE1( ŝ,û) andE2( ŝ,û), multiplying thed functiond@ û( ŝ,m̂s)2û2# and its

first derivatived8@ û( ŝ,m̂s)2û2#, respectively, appearing in the power corrected Dalitz distribution inb→sl 1l 2 given in Eq.
~42! in the text:
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6ŝ12m̂s
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2ŝ42û2~12m̂s
22m̂s

41m̂s
614ŝ12m̂s
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626ŝ24m̂s
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APPENDIX C: THE DECAY RATE G„b˜sl 1l 2
… IN THE

V-A LIMIT AND COMPARISON
WITH THE EXISTING RESULTS

In this appendix we compare our results for the power
corrections in the decayB→Xsl

1l 2 with the ones for the
decaysB→Xcl n l , derived by Manohar and Wise~MW!
@16#. In doing this, we shall reduce the matrix element for the
decayB→Xsl

1l 2 to the one encountered inB→Xcl n l ,
obtained by the replacements,

C952C105
1

2
, ~C1!

C750 , ~C2!

SGFa

A2p
Vts*VtbD→S 2

4GF

A2
VcbD . ~C3!

This amounts to keeping only the CCV-A contribution in
B→Xsl

1l 2.

We remark that our hadronic states and the ones used by
Manohar and Wise are differently normalized, with the two
related by

uM &5A2MB uM &MW . ~C4!

Hence, the forward scattering amplitudes are related
through,

Tmn52
1

2MB
Tmn

MW . ~C5!

Likewise, the matrix elements of the kinetic energy and
the magnetic moment operators in the HQE approach are
related,

l1522mb
2Kb , ~C6!

3l2522mb
2Gb , ~C7!

l113l2522mb
2Eb522mb

2~Kb1Gb! . ~C8!
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Note further that our structure functionsTi are dimension-
less, as opposed to the ones employed in@16#. Thus,

~T1!
MW52

~T1!

2MB
, ~C9!

~T2!
MW52

~T2!

2MB
, ~C10!

~T3!
MW52

~T3!

2MBmb
. ~C11!

With these replacements, the structure functionsTi ,
i51,2,3 given in the text and Appendix A in this paper agree
with those in MW up to the indicated normalization factors
in the V-A limit. Note that the functionD0 defined in Eq.
~3.4! of @16# transcribes toD05mb

2x in our notation, with
x defined in Appendix A.

After integratingTmn L
mn in the complexvq̂ plane, we

have also compared the double differential distribution
(1/Gb)dG/dy dq̂2, given in Eq. ~5.2! of @16#. Taking into
account that our differential distributions are defined in terms
of the variablesû and ŝ, as opposed to the variablesŝ and
y with y[2Êe used in@16#, and making the variable trans-
formationy5û22vq̂, we reproduce their result.

Finally, using the correspondence~C1!–~C3!, the differ-
ential dilepton distribution inb→sl 1l 2 reduces to~with
ms50)

dG

dŝ
5GbS 13 ~12 ŝ!2~112ŝ!~21l̂1!

1~1215ŝ2110ŝ3!l̂2D , ~C12!

which, on integration gives

G5Gb S 11
1

2
l̂12

9

2
l̂2D , ~C13!

whereGb is the parton model decay width. The above ex-
pression agrees with the well known result of Bigiet al. @15#.
Doing the same manipulation on the corresponding expres-
sions by FLS@33#, we get instead

GFLS5Gb S 11
17

3
l̂1113l̂2D , ~C14!

where inGFLS also only theV-A contributions are kept. This
disagrees with our result as well as with the one in@15#.

APPENDIX D: EQUIVALENCE OF FB ASYMMETRY
AND ENERGY ASYMMETRY IN B˜Xsl

1l 2

In this appendix we address a peripheral issue, namely
that the quantity energy asymmetry, introduced in@36#, is
simply related to the FB asymmetry, defined in@34,35#, and
is not an independent quantity. It is easy to show that the
configuration in whichl1 is scattered in the forward direc-
tion, measured with respect to the direction of theB-meson

momentum in the dilepton c.m. system, corresponds to the
events in whichE2.E1 in theB-meson rest frame, where
E6 represents thel 6-energy. To that end let us suppose that
in the dilepton c.m. system,l1 is scattered in the forward
direction. In this frame, the four-momenta ofl 1 andl 2 are
given as

pm
15~e,pi ,p'! , ~D1!

pm
25~e,2pi ,2p'! , ~D2!

where pi.0 is the longitudinal momentum andp' is the
transverse momentum. Boosting the momenta with the ve-
locity of B meson (v) takes one to theB-meson rest frame,
whereE1 andE2 , are given by

E15e
1

A12v2
2pi

v

A12v2
, ~D3!

E25e
1

A12v2
1pi

v

A12v2
, ~D4!

implying that for forward scatteredl 1 in the dilepton c.m.
system, one hasE1,E2 in the B meson rest frame. By
using the definition of the FB asymmetry in@34,35#, we ob-
tain the following simple relation to the energy asymmetry of
@36#:

dA~ ŝ!

dŝ
5E

0

1 d2B
dŝ dz

dz2E
21

0 d2B
dŝ dz

dz , ~D5!

wherez[cosu,

E dA~ ŝ!

dŝ
dŝ5BA , ~D6!

where A[@N(E2.E1)2N(E1.E2)#/@N(E2.E1)
1N(E1.E2)# is the energy asymmetry defined in@36#.
HenceA of @36# is identical to the normalized FB asymmetry
Ā calculated in this paper. That the two quantities are related
can also be seen by writing the Mandelstam variableû, de-
fined previously, in the dilepton c.m. system and the
B-meson rest frame,

û52û~ ŝ!cosu52~Ê12Ê2! . ~D7!

APPENDIX E: DALITZ DISTRIBUTION
d2G„B˜Xsl

1l 2
…/ds duAND FB ASYMMETRY

IN THE FERMI MOTION MODEL

We start with the differential decay rate
d3GB /ds du dp, describing the decayb→sl 1l 2 of a
moving b quark having a massW(p) and three momentum
upu[p with a distributionf(p), which will be taken as a
Gaussian@22#:
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dGB

ds du dp
5E

umin8

umax8
du8

W~p!2

MB
p f~p!

1

Au8214W~p!2s

3F d2Gb

ds du8G . ~E1!

Here,d2Gb /ds du8 is the double differential decay rate of a
b quark at rest and can be written in the case of
b→sl 1l 2 as

d2Gb

ds du8
5uVtsVtbu2

GF
2

192p3

1

W~p!3
3a2

16p2

3@F1~s,p!1F2~s,p!u81F3~s,p!u82# ,

~E2!

and the three functions have the expressions

F1~s,p!5@~W~p!22ms
2!22s2#~ uC9

effu21uC10u2!

14FW~p!42ms
2W~p!22ms

41
ms

6

W~p!2
28sms

2

2s2 S 11
ms

2

W~p!2D G W~p!2

s
uC7

effu228@s~W~p!2

1ms
2!2~W~p!22ms

2!2#

3Re~C7
effC9

eff! , ~E3!

F2~s,p!54s Re~C9
effC10!18~W~p!21ms

2!C10C7
eff ,

~E4!

F3~s,p!52~ uC9
effu21uC10u2!14F11S ms

2

W~p!2D
2G

3
W~p!2

s
uC7

effu2 , ~E5!

which can be read off directly from Eq.~42! in the limit
l i50; i51,2. Note that the Wilson coefficientC9

eff also has
an implicitW(p) dependence, as can be seen in the text. The
integration limit foru8 is determined through the equations

umax8 [min @u18 ,u~s,p!# , ~E6!

umin8 [max @u28 ,2u~s,p!# , ~E7!

where

u68 [
EW

MB
u6

p

MB
A4sMB

21u2 , ~E8!

EW5AW~p!21p2 , ~E9!

and

u~s,p![A$s2@W~p!1ms#
2%$s2@W~p!2ms#

2% .
~E10!

A typical situation in the phase space is displayed in Fig.
13. Integration overp gives the double differential decay rate
~Dalitz distribution! including the Fermi motion. The result
is

FIG. 13. Phase space boundaries for theu8 and p integrations with fixed values ofs and u drawn for s515 GeV2 and
u58.9 GeV2. The integration region~solid curve! is given by the intersection ofu68 ~short dashed! and6u(s,p) ~long dashed curve!. The
Fermi motion parameters used are (pF ,mq)5(450,0).
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d2GB

ds du
5uVtsVtbu2

GF
2

192p3

3a2

16p2E
0

pmax
dp

1

W~p!2MB
pf~p! H F1~s,p! lnU umax8 1Aumax8 214W~p!2s

umin8 1Aumin8 214W~p!2s
U

1F2~s,p! @Aumax8 214W~p!2s2Aumin8 214W~p!2s#1F3~s,p!
1

2 Fumax8 Aumax8 214W~p!2s

2umin8 Aumin8 214W~p!2s24W~p!2s lnU umax8 1Aumax8 214W~p!2s

umin8 1Aumin8 214W~p!2s
UG J . ~E11!

uph[A@s2~MB1MX!2#@s2~MB2MX!2# , ~E14!

and

MX[max@mK ,ms1mq# , ~E15!

with mq the spectator quark mass andmK the kaon mass.
Since the calculations are being done for an inclusive decay
B→Xsl

1l 2, we should have put this threshold higher, say
starting frommK1mp , but as this effects the very end of a
steeply falling dilepton mass spectrum, we have kept the
threshold inB→Xsl

1l 2 atm(Xs)5mK .
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