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P. Colangelo,1 F. De Fazio,1,2 P. Santorelli,3 and E. Scrimieri1,2
1Istituto Nazionale di Fisica Nucleare, Sezione di Bari, Italy

2Dipartimento di Fisica dell’Universita` di Bari, via G. Amendola 173, 70126 Bari, Italy
3Dipartimento di Fisica dell’Universita` ‘‘Federico II’’ di Napoli and Istituto Nazionale di Fisica Nucleare,

Sezione di Napoli, Mostra D’Oltremare, Pad 19-20, 80125 Napoli, Italy
~Received 25 October 1995!

We use QCD sum rules to calculate the hadronic matrix elements governing the rare decaysB→Kl 1l 2

andB→K* l 1l 2 induced by the flavor-changing neutral currentb→s transition. We also study relations
among semileptonic and rareB→K (* ) decay form factors. The analysis of the invariant mass distribution of
the lepton pair inB→K (* )l 1l 2 and of the angular asymmetry inB→K* l 1l 2 provides us with interesting
tests of the standard model and its extensions.

PACS number~s!: 13.20.He, 11.55.Hx, 12.38.Cy
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I. INTRODUCTION

Rare B-meson decays induced by the flavor-changi
neutral currentb→s transition represent important channe
for testing the standard model~SM! and for searching for the
effects of possible new interactions@1#. As a matter of fact,
these processes, which in SM do not occur in the Born
proximation, are particularly sensitive to perturbative QC
corrections and to possible higher mass scales and inte
tions predicted in supersymmetric theories, two Higgs do
blet, and top-color, left-right models, etc. Such interactio
determine the operators and their Wilson coefficients appe
ing in the low energyDB51 effective HamiltonianHW that
governs theb→s transition.

From the experimental point of view, the radiativ
b→sg decay has been observed and measured by the CL
II Collaboration both in the inclusiveB→Xsg and exclusive
B→K* g modes; the experimental results

B~b→sg!5~2.3260.5760.35!31024 @2# ~1.1!

and

B~B̄0→K* 0g!5~4.061.760.8!31025 @3#,
~1.2!

B~B2→K*2g!5~5.763.161.1!31025 @3#,

have prompted a number of analyses aimed at restricting
parameter space of various extensions of the standard m
@4#. Similar analyses have also been proposed for the tra
tion b→sl 1l 2, which has not been observed yet@5#; in
this case, the invariant dilepton mass distribution and
asymmetry of the dilepton angular distribution, together w
the total decay rate, can be used to study the features of
interaction inducing the decay. However, for the exclusi
modes such asB→Kl 1l 2 andB→K* l 1l 2 one has to
face the problem of computing the matrix element ofHW
between the statesB andK, K* , a problem related to the
nonperturbative sector of QCD.

For these matrix elements, either specific hadronizat
models@6,7# or information from two-point function QCD
sum rules@8# and from the heavy meson chiral theory@9#,
embedded in the vector meson dominance framework, h
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been used so far. The resulting theoretical predictions are
characterized by a considerable model dependence; it shoul
be noticed that, differently from the case ofB→K* g, where
the hadronic matrix element must be computed only at one
kinematical point, in correspondence to the on-shell photon,
for B→Kl 1l 2 and B→K* l 1l 2 the matrix elements
must be known in a wide range of the invariant mass squared
of the lepton pair:M l 1l 2

2
5@4M l

2 ,(MB2MK,K* )
2#; there-

fore, the vector meson dominance assumption has non
negligible consequences on the theoretical outcome.

An approach based on general features of QCD that al-
lows us to compute the hadronic matrix elements in a range
of M l 1l 2

2 is provided by three-point function QCD sum
rules @10#. This method, first employed to compute the pion
form factor @11#, has been widely applied to heavy meson
semileptonic decays: For example, in the case of
B→D,D* semileptonic transitions, it has been used to com-
pute the Isgur-Wise universal functionj(y) and the heavy
quark mass corrections@12#. Moreover, the decays
B→D** l n, whereD** are positive parity (cq̄) meson
states, have been analyzed both for finite heavy quark masse
@13# and in the limitmQ→`, with the calculation of the
universal functionst1/2(y) and t3/2(y) analogous to the
Isgur-Wise function@14#. For the heavy-to-light meson tran-
sitions, such asD(B)→p(r)l n, the various matrix ele-
ments have also been computed@15,16#; in the case of
B→K* g, this approach, employed in@17–19#, has provided
us with the prediction R5B(B→K* g)/B(b→sg)
50.1760.05 @17#, which agrees with the central value ob-
tained from the experimental data in Eqs.~1.1! and ~1.2!.

In this paper we want to apply the three-point function
QCD sum rule method to compute the hadronic quantities
appearing in the calculation ofB→K (* )l 1l 2. We shall ob-
serve that the various form factors parametrizing the relevant
matrix elements have common features with other heavy-to-
light meson transitions, a behavior whose origin is worth
investigating in detail@20#. We shall also compare the com-
puted hadronic quantities to the findings of lattice QCD,
even though these last results are obtained after extrapola
tions in the heavy quark mass and in the momentum transfer
Finally, we shall apply our results to predict the invariant
mass distribution of the lepton pair in the decays
3672 © 1996 The American Physical Society
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B→K (* )l 1l 2 and the forward-backward asymmetry fo
B→K* l 1l 2 in the standard model.

The work is organized as follows. In Sec. II we writ
down the ~SM! effective Hamiltonian for the transition
b→sl 1l 2, and recall the available information on the Wi
son coefficients. In Sec. III we compute by three-point fun
tion QCD sum rules the relevant hadronic quantities f
B→Kl 1l 2; the same calculation is carried out fo
B→K* l 1l 2 in Sec. IV. In Sec. V we study the relation
derived by Isgur and Wise@21# and Burdman and Donoghue
@22# between rare and semileptonic form factors. Such re
tions can be worked out in the infinite heavy quark ma
limit mb→`, in the region of maximum momentum transfe
t; a relevant problem is whether they are satisfied also in
low t region, as has been argued by several authors.
investigate this hypothesis and comment on the role of
heavy mass corrections. In Secs. VI and VII we study t
transitionsB→Kl 1l 2 andB→K* l 1l 2, respectively. Fi-
nally, in Sec. VIII we draw our conclusions. Details concer
ing the calculations are reported in the Appendixes.

II. EFFECTIVE HAMILTONIAN

The effectiveDB521,DS51 Hamiltonian governing in
the standard model the rare transitionb→sl 1l 2 can be
written in terms of a set of local operators@23#:

HW5 4
GF

A2
VtbVts* (

i51

10

Ci~m!Oi~m!, ~2.1!

whereGF is the Fermi constant andVi j are elements of the
Cabibbo-Kobayashi-Maskawa~CKM! mixing matrix; we ne-
glect terms proportional toVubVus* since the ratio
uVubVus* /VtbVts* u is of the order 1022. The operatorsOi ,
written in terms of quark and gluon fields, read as

O15~ s̄LagmbLa!~ c̄LbgmcLb!,

O25~ s̄LagmbLb!~ c̄LbgmcLa!,

O35~ s̄LagmbLa!@~ ūLbgmuLb!1•••1~ b̄LbgmbLb!#,

O45~ s̄LagmbLb!@~ ūLbgmuLa!1•••1~ b̄LbgmbLa!#,

O55~ s̄LagmbLa!@~ ūRbgmuRb!1•••1~ b̄RbgmbRb!#,

O65~ s̄LagmbLb!@~ ūRbgmuRa!1•••1~ b̄RbgmbRa!#,

O75
e

16p2mb~ s̄LasmnbRa!Fmn ,

O85
gs

16p2mbF s̄LasmnS la

2 D
ab

bRbGGmn
a ,

O95
e2

16p2 ~ s̄LagmbLa!l ḡml ,

O105
e2

16p2 ~ s̄LagmbLa!l ḡmg5l ~2.2!
r

e
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„a,b are color indices, bR,L5@(16g5)/2#b, and
smn5( i /2)@gm,gn#…; e and gs are the electromagnetic and
the strong coupling constants, respectively, andFmn and
Gmn
a in O7 andO8 denote the electromagnetic and the glu-

onic field strength tensors.O1 and O2 are current-current
operators, andO3 , . . . ,O6 are usually named QCD penguin
operators,O7 ~inducing the radiativeb→sg decay! andO8
are magnetic penguin operators,O9 andO10 are semileptonic
electroweak penguin operators.

The Wilson coefficientsCi(m) have been partially com-
puted at next-to-leading order in QCD by several groups
@24–26#. As discussed in Ref.@25#, in the analysis of
B→Xsl

1l 2 at next-to-leading order logarithmic correc-
tions must be consistently included only in the coefficient
C9 , since at the leading approximationO9 is the only opera-
tor responsible for the transitionb→sl 1l 2. The contribu-
tion of the other operators~excludingO8 , which, however, is
not involved in the processes we are studying! appears only
at next-to-leading order, and therefore their Wilson coeffi-
cients must be evaluated at the leading approximation.

Following @25# we use in our phenomenological analysis
of the decaysB→K (* )l 1l 2 ~within the standard model!
the numerical values of the Wilson coefficients collected in
Table I. We choose the scalem55 GeV.mb , LMS

~5!
5225

MeV, whereMS denotes the modified minimal subtraction
scheme, and the top quark massmt5174 GeV from the mea-
surement of the Collider Detector at Fermilab~CDF! Col-
laboration@27#. The coefficientC9 , which is evaluated at the
next-to-leading order approximation, displays a dependenc
on the regularization scheme, as can be observed in Table
comparing the result obtained using the ’t Hooft–Veltman
~HV! and the naive dimensional regularization~NDR!
scheme. Such a dependence must disappear in the decay a
plitude if all corrections are taken into account. We shall
include in our analysis the uncertainty onC9 as a part of the
theoretical error. In Table I it can also be observed that the
coefficients ofO3–O6 are small;(1022); therefore, the
contribution of such operators can be neglected, and th
analysis can be carried out considering only the operator
O1 , O2 , O7 , O9 , andO10.

The various extensions of the standard model, such a
models involving supersymmetry, multi-Higgs-boson and
left-right models, induce two kind of changes in the low
energy Hamiltonian~2.1!: First, the values of the coefficients
Ci are modified as an effect of additional virtual particles in

TABLE I. Wilson coefficients Ci(m) for L
MS̄

(5)
5225 MeV,

m55 GeV, andmt5174 GeV.

NDR HV

C1 20.243
C2 1.105
C3 1.08331022

C4 22.51431022

C5 7.26631023

C6 23.06331022

C7 20.312
C9 4.193 3.998
C10 24.578
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the loop diagrams describing theb→s transition, and, sec-
ond, new operators can appear in the operator basis, suc
operators with different chirality of the quark current wit
respect toO7–O10, e.g.,

O785
e

16p2mb~ s̄RsmnbL!Fmn ,

O985
e2

16p2 ~ s̄RgmbR!l ḡml ,

and

O108 5
e2

16p2 ~ s̄RgmbR!l ḡmg5l .

This rich structure justifies the interest i
B→K (* )l 1l 2, where operators of different origin act co
herently in determining rates, spectra, and asymmetries.
example, it would be interesting to search for the effects
possible interactions that produce a coefficientC7 with op-
posite sign@5,7#. In this work we shall not analyze such ne
effects, limiting ourselves to studying the above proces
within the theoretical framework provided us by the standa
model. However, it is worth stressing that our results for t
hadronic matrix elements of the operators appearing in~2.1!
represent a complete set of quantities also for the analysi
the decaysB→K (* )l 1l 2 in a context different from the
standard model.

III. FORM FACTORS OF THE DECAY B˜Kl 1l 2

The matrix elements of the operatorsO1 , O2 , O7 , O9 ,
andO10 in Eq. ~2.2! between the external statesB andK can
be parametrized in terms of form factors as

^K~p8!us̄gmbuB~p!&5~p1p8!mF1~q
2!1

MB
22MK

2

q2

3qm@F0~q
2!2F1~q

2!# ~3.1!

@q5p2p8, F1(0)5F0(0)# and

^K~p8!us̄ismnq
nbuB~p!&

5@~p1p8!mq
22~MB

22MK
2 !qm#

FT~q
2!

MB1MK
. ~3.2!

The heavy-to-light meson form factorsF1 andF0 appear
in the calculation of two-body nonleptonicB→KX decays, if
the factorization approximation is adopted; neglecti
SU~3! F-breaking effects, they govern the semileptonic dec
B→pl n̄.

F1 andF0 have already been studied by three-point QC
sum rules@16,28#. In the following we describe in detail the
calculation ofFT ; for the sake of completeness, we als
report the results forF1(q

2) andF0(q
2) using a unique set

of parameters and adopting a coherent numerical proced
in order to have at our disposal a consistent set of fo
factors.

To computeFT within the QCD sum rule approach we
consider the three-point correlator@11#
h as
h
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Pamn~p,p8,q!5 i 2E dx dy e~ ip8•y2 ip•x!

3^0uT@Ja
K~y!Jmn~0!J5

B~x!#u0& ~3.3!

of the flavor-changing quark currentJmn5 s̄ismnb and of
two currentsJa

K(y) and J5
B(x) with the K and B quantum

numbers, respectively: Ja
K(y)5q̄(y)gag5s(y) and

J5
B(x)5b̄(x) ig5q(x). The correlatorPamn can be expanded
in a set of independent Lorentz structures:

Pamn5 ipa8 ~pmpn82pnpm8 !P1 i(
n

aamn
~n! P~n!, ~3.4!

whereP and P (n) are functions ofp2, p82, and q2, and
aamn
(n) are other tensors set up using the vectorsp andp8 and
the metric tensorgmn .

Let us considerP. To incorporate the quark-hadron dual-
ity, on which the QCD sum rule approach is based, we write
down forP(p2,p82,q2) a dispersive representation

P~p2,p82,q2!5
1

p2E
mb
2

1`

dsE
ms
2

1`

ds8
r~s,s8,q2!

~s2p2!~s82p82!

1subtractions ~3.5!

in the variablesp2 and p82 corresponding to theB andK
channels, respectively. In the region of low values ofs,s8 the
physical spectral densityr(s,s8,q2) contains a double
d-function term corresponding to the transitionB→K, and
therefore the functionP can be written as

P5
R

~MB
22p2!~MK

22p82!

1
1

p2E
D
ds ds8

rhad~s,s8,q2!

~s2p2!~s82p82!
, ~3.6!

where the residueR is given in terms of the form factor
FT(q

2) and of the leptonic constantsf K and f B , defined by
the matrix elements ^0uq̄gmg5suK(p8)&5 i f Kpm8 and
^0uq̄ig5buB(p)&5 f BMB

2/mb ~we putmq50): R5HFT(q
2)

with H522 f K f BMB
2/mb(MB1MK). The integration do-

mainD in ~3.6!, where higher resonances with the sameB
and K quantum numbers contribute to the spectral density
r, starts from two effective thresholdss0 ands08 .

Also the perturbative contribution toP, computed for
p2→2` andp82→2`, can be written as Eq.~3.5!. More-
over, considering the first power corrections of the operator
product expansion~OPE! of the correlator~3.3! we get the
representation

P~p2,p82,q2!5
1

p2E
mb
2

1`

dsE
ms
2

1`

ds8
rQCD~s,s8,q2!

~s2p2!~s82p82!

1d3^q̄q&1d5^q̄sGq&1•••. ~3.7!

rQCD(s,s8,q2) is the perturbative spectral function; the two
other terms in~3.7!, expressed as a combination of vacuum
expectation values of quark and gluon gauge-invariant opera-
tors of dimension 3 and 5, respectively,̂q̄q& and
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^q̄sGq&5^gsq̄smnGmn
a (la/2)q&, parametrize the lowest or

der power corrections. The expressions forrQCD andd5 can
be found in Appendix A, Eqs.~A2!–~A4!; in this particular
cased3 vanishes.

We now invoke the quark-hadron duality; i.e., we assum
that the physical and the perturbative spectral densities
dual to each other, giving the same result when integra
over an appropriate interval. Assuming duality in the regi
D of the hadronic continuum

E
D
ds ds8$rhad~s,s8,q2!2rQCD~s,s8,q2!%50, ~3.8!

we derive the sum rule forFT :

HFT~q
2!

~MB
22p2!~MK

22p82!
5

1

p2E
D8
ds ds8

rQCD~s,s8,q2!

~s2p2!~s82p82!

1d3^q̄q&1d5^q̄sGq&1•••,

~3.9!

whereD8 is the region corresponding to the low-lyingB and
K states:mb

2<s<s0 , s28 (s)<s8<s18 (s) with
-

e
are
ted
on

s68 ~s!5ms
21

~s2mb
2!

2mb
2 @~mb

21ms
22q2!

6A~mb
21ms

22q2!224mb
2ms

2]

ands18 <s08 . The effective thresholdss0 ands08 can be fixed
from the QCD sum rule analysis of two-point functions in
the b and s channels. We gets0 from the calculation of
f B , ands08 from the expected mass of the first radial excita-
tion of the kaon.

An improvement of the expression in~3.9! can be ob-
tained by applying to the left- and right-hand sides the
Shifman-Vainshtein-Zakharov-~SVZ-!Borel transform, de-
fined by

BM2
1

~m22p2!n
5

1

~n21!!

e2m2/M2

~M2!n
, ~3.10!

both in the variables2p2 and2p82; M2 is a new~Borel!
parameter. This operation has the advantage that the conve
gence of the power series is improved by factorials; more-
over, for low values ofM2 andM 82 the possible contribution
of higher states in Eq.~3.9! is exponentially suppressed. The
resulting Borel transformed sum rule forFT reads
HFT~q
2!e2MB

2 /M22MK
2 /M825

1

p2E
D8
ds ds8rQCD~s,s8,q2!e2s/M22s8/M821@ d̃3^q̄q&1d̃5^q̄sGq&#e2mb

2/M22ms
2/M82.

~3.11!
From Eq.~3.11! the form factorFT(q
2) can be derived,

once the value of the Borel parametersM2 andM 82 is fixed.
This can be done observing that, sinceM2 and M 82 are
unphysical quantities,FT must be independent of them~sta-
bility region of the sum rule!; moreover, the values ofM2

andM 82 should allow a hierarchical structure in the series
the power correction and a suppression of the contribution
the continuum in the hadronic side of the sum rule.

In our numerical analysis we use the values for the qu
condensates~at a renormalization scalem.1 GeV! @11#:

^q̄q&5~2230 MeV!3,

K q̄gssmnGmn
a la

2
qL 5m0

2^q̄q&, ~3.12!

with m0
250.8 GeV2. Notice that the numerical results do no

change sensitively if the condensates are evaluated at hi
scales using the leading-logarithmic approximation for th
anomalous dimension.

As for the quark masses and leptonic constants, we
ms50.175 GeV, mb54.6 GeV, f K50.16 GeV, and
f B50.18 GeV. The thresholdss0 and s08 are chosen in the
ranges05~33–36! GeV2 ands085(1.4–1.6! GeV2, with the
Borel parameters kept fixed to the valuesM258 GeV2 and
M 8252 GeV2.
of
of

ark

t
gher
eir
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Putting these parameters in Eq.~3.11! we obtain the form
factorFT depicted in Fig. 1, where the different curves cor-
respond to different choices of the thresholdss0 ands08 . In
the sum rule, the perturbative term is a factor of 4–5 times
larger than theD55 contribution, and the integral of the
spectral function over the regionD8 gives more than 60% of
the result of the integration over the whole region of the
dispersion relation~3.5!. The duality window, where the re-
sults become independent of the Borel parametersM2 and
M 82, starts atM2.7 GeV2 andM 82.1.7 GeV2; varying
M2 in the range 7–9 GeV2 andM 82 in the range 1.7–2.5
GeV2 the results change within the bounds provided by the
different curves depicted in Fig. 1.

The same analysis can be applied to the form factorsF1
andF0 using the flavor-changing vector currentJm5 s̄gmb in
the correlator~3.3! and studying the projectionqmPam to
deriveF0 . We report in Appendix A the relevant quantities
appearing in the sum rules forF1 andF0; the difference with
respect to@15#, as far asF1 is concerned, is that we keep all
terms proportional to powers of the strange quark mass
ms . In the calculation of both the form factors, the contribu-
tions of the perturbative term and of theD53 term have
comparable size, whereas theD55 term is one order of
magnitude smaller; the contribution of the resonance in the
hadronic side of the rule is nearly equal to the contribution of
the continuum. We obtain the form factorsF1(q

2) and
F0(q

2) depicted in Fig. 1. Also in this case the Borel param-
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eters can be varied in the rangeM257–9 GeV2 and
M 8251.7–2.5 GeV2; the results change within the regio
corresponding to the different curves depicted in Fig. 1
each form factor.

We observe a differentq2 dependence for the variou
form factors. In the range ofq2 we are considering
(0<q2<13–15 GeV2) F1 follows a simple pole formula:

F~q2!5
F~0!

12
q2

MP
2

, ~3.13!

with F1(0)50.2560.03 andMP1
.5 GeV. A fit to the for-

mula ~3.13! for F0 gives the resultMP0
.7 GeV. The same

formula, applied to FT , would give FT.20.14 and
MP.4.5 GeV. Therefore, only the dependence of the fo
factor F1(q

2) does not contradict the polar behavior dom
nated byBs* , which is the nearest singularity in thet chan-
nel, as we would expect by invoking the vector meson dom
nance~VMD ! ansatz. The form factorF0 increases softly
with q2 and, as already observed in@28#, the fitted mass of
the pole is larger than the expected mass of the phys
singularity, in this case theJP501 bs̄ state. As forFT , the
VMD ansatz would predict a polar dependence, with the p
represented byBs* ; on the other hand, we observe thatFT

can be related toF1 andF0 by an identity obtained by the
equation of motion:

FIG. 1. Form factorsF1(q
2), F0(q

2), andFT(q
2) of the tran-

sitionB→Kl 1l 2. The curves refer to different sets of paramete
s0533 GeV2 and s0851.4 GeV2 ~solid line!, s0533 GeV2 and
s0851.6 GeV2 ~dashed line!, s0536 GeV2 ands0851.4 GeV2 ~dot-
ted line!, s0536 GeV2 ands0851.6 GeV2 ~dashed-dotted line!. The
Borel parameters are fixed toM258 GeV2, M 8252 GeV2.
n
for

s

rm
i-

i-

ical

ole

FT~q
2!5~MB1MK!~mb1ms!

F0~q
2!2F1~q

2!

q2
; ~3.14!

Eq. ~3.14! is in agreement with the computed form factor
FT displayed in Fig. 1, and therefore we can use the double
pole model:

FT~q
2!5

FT~0!

S 12
q2

MP1
2 D S 12

q2

MP0
2 D , ~3.15!

with FT(0)520.1460.03 andMP1
andMP0

given by the

fitted values of the mass of the poles ofF1 andF0 , respec-
tively.

It is interesting to observe that information on the possible
form of theq2 dependence of the form factors can be derived
by studying the limitmb→`. In this limit, at the zero recoil
point where the kaon is at rest in theB meson rest frame, it
is straightforward to show that the parametric dependence of
the form factors on the heavy meson massMB is given by
F1(qmax

2 );AMB and F0(qmax
2 );1/AMB @21#. Both these

scaling laws are compatible with the constraint
F1(0)5F0(0) and with a multipolar functional dependence

Fi~q
2!5

Fi~0!

S 12
q2

MPi
2 D ni ~3.16!

if n15n011. Thus, in the limitmb→`, to a polar form
factor F1(q

2) corresponds a nearly constant form factor
F0(q

2). The outcome of QCD sum rules is in agreement
with this observation@29#; the observed increasing ofF0
would be due to subleading terms contributing at finitemb .

Let us now compare our results with the outcome of dif-
ferent QCD-based approaches. In the channelB→p the
form factorF1 has been computed by light-cone sum rules
@30#, with numerical results in agreement, at finiteb-quark
mass, with the outcome of three-point function sum rules.

As for lattice QCD, bothF1 andF0 have been computed
at largeq2 @31#, and data show thatF0 has a flat dependence
on the momentum transfer, whereasF1 increases withq

2.
The full set of form factorsF1 , F0 , andFT by these other

methods is still missing; the complete comparison of our
results with such different approaches could help in under-
standing the drawbacks and the advantages of the various
methods; this would shed light on the issue of decays such as
B→pl n that are of interest as far as the measurement of
Vub is concerned.

IV. FORM FACTORS OF B˜K* l 1l 2

The form factors parametrizing the hadronic matrix ele-
ments of the transitionB→K* l 1l 2 can also be computed
by QCD sum rules by considering a three-point correlator
with the interpolating current forK* represented by the vec-
tor currentJa

K* (y)5q̄(y)gas(y). Let us define theB→K*
matrix elements:

rs:
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^K* ~p8,e!us̄gm~12g5!buB~p!&5emnabe* npap8b
2V~q2!

MB1MK*
2 i Fem* ~MB1MK* !A1~q

2!2~e* •q!~p1p8!m

A2~q
2!

~MB1MK* !

2~e* •q!
2MK*
q2

@A3~q
2!2A0~q

2!#qmG ~4.1!

and

K K* ~p8,e!Us̄smnq
n
~11g5!

2
bUB~p!L 5 i emnabe* npap8b2T1~q

2!1@em* ~MB
22MK*

2
!2~e* •q!~p1p8!m#T2~q

2!

1~e* •q!Fqm2
q2

MB
22MK*

2 ~p1p8!mGT3~q2!. ~4.2!
g

:

A3 can be written as a linear combination ofA1 andA2:

A3~q
2!5

MB1MK*
2MK*

A1~q
2!2

MB2MK*
2MK*

A2~q
2!,

~4.3!

with the condition A3(0)5A0(0). The identity
smng552( i /2)emnabsab (e0123511) implies that
T1(0)5T2(0).

The form factorsT1(q
2) and T2(q

2) can be derived by
the correlator

P̃am~p,p8,q!5 i 2E dx dy e~ ip8•y2 ip•x!

3^0uT@Ja
K* ~y!J̃m~0!J5

B~x!#u0&, ~4.4!

with

J̃m5 s̄smn

11g5

2
qnb.

ExpandingP̃am in Lorentz-independent structures

P̃am5 i eamrbp
rp8bP̃11gamP̃21other structures inp,p8,

~4.5!

we getT1 andT2 from P̃1 and P̃2 , respectively. The sum
rules have the same structure as that of Eqs.~3.9!, ~3.11!,
with the perturbative spectral functionsr(s,s8,q2) and the
power correctionsd3 and d5 reported in Appendix B. The
only difference with respect to the kaon case is the value
the K* leptonic constant, defined by the matrix eleme
^0uq̄gmsuK* (p,e)&5 f K*MK* em , with f K*5216 MeV.

In Fig. 2 we depict the form factorsT1(q
2) andT2(q

2)
obtained choosing the thresholds08 in the range 1.6–1.8
GeV2 and the other parameters as in the previous section
the sum rule for both the form factors the perturbative te
does not dominate over the nonperturbative ones: Atq250 it
represents 30% of the quark condensate contribution, an
nearly equal to theD55 term. However, it rapidly increase
with the momentum transfer, and atq2515 GeV2 it is equal
to the contribution of theD53 term, whereas theD55
contribution is an order of magnitude smaller.
of
nt

. In
rm

d is
s

Concerning the form factorT3 , we observe that it con-
tributes, together withT1 and T2 , to other invariant func-
tions in ~4.5! and, in principle, it also could be obtained by a
sum rule. However, since it can be related toA1 , A2 , and
A0 by applying the equation of motion,

T3~q
2!5MK* ~mb2ms!

A3~q
2!2A0~q

2!

q2
; ~4.6!

we prefer to use this expression to determine it, considerin
that this procedure is successful forFT(q

2).
The form factorsV andAi can be obtained by studying

the correlator~4.4! with a vectorJm
V5 s̄gmb and an axial

FIG. 2. Form factorsT1(q
2), T2(q

2), andT3(q
2) of the transi-

tion B→K* l 1l 2. The curves refer to different sets of parameters
s0533 GeV2 and s0851.6 GeV2 ~solid line!, s0533 GeV2 and
s0851.8 GeV2 ~dashed line!, s0536 GeV2 ands0851.6 GeV2 ~dot-
ted line!, s0536 GeV2 ands0851.8 GeV2 ~dashed-dotted line!. The
Borel parameters are fixed toM258 GeV2, M 8252 GeV2.
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Jm
A5 s̄gmg5b flavor-changing current, considering the proje
tion qmJm

A to deriveA0 . We collect in Appendix B the com-
plete expressions appearing in the relevant sum rules for
the form factors, excludingA0 , whose expressions can b
found in @32#; also in this case the difference with respect
@15# is that we include all powers of the strange quark ma

Using our set of parameters we getV(q2), A1(q
2),

A2(q
2), andA0(q

2) depicted in Fig. 3, and, using~4.6!, the
form factorT3 in Fig. 2.

As happens forT1 andT2 , also in the sum rules forV,
A1 , andA2 the perturbative term, atq250, is smaller than
the D53 contribution; the relative weights of the variou
contributions change with the momentum transfer, and
q2515 GeV2 the D50 andD53 terms have comparable
size. As it happens for theB→K form factors, the chosen
values ofM2 andM 82, M258 GeV2 andM 8252 GeV2,
are within the duality window where the results are indepe
dent of the Borel parameters. Also in this case, varyingM2

and M 82 in the ranges M25729 GeV2 and
M 8251.722.5 GeV2, the final results change within the
same uncertainty coming from the variation of the co
tinuum threshold.

Considering the results displayed in Figs. 2 and 3,
collect the form factorsTi , V, andAi in three sets, according
to their functional dependence on the momentum transfer
the first set we includeT1 , V, andA0 , which display a sharp
increase withq2. It is possible to fit them with a polarq2

dependence, Eq.~3.13! ~as observed also in@16,32#!, with
T1(0)50.1960.03 andMP.5.3 GeV, V(0)50.4760.03
andMP.5 GeV, andA0(0)50.3060.03 andMP.4.8 GeV
@the difference with respect to the valueT1(0)50.1760.03

FIG. 3. Form factorsV(q2), A1(q
2), A2(q

2), andA0(q
2) of

B→K* l 1l 2. The curves refer to the same set of parameters a
Fig. 2.
c-

all
e
to
ss.

s
at

n-

n-

we

. In

in Ref. @17# is due to the effect of the strange quark mass
which here has been included#.

The error in the mass of the pole is correlated to the err
in the form factor atq250, and it can be estimated to be of
the order of 200–300 MeV. The relevant result is that th
masses of the poles are not far from the values expected
the dominance of the nearest singularity in thet channel:
MP5MB

s*
for T1 andV, MP5MBs

for A0 . We stress that

the fit is performed in a range of values ofq2 where the QCD
calculation can be meaningfully carried out, therefore larg
momenta transferred (q2.15 GeV2) are not taken into ac-
count.

In the second set of form factors we includeT2 , T3 ,
and A1 . They softly decrease with q2: Fi(q

2)
5Fi(0)(11bq2), with T2(0)5T1(0) and b520.02
GeV22, T3(0)520.7 and b50.005 GeV22, and
A1(0)50.3760.03 andb520.023 GeV22 with the error in
b at the level of 10%. The dependence ofT3 is related to
A1 , A2 , andA0 .

The last form factorA2 linearly increases withq2:
A2(0)50.4060.03 andb50.034 GeV22. A fit to a polar
dependence for this form factor would giveMP>7 GeV for
the mass of the pole.

The parameters of all the form factors are collected i
Table II. Albeit the form factors have been computed in
well-defined range of momentum transfer, once their fun
tional q2 dependence has been fitted and the parameters
termined, we extrapolate them up toqmax

2 . This procedure
cannot be avoided within the method of QCD sum rules
where large positive values ofq2 are not accessible since
there is a region where the distance between the pointsx,
y, and 0 in the correlator, which is the initial ingredient o
this approach, is large, and therefore the standard OPE c
not be used; this is shown by the occurrence of singulariti
in the correlator whenq2 is close toqmax

2 .
As for the computed dependence on the momentum tran

fer, is worth remembering that deviations from the VMD
expectations for the form factorsA1 andA2 have been al-
ready observed in the literature, first in theD→K* l n @15#
channel and then forB→rl n @16#. Here we find a kind of
common feature; i.e., all form factors deviating from the po

s in

TABLE II. Parameters of the form factors. The functionalq2

dependence is either polar,F(q2)5F(0)/(12q2/MP
2 ), or linear,

F(q2)5F(0)(11bq2). For the form factorFT see text.

F(0) MP ~GeV! b ~GeV22)

F1 0.2560.03 5
F0 0.2560.03 7
FT 20.1460.03
V 0.4760.03 5
A1 0.3760.03 20.023
A2 0.4060.03 0.034
A0 0.3060.03 4.8
T1 0.1960.03 5.3
T2 0.1960.03 20.02
T3 20.7 0.005
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lar dependence~excludingFT) seem to depend linearly on
the momentum transfer, with small~positive or negative!
slopes.

It is interesting that also forT1(q
2) andT2(q

2) we can
use the argument developed in the previous section conc
ing the limit mb→`: SinceT1(qmax

2 );AMB and T2(qmax
2 )

;1/AMB, the constraintT1(0)5T2(0) can be fulfilled by a
multipolarq2 dependence ifn15n211 in Eq. ~3.16!.

At zero momentum transfer our results numerically agr
with those obtained by the method of light-cone sum ru
@33#, within the errors and taking into account the differe
choices of the input parameters. In@33# it has also been
observed thatT1 , V, andA1 have different functional depen
dences onq2; the difference with respect to our case is th
the slopes are larger than those obtained from three-p
sum rules; in particular, the form factorA1 increases with
q2. The origin of this discrepancy should be investigated.

The form factorsT1 andT2 have been computed by lat
tice QCD @34,35# near the point of zero recoil and for th
mass of the heavy quark smaller thanmb , due to the finite
size of the available lattices; therefore, the results atq250
and for a realistic value ofmb are obtained after an extrapo
lation in the momentum transfer and in the heavy qua
mass. Also, in this case, in the region of large values ofq2,
the form factorT1 increases rapidly with the momentum
transfer, whereasT2 is quite flat. As for the analyticq2 be-
havior obtained from lattice calculations, it seems to us t
larger lattices are needed to enlarge the range of momen
transfer where the measurements can be performed, in o
to clearly disentangle different possible dependences ofT1
andT2 ~e.g., dipole versus pole or pole versus constant!.

V. RELATIONS BETWEEN RARE AND SEMILEPTONIC
B DECAY FORM FACTORS

In the limitmb→` Isgur and Wise@21# and Burdman and
Donoghue@22# have derived exact relations between th
form factorsFT , Ti in Eqs.~3.2!, ~4.2! and the form factors
Fi , V, Ai in Eqs. ~3.1!, ~4.1!. These relations can be easil
worked out observing that, in the effective theory where t
b-quark mass is taken to the infinity, the equationg0b5b is
satisfied in the rest frame of theB meson.

In our parametrization such relations can be writt
as follows, near the point of zero reco
@q2.qmax

2 5(MB2MK(* ))
2#:

FT~q
2!52

MB1MK

2MB
FF1~q

2!

2~MB
22MK

2 !
F0~q

2!2F1~q
2!

q2 G , ~5.1!

T1~q
2!5

MB1MK*
4MB

A1~q
2!1

MB
22MK*

2
1q2

4MB~MB1MK* !
V~q2!,

~5.2!
ern-

ee
les
nt

-
at
oint

-
e

-
rk

hat
tum
rder

e

y
he

en
il

T2~q
2!5

~MB
22MK*

2
1q2!

4MB~MB2MK* !
A1~q

2!

1
l~MB

2 ,MK*
2 ,q2!

4MB~MB2MK* !~MB1MK* !2
V~q2!,

~5.3!

T3~q
2!52

MB
213MK*

2
2q2

4MB~MB1MK* !
V~q2!1

MK*
2MB

A3~q
2!

1
MK* ~MB

22MK*
2

!

2MB

A3~q
2!2A0~q

2!

q2
, ~5.4!

wherel is the triangular function.
It has been argued by several authors that the relation

~5.1!–~5.4! could also be valid at low values ofq2 @22#,
although a general proof has not been found in support o
this hypothesis.

Using the form factors computed by QCD sum rules in
the previous sections, it is possible to check Eqs.~5.1!–~5.4!.
In Fig. 4 we plot the ratioR5F/F IW in the case ofFT ,
T1 , andT2 , as a function ofq2, in the range of momentum
transfer where the calculation has been carried out. We ob
serve that the relations between the various form factors ar
verified at different levels of accuracy.

In the case ofFT the ratioR differs from unity at the
level of ~25–30!%, including the uncertainty coming from
the errors of the various parameters. In particular, atq250
we haveFT /FT

IW50.760.1. The situation is different for the

FIG. 4. Momentum dependence of the ratio between rare and
semileptonic form factorsR5Fi(q

2)/Fi
IW(q2); Fi

IW are obtained
from Eqs.~5.1!–~5.3!.
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ratios concerningT1 andT2 , which differ from unity at the
level of ~10–20!%: at q250 we haveT1 /T1

IW50.9460.05
andT2 /T2

IW51.1260.05.
These results support the argument put forward in@17# on

the validity of the Isgur-Wise relations, in the limitmb→`
also at small values ofq2; they also can be well compared t
the outcome of light-cone sum rules, obtained forT1 at a
finite mb @33#. The conclusion is that theb quark is near to
the mass shell also when the recoil of the light hadron
large with respect tomb , with 1/mb corrections that do not
appear to overwhelm the effect.

Relations~5.1!–~5.4! could be used to perform a mode
independent analysis of the decaysB→K (* )l 1l 2 employ-
ing experimental information~when available! on the form
factors of the semileptonic transitionB→rl n @36#. In par-
ticular, since~5.1!–~5.4! are valid on general grounds in th
largeq2 region, it has been proposed to perform the analy
in the range of large invariant mass of the lepton pair, e
M l 1l 2>4 GeV.

Albeit in principle correct, we feel that, from the exper
mental point of view, the procedure of extracting the sem
leptonicB→r form factors near zero recoil will be rathe
o

is

l-

e
sis
.g.,

i-
i-
r

difficult, with large uncertainties in the final result. The prob-
lem is not avoided by the possible choice of using the form
factors of the semileptonic transitionD→K* l 1n, and then
rescaling them according to the their leading dependence on
the heavy mass, i.e.,

VBr~qmax
2 !

VDK* ~qmax
2 !

5AMB

MD
,

etc. @neglecting SU~3! F andas corrections#. As a matter of
fact, in such a procedure the next-to-leading mass corrections
could be large and not under control. Finally, as we shall see
in the next section, the differential branching ratios of
B→K (* )l 1l 2 at largeq2 are small, and therefore the ex-
perimental errors are expected to be sizable. For this reaso
we prefer to propose an analysis of the decay extended to th
full range of q2, using hadronic quantities determined in a
well-defined theoretical framework. The dependence on the
computational scheme will be reduced once the different
form factors have been computed by different QCD calcula-
tions, and the whole information collected in a unique set of
form factors.
he
VI. DECAY B˜Kl 1l 2

We can now compute the invariant-mass-squared distribution of the lepton pair in the decayB→Kl 1l 2:

dG

dq2
~B→Kl 1l 2!5

MB
3GF

2a2

1536p5 uVts*Vtbu2H UC7 2mbS 2
FT~q

2!

MB1MK
D 1C9

effF1~q
2!U21uC10F1~q

2!u2J
3F S 12

MK
2

MB
2 D 21S q2MB

2 D 222S q2MB
2 D S 11

MK
2

MB
2 D G3/2 ~6.1!

(q25M l 1l 2
2 ). The contribution of the operatorsO7 , O9 , andO10 is taken into account in the terms proportional toC7 ,

C9 , andC10. The operatorsO1 andO2 provide a short distance contribution, with a loop of charm quarks described by t
functionh(x,s) (x5mc /mb , s5q2/mb

2) @23,24#:

h~x,s!52F49 lnx22 8

27
2
16

9

x2

s
1
4

9
A4x2

s
21S 21

4x2

s D arctanS 4x2s 21D 21/2G ~6.2!

if s,4x2 and

h~x,s!52H 49 lnx22 8

27
2
16

9

x2

s
1
2

9
A12

4x2

s S 21
4x2

s D F lnU11A124x2/s

12A124x2/s
U2 ipG J ~6.3!

if s.4x2; the imaginary part in~6.3! comes from on-shell
charm quarks.O1 andO2 also provide a long distance con-
tribution, related tocc̄ bound states (J/c,c8) converting
into the lepton pairl 1l 2 @37,38#. This contribution can be
described in terms of theJ/c and c8 leptonic decay con-
stantŝ 0uc̄gmcuc i(e,q)&5em f c i

Mc i
and of the fullJ/c and

c8 decay widthsGc i
. We derivef c i

from the experimental
branching ratioc i→l 1l 2; in this way the whole contribu-
tion of O1 andO2 can be taken into account by modifying
the coefficientC9 into C9

eff :

C9
eff5C91~3C11C2!Fh~x,s!

1k(
i51

2 pG~c i→l 1l 2!Mc i

q22Mc i
2 1 iM c i

Gc i
G . ~6.4!

If the nonleptonicB→Kc i transition is computed by factor-
ization, the parameterk is given by
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k5
3

a2

uVcb* Vcsu
uVts*Vtbu

;

the sign between the short distance and the long dista
terms in~6.4! can be fixed according to the analyses in R
@38#. In Ref. @5# the value ofk is appropriately chosen in
order to reproduce the quantity

B~B→Kl 1l 2!ures5(
i51

2

B~B→c iK !B~c i→l 1l 2!

.731025 @39#. ~6.5!

This can be done by choosingk.(1.5–2!(3/a2). Notice
that, since theJ/c andc8 resonances are narrow, their co
tribution modifies the dilepton spectrum only in the regio
close toM l 1l 2

2
5MJ/c

2 ,Mc8
2 .

As input parameters we choose the ra
mc /mb50.27–0.29 and the value of the CKM matrix ele
mentuVtsu.0.04; a different value foruVtsu only modifies the
prediction of the branching ratio, leaving unchanged
shape of the spectrum@40#.

We depict in Fig. 5 the obtained invariant-mass-squa
distribution of the lepton pair inB→Kl 1l 2. In the same
figure we also plot the spectrum obtained considering o
the short distance contribution, which gives the branch
ratio ~usingtB51.5310212 sec for theB2 meson lifetime!
B(B→Kl 1l 2)usd.331027uVts/0.04u2, to be compared to
the experimental upper limit~obtained excluding the region
nearJ/c andc8) B(B2→K2m1m2),0.931025 ~at 90%
C.L.! @41,42#. The uncertainty coming from the two possib
values ofC9 in Table I is less then 1% and does not ha
relevant consequences on the predicted branching ratio
on the invariant mass distribution.

From the experimental point of view, the measurement
the spectrum in Fig. 5 is a nontrivial task; hopefully, it wi
be possible to obtain experimental results from the fut
dedicatede1e2 colliders. The important point to be stresse
is that, in the distribution depicted in Fig. 5 the theoretic
uncertainty connected to the hadronic matrix element is
duced to a well-defined QCD computational scheme~QCD
sum rules!, so that in the studies of the effects of interactio
beyond the standard model the hadronic uncertainty
longer plays a major role.

VII. DECAY B˜K* l 1l 2

A great deal of information can be obtained from th
channelB→K* l 1l 2 investigating, together with the lep
ton invariant mass distribution, also the forward-backwa
~FB! asymmetry in the dilepton angular distribution; th
may reveal effects beyond the standard model that could
be observed in the analysis of the decay rate.

A FB asymmetry in the dilepton angular distribution is
hint on parity violation. Since the decayB→K* l 1l 2 pro-
ceeds throughg, Z, andW intermediate bosons, we expect
different behavior in the variousq2 kinematical regions. In
the region of lowq2, the photon exchange dominates, lea
ing to a substantially vectorlike parity-conserving intera
tion; as a consequence, we expect a small asymmetry. On
other hand, whenq2 is large, the contribution ofZ andW
nce
ef.
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exchange diagrams becomes important, and the interaction
acquires theV-A parity-violating structure, leading to a large
asymmetry. As already observed in Ref.@43# this pattern
strongly depends on the value of the top quark mass, and the
penguin diagrams withZ exchange and theW box diagram
are expected to overwhelm the photon penguin diagram in
correspondence to the measuredmt . Moreover, since the FB
asymmetry is sensitive not only to the magnitude of the Wil-
son coefficients, but also to their sign@5#, it can be used to
probe the values predicted by the standard model.

Let us defineu l as the angle between thel 1 direction
and theB direction in the rest frame of the lepton pair. Since,
in the case of massless leptons, as we assume, the amplitud
can be written as sum of noninterfering helicity amplitudes,
the double differential decay rate reads as follows:

d2G

dq2d cosu l
5
GF
2 uVtbVts* u2a2

213p5

l1/2~MB
2 ,MK*

2 ,q2!

MB
3

3$sin2u l AL1q2@~11cosu l !2~A1
L 1A2

R !

1~12cosu l !2~A2
L 1A1

R !#%, ~7.1!

where AL corresponds to a longitudinally polarizedK* ,
while A1(2)

L(R) represent the contribution from left~right! lep-
tons and fromK* with transverse polarization:

e65S 0, 1A2 ,6 i

A2
,0D .

We obtain

AL5
1

MK*
2 $uB1~MB

22MK*
2

2q2!1B2lu2

1uD1~MB
22MK*

2
2q2!1D2lu2% ~7.2!

and

A6
L 5ul1/2~A2C!7~B12D1!u2, ~7.3!

FIG. 5. Invariant-mass-squared distribution of the lepton pair for
the decayB→Kl 1l 2; the dashed line refers to the short distance
contribution only.
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A6
R5ul1/2~A1C!7~B11D1!u2, ~7.4!

wherel5l(MB
2 ,MK*

2 ,q2). The termsA,C,B1 ,D1 contain
the short distance coefficients, as well as the form factors

A5
C7

q2
4mbT1~q

2!1C9

V~q2!

MB1MK*
, ~7.5!

C5C10

V~q2!

MB1MK*
, ~7.6!

B15
C7

q2
4mbT2~q

2!~MB
22MK*

2
!

1C9A1~q
2!~MB1MK* !, ~7.7!

B252FC7

q2
4mbS T2~q2!1q2

T3~q
2!

~MB
22MK*

2
! D

1C9

A2~q
2!

MB1MK*
G , ~7.8!

D15C10A1~q
2!~MB1MK* !, ~7.9!

D252C10

A2~q
2!

MB1MK*
. ~7.10!

The FB asymmetry is defined as

AFB~q2!

5

E
0

1 d2G

dq2d cosu l
d cosu l 2E

21

0 d2G

dq2d cosu l
d cosu l

E
0

1 d2G

dq2d cosu l
d cosu l 1E

21

0 d2G

dq2d cosu l
d cosu l

;

~7.11!

thus, we have

AFB~q2!5
3

4

2q2~A1
L 1A2

R2A2
L 2A1

R !

AL12q2~A2
L 1A1

R1A1
L 1A2

R !
. ~7.12!

AFB(q2) is depicted in Fig. 6; it is consistent with the pre
diction of low asymmetry in the smallq2 region and high
asymmetry for largeq2. The analysis of the individual
shapes of the helicity amplitudes~neglecting the long dis-
tance contribution! shows thatA1

L andA1
R have comparable

size, and therefore there is a cancellation of their contributi
in Eq. ~7.12!; moreover, they are small with respect t
A2
L,R . In the region of largeM l 1l 2

2 , A2
L dominates over

A2
R , whereas the situation is reversed for low dilepton in

variant mass squared, and this is the reason for the sm
positive asymmetry appearing in Fig. 6 forM l 1l 2

2 <3
GeV2. It is interesting to observe that such positive asym
metry depends onC7 , and that it disappears ifC7 has a
reversed sign.

The invariant-mass-squared distribution of the lepton p
is depicted in Fig. 7, where the short distance contribution
separately displayed. The predicted branching ratio
:

-

on
o

-
all

-

air
is
is

B(B→K* l 1l 2)usd5131026uVts/0.04u2, to be compared
to the experimental upper limitB(B̄0→K* 0m1m2)
,3.131025 ~CLEO II! and B(B̄0→K* 0m1m2),2.3
31025 ~UA1! ~at 90% C.L.! obtained excluding the region
of the resonancesJ/c andc8 @41,44,39#. Also in this case
the uncertainty inC9 does not have relevant consequences.

The interesting observation is that, for low values of the
invariant mass squared, the distribution is still sizable, an
effect that could be revealed at futureB factories such as the
Pep-II asymmetrice1e2 collider at SLAC.

VIII. CONCLUSIONS

In this paper we have analyzed some features of the rare
decaysB→Kl 1l 2 andB→K* l 1l 2 within the theoreti-
cal framework provided by the standard model, using an ap-
proach based on three-point function QCD sum rules to com-
pute the relevant hadronic matrix elements.

Albeit QCD sum rules have their own limitations~finite
number of terms in the operator product expansion of the

FIG. 6. Forward-backward asymmetry in the decay
B→K* l 1l 2; the dashed line refers to the short distance contribu-
tion only.

FIG. 7. Invariant-mass-squared distribution of the lepton pair for
the decayB→K* l 1l 2; the dashed line refers to the short distance
contribution only.
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correlators, values of the condensates, validity of the lo
duality assumption!, we believe that the obtained results a
meaningful from the quantitative point of view.

There is a quite good agreement with independent Q
methods~lattice QCD, light-cone sum rules! for a few quan-
tities computed by the various approaches. The calculat
of the remaining quantities (F0 , Ti , A0) by the other two
methods is required in order to complete the overview on
various results.

We have used our results to test some relations among
computed form factors which hold in the infinite heavy qua
limit, but that are expected to hold also for low values
q2 and for finiteb mass. We have found that the differe
form factors satisfy with different accuracies these relatio
which can be explained by a different role of the 1/mb cor-
rections.
cal
re

CD

ons

the

the
rk
of
t
ns,

As for the decays we have analyzed in the present pape
within the standard model they are expected with branching
ratios of the order 1027 (B→Kl 1l 2) and 1026

(B→K* l 1l 2), with peculiar shapes of the invariant mass
of the lepton pair and of the FB asymmetry. Any deviation
from the above expectations would be interpreted as a sign
of deviation from the standard model. Interesting experimen
tal data are therefore expected from current and future
e1e2 colliders in this exciting sector of the heavy flavor
physics.
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APPENDIX A: B˜Kl 1l 2

The three-point function QCD sum rule for the form factorFT(q
2) in Eq. ~3.2! can be derived by studying the function

P(p2,p82,q2) in Eq. ~3.4! and using in Eqs.~3.9!, ~3.11! the expressions

H522 f K f B
MB

2

mb

1

MB1MK
, ~A1!

r~s,s8,q2!5
3

2l3/2 H 2D8s2Du1
1

l
@6D82s212Dss826DD8su1D2u2#J , ~A2!

with D5s2mb
2 , D85s82ms

2 , u5s1s82q2, l5u224ss8. The coefficients ofD53 andD55 vacuum matrix elements are
given by

d350, ~A3!

d55
mb

3r 2r 82
, ~A4!

with r5p22mb
2 , r 85p822ms

2 .
Also F1(q

2) andF0(q
2) can be derived by equations analogous to~3.9!, ~3.11!. The relevant quantities forF1(q

2) are
given by

H5 f K f B
MB

2

mb
, ~A5!

r~s,s8,q2!5
3

8l3/2Hmb@2D~u2s8!1D8~u24s!#1ms~Du22D8s!

1
2mb

l
@D2~3s8u22ss82u2!1D82~3su26s2!12DD8~3su22ss82u2!#J , ~A6!

d352
1

2rr 8
, ~A7!

d55
mb
2

4r 3r 8
1

ms
2

4rr 83
1

1

6r 2r 8
1
2ms

22msmb22q2

12r 2r 82
. ~A8!

For F0(q
2) the formulas read

H5 f K f B
MB

2

mb
~MB

22MK
2 !, ~A9!
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r~s,s8,q2!5
3

8Al
H D~mb2ms!1

2D8s2Du

l
$mb@2~D2D8!12s82u#1ms~u22s!%J , ~A10!

d352
mb~mb2ms!

rr 8
, ~A11!

d55~mb2ms!Fmbms
2

2rr 83
1
mb~mb

22mbms1ms
22q2!

6r 2r 82
1
mb2ms

6rr 83
1

mb
3

2r 3r 8
1

2mb

3r 2r 8
G . ~A12!

In the formulas for the coefficients of the nonperturbative contributions, reported in this appendix and in the following one
have omitted all terms that vanish after the double Borel transform.

APPENDIX B: B˜K* l 1l 2

The quantities appearing in the sum rule for the form factorT1(q
2) in Eq. ~4.2! read

H52 f K*MK* f B
MB

2

mb
, ~B1!

r~s,s8,q2!5
3

8Al
H D2

1

l
$mbms@2D8s12Ds82u~D1D8!#

1~s82u!~2D8s2Du!2s~2Ds82D8u!2D82s2D2s81DD8u%J , ~B2!

d352
~mb1ms!

2rr 8
, ~B3!

d55
ms

12rr 82
1
3mb12ms

12r 2r 8
1
ms
2~mb1ms!

4rr 83
1
mb
2~mb1ms!

4r 3r 8
2

~mb1ms!@mbms12~q22mb
22ms

2!#

12r 2r 82
. ~B4!

For the form factorT2(q
2),

H52 f K*MK* f B
MB

2

mb
~MB

22MK*
2

!, ~B5!

r~s,s8,q2!5
3

16Al
Hmbms~D82D!1~Ds82D8s!1~u22s!

~D82s1D2s82DD8u!

l J , ~B6!

d35
~mb2ms!@~mb1ms!

22q2#

4rr 8
, ~B7!

d552
3mb1ms

24rr 8
2

~mb2ms!ms
2@~mb1ms!

22q2#

8rr 83
2

~mb2ms!mb
2@~mb1ms!

22q2#

8r 3r 8

1
~mb2ms!@~mb1ms!

22q2#@mbms22~mb
21ms

22q2!#

24r 2r 82
1
q2~2mb2ms!22~mb1ms!~mb

22ms
2!

24rr 82

1
q2~5mb24ms!24~mb1ms!~mb

22ms
2!

24r 2r 8
. ~B8!

For the form factorV(q2),

H5 f K*MK* f B
MB

2

mb

2

MB1MK*
, ~B9!

r52
3

4l3/2@mb~2Ds82D8u!1ms~2D8s2Du!#, ~B10!
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d352
1

rr 8
, ~B11!

d55
1

3r 2r 8
1

mb
2

2r 3r 8
1

ms
2

2rr 83
1
2~mb

21ms
22q2!2mbms

6r 2r 82
. ~B12!

For the form factorA1(q
2),

H5 f K*MK* f B
MB

2

mb
~MB1MK* !, ~B13!

r5
3

8Al
F ~mbD81msD!1

2mb

l
~D82s1D2s82DD8u!G , ~B14!

d352
1

2rr 8
@mb

21ms
22q212mbms#, ~B15!

d552
1

6rr 8
1
3mb

219mbms14ms
224q2

12r 2r 8
1
4mb

216mbms16ms
224q2

24r 2r 82
1
ms
2@~mb1ms!

22q2#

4rr 83
1
mb
2@~mb1ms!

22q2#

4r 3r 8

2
24mb

426mb
3ms24mb

2ms
226mbms

324ms
424mb

2q216mbmsq
218ms

2q224q4

24r 2r 82
. ~B16!

For the form factorA2(q
2),

H5 f K*MK* f B
MB

2

mb

1

MB1MK*
, ~B17!

r52
3

8l3/2Hmb~2Ds82D8u!1ms~2D8s2Du!

1
2mb

l
@D82~2ss81u223su!13D2~2s822s8u!12DD8~23s8u12ss81u2!#J , ~B18!

d352
1

2rr 8
, ~B19!

d552
1

6r 2r 8
1

ms
2

4rr 83
1

mb
2

4r 3r 8
1
2mb

212ms
222q22mbms

12r 2r 82
. ~B20!
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