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We investigate the transition form factors for theB→K* l 1l 2 ( l 5m,t) decay in light cone QCD. It is found
that the light cone and three-point QCD sum rule analyses for some of the form factors for the decay
B→K* l 1l 2 lead to absolutely differentq2 dependence. The invariant dilepton mass distributions for the
B→K* m1m2 andB→K* t1t2 decays and final lepton longitudinal polarization asymmetry, which includes
both short- and long-distance contributions, are also calculated.@S0556-2821~97!06519-3#

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

I. INTRODUCTION

Experimental observation@1# of the inclusive and exclu-
sive radiative decaysB→Xsg and B→K* g stimulated the
study of rareB decays on a new footing. These flavor-
changing neutral current~FCNC! b→s transitions in the
standard model~SM! do not occur at tree level and appear
only at loop level. Therefore the study of these rareB-meson
decays can provide a means of testing the detailed structure
of the SM at the loop level. These decays are also very useful
for extracting the values of the Cabibbo-Kobayashi-Maskava
~CKM! matrix elements@2#, as well as for establishing new
physics beyond the standard model@3#.

Currently, the main interest on rareB-meson decays is
focused on decays for which the SM predicts large branching
ratios and can be potentially measurable in the near future.
The rareB→Kl 1l 2 and B→K* l 1l 2 decays are such de-
cays. The experimental situation for these decays is very
promising@4#, with e1e2 and hadron colliders focusing only
on the observation of exclusive modes withl 5e, m and t
final states, respectively. At quark level the process
b→sl1l 2 takes place via electromagnetic andZ penguin
andW box diagrams and are described by three independent
Wilson coefficientsC7 , C9 , andC10. Investigations allow
us to study different structures, described by the above men-
tioned Wilson coefficients. In the SM, the measurement of
the forward-backward asymmetry and invariant dilepton
mass distribution inb→ql1l 2(q5s,d) provide information
on the short distance contributions dominated by the top
quark loops and are essential in separating the short distance
FCNC process from the contributing long distance effects@5#
and also are very sensitive to the contributions from new
physics@6#. Recently it has been emphasized by Hewett@7#
that the longitudinal lepton polarization, which is another
parity violating observable, is also an important asymmetry
and that the lepton polarization inb→sl1l 2 will be measur-
able with the high statistics available at theB factories cur-
rently under construction. However, in calculating the
branching ratios and other observables in hadron level, i.e.,
for B→K* l 1l 2 decay, we have the problem of computing
the matrix element of the effective HamiltonianHeff be-

tween the statesB and K* . This problem is related to the
nonperturbative sector of QCD.

These matrix elements, in the framework of different ap-
proaches such as chiral theory@8#, three point QCD sum
rules method@9#, relativistic quark model by the light-front
formalism @10,11#, have been investigated. The aim of this
work is the calculation of these matrix elements in light cone
QCD sum rules method and to study the lepton polarization
asymmetry for the exclusiveB→K* l 1l 2 decays.

The effective Hamiltonian for theb→sl1l 2 decay, in-
cluding QCD corrections@12–14# can be written as

He f f5
4GF

&
VtbVts* (

i 51

10

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

which is evolved from the electroweak scale down tom;mb
by the renormalization group equations. HereVi j represent
the relevant CKM matrix elements, andOi are a complete set
of renormalized dimension 5 and 6 operators involving light
fields which govern theb→s transitions andCi(m) are the
Wilson coefficients for the corresponding operators. The ex-
plicit forms of Ci(m) and Oi(m) can be found in@12–14#.
For b→sl1l 2 decay, this effective Hamiltonian leads to the
matrix element

M5
GFa

&p
VtbVts* FC9

effs̄LgmbLl̄gml 1C10s̄LgmbLl̄gmg5l

22
C7

q2 s̄ismnqn~mbR1msL !bl̄gml G , ~2!

where q2 is the invariant dilepton mass, and
L(R)5@12(1)g5#/2 are the projection operators. The co-
efficient C9

eff(m,q2)[C9(m)1Y(m,q2), where the functionY
contains the contributions from the one loop matrix element
of the four-quark operators and can be found in@12–14#.
Note that the functionY(m,q2) contains both real and imagi-
nary parts~the imaginary part arises when thec quark in the
loop is on the mass shell!.

The B→K* l 1l 2 decay also receives large long distance
contributions from the cascade processB→K* J/
c(c8)→K* l 1l 2. These contributions are taken into account*Electronic address: taliev@rorqual.cc.metu.edu.tr
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by introducing a Breit-Wigner form of the resonance propo-
gator and this procedure leads to an additional contribution
to C9

eff of the form @15#

2
3p

a2 (
V5J/c,c8

mVG~V→ l 1l 2!

~q22mV
2 !2 imVGV

.

As we noted earlier, for the calculation of the branching
ratios for the exclusiveB→K* l 1l 2 decays, first of all, we
must calculate the matrix elements^K* us̄gm(12g5)quB&
and ^K* us̄ismnpn(11g5)quB&. These matrix elements can
be parametrized in terms of the form factors as follows~see
also @9#!:

^K* ~p,e!us̄gm~12g5!buB~p1q!&

52emnrse* nprqs
2V~q2!

mB1mK*

2 i em* ~mB1mK* !A1~q2!1 i ~e* q!Pm

A2~q2!

mB1mK*

1 i ~e* q!
2mK*

q2 @A3~q2!2A0~q2!#qm , ~3!

^K* ~p,e!us̄ismnqn~11g5!buB~p1q!&

54emnrse* nprqsT1~q2!12i @em* ~Pq!

2~e* q!Pm#T2~q2!12i ~e* q!Fqm2
q2

Pq
PmGT3~q2!,

~4!

whereem* is the polarization vector ofK* , p1q and p are
the momentum ofB andK* andPm5(2p1q)m . The form
factor A3(q2) can be written as a linear combination of the
form factorsA1 andA2 ~see@9#!:

A3~q2!5
mB1mK*

2mK*
A1~q2!2

mB2mK*
2mK*

A2~q2!, ~5!

with the conditionA3(0)5A0(0). In calculating these form
factors we employ the light cone QCD sum rules.

II. QCD SUM RULES FOR FORM FACTORS

According to the QCD sum rules ideology, in order to
calculate the form factors we start by considering the repre-
sentation of a suitable correlator function in terms of hadron
language and quark-gluon language. Equating these repre-
sentations we get the sum rules. For this purpose we choose
the following correlators.

Pm
~1!~p,q!5 i E d4xeiqx^K* ~p!us̄~x!gm~12g5!b~x!

3b̄~0!ig5q~0!u0&, ~6!

Pm
~2!~p,q!5 i E d4xeiqx^K* ~p!us̄~x!ismnqn~11g5!b~x!

3b̄~0!ig5q~0!u0&. ~7!

Here the first correlator is relevant for the calculation of the
formfactorsV(q2), A1(q2), A2(q2), andA0(q2) and the sec-
ond one forT1 , T2 , andT3 .

The main task in QCD is the calculation of the correlation
functions~6! and~7!. This problem can be solved in the deep
Euclidean region, where both virtualitiesq2 and (p1q)2 are
large and negative. The virtuality of the heavy quark in the
correlators~6! and ~7! is large, of ordermb

22(p1q)2, and
one can use the perturbative expansion of its propagator in
the external field of slowly varying fluctuations inside the
vector meson. Then, the leading contribution is

Pm
~1!~p,q!5 i E d4xd4k

~2p!4

ei ~q2k!x

~mb
22k2!

3^K* us̄~x!gm~12g5!~k”1mb!g5q~0!u0&,

~8!

Pm
~2!~p,q!52E d4xd4k

~2p!4

ei ~q2k!x

~mb
22k2!

qn

3^K* us̄~x!smn~11g5!~k”1mb!g5q~0!u0&.

~9!

It is obvious from the above expressions that the problem is
reduced to the calculation of the matrix elements of the
gauge-invariant nonlocal operators, sandwiched in between
the vacuum and the meson states. These matrix elements
define the vector meson light cone wave functions. Follow-
ing @16,17# we define the meson wave functions as

^0uq̄~0!smnq~x!uK* ~p,e!&

5 i ~empn2enpm! f K*
' E

0

1

due2 iupxf'~u,m2!, ~10!

^0uq̄~0!gmq~x!uK* ~p,e!&

5pm

ex

px
f K* mK* E

0

1

due2 iupxf i~u,m2!

1S em2pm

ex

pxD f K* mK* E
0

1

due2 iupxg'
~v !~u,m2!, ~11!

^0uq̄~0!gmg5q~x!uK* ~p,e!&

52
1

4
emnrsenprxs f K* mK* E

0

1

due2 iupxg'
~a!~u,m2!.

~12!

The functionsf'(u,m2) and f i(u,m2) give the leading
twist distributions in the fraction of total momentum carried
by the quark in the transversaly and longitudinally polarized
meson, respectively. In@17# it was shown that
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g'
v ~u!5

3

4
@11~2u21!2#, ~13!

g'
a ~u!56u~12u!, ~14!

which we use in the numerical analysis. For the explicit form
of f'(u,m2) we shall use the results of@17#:

f'~u,m2!56u~12u!H 11a1~m!~2u21!

1a2~m!F ~2u21!22
1

5G1a3~m!F7

3
~2u21!3

2~2u21!G1•••J , ~15!

an~m!5an~m0!F as~m!

as~m0!G
gn /b

. ~16!

Hereb5 11
3 NC2 2

3 nf , and

gn5CFS 114(
j 52

n11
1

j D , ~17!

whereCF5(NC
2 21)/2NC .

As in @17#, we will use the following values for the pa-
rameters appearing in Eqs.~10!–~12! and Eq.~15!:

f K*
'

5210 MeV, a1
K* ~m5mb!50.57,

a2
K* ~m5mb!521.35, anda3

K* ~m5mb!50.46,

f i~u,m2!56u~12u!. ~18!

Using Eqs.~10!–~12!, we get the following results from Eq.
~8! and Eq.~9! for the theoretical part of the sum rules:

Pm
~1!52 imbf K* mK* E

0

1 du

D Fem* g'
~v !12~qe* !pm

1

D
~F i2G'

~v !!G2emnrse* nprqsFmb

2
f K* mK* E

0

1 du

D2 g'
~a!1 f K*

' E
0

1

du
f'

D G
2 i f K*

' E
0

1

du
f'

D
@em* ~pq1p2u!2pm~qe* !#, ~19!

Pm
~2!5emnrse* nprqsH mbf K*

' E
0

1 du

D
f'2mK* f K* F E

0

1 du

D
~F i2G'

~v !!2E
0

1 du

D
ug'

~v !2E
0

1 du

2D2 g'
~a!~D1q21pqu!G J

1 i @em* ~pq!2~qe* !pm#H mbf K*
' E

0

1 du

D
f'1mK* f K* E

0

1 du

D
F2~F i2G'

~v !!1ug'
~v !1

g'
~a!

2
1

g'
~a!u~qp!

2D
G J

1 imK* f K* @em* q22~qe* !qm#E
0

1 du

D Fg'
~v !2

p2u

2D
g'

~a!G12imK* f K* ~qe* !@pmq22~pq!qm#E
0

1 du

D2 ~F i2G'
~v !!, ~20!

where

F i~u!52E
0

u

f i~v !dv,

G'
~v !~u!52E

0

u

g'
~v !~v !dv, ~21!

and

D5mb
22~q1pu!2.

Let us turn our attention to the physical part of the correlator
functions ~6! and ~7!. Writing a dispersion relation in the
variable (p1q)2, one can separate theB meson ground state
contribution to the correlator functionsPm

(1) and Pm
(2) , by

inserting a complete set of states between the currents in Eqs.
~6! and ~7! focusing on the termuB&^Bu:

Pm
~1!5

f BmB
2

mb@mB
22~q1p!2#

^K* ~p!us̄gm~12g5!quB~p1q!&,

~22!

Pm
~2!5

f BmB
2

mb@mB
22~q1p!2#

3^K* ~p!us̄ismaqa~11g5!quB~p1q!&. ~23!

Using the definitions of the form factors@see Eqs.~3! and
~4!# in Eqs.~22! and ~23! and equating these expressions to
Eqs.~19! and~20!, we get the sum rules for the form factors.
The remaining part of the calculation follows from the QCD
sum rules procedure: perform the Borel transformation on
the variable (p1q)2 and subtract the continuum and higher
states contributions invoking quark-hadron duality.~Details
of these procedures can be found in@17–19#!. After this
procedure we obtain the following sum rules for the form
factors:
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V~q2!5
mB1mK*

2

mb

f BmB
2 emB

2 /M2E
d

1

du

3expS 2
mb

21p2uū2q2ū

uM2 D
3H mbf K* mK*

g'
~a!

2u2M2 1
f K*
' f'

u J , ~24!

A1~q2!5
1

mB1mK*

mb

f BmB
2 emB

2 /M2E
d

1

du

3expS 2
mb

21p2uū2q2ū

uM2 D H mbf K* mK*
g'

~v !

u

1
f K*
' f'~mb

22q21p2u2!

2u2 J , ~25!

A2~q2!52~mB1mK* !
mb

f BmB
2 emB

2 /M2E
d

1

du

3expS 2
mb

21p2uū2q2ū

uM2 D
3H mbf K* mK*

u2M2 ~F i2G'
~v !!2

1

2
f K*
' f'

u J ,

~26!

A3~q2!2A0~q2!5
q2

2mK*

mb

f BmB
2 emB

2 /M2E
d

1

du

3expS 2
mb

21p2uū2q2ū

uM2 D
3H mbf K* mK*

u2M2 ~F i2G'
~v !!2

1

2
f K*
' f'

u J .

~27!

From Eq.~26! and Eq.~27! we get a new relation between
form factorsA3 , A0 , andA2 :

A3~q2!2A0~q2!52
A2~q2!q2

2mK* ~mB1mK* !
. ~28!

For the form factorsT1 , T2 , andT3 , we get the following
sum rules:

T1~q2!5
1

4

mb

f BmB
2 emB

2 /M2E
d

1 du

u
expS 2

mb
21p2uū2q2ū

uM2 D
3H mbf K*

' f'2 f K* mK* FF i2G'
~v !2ug'

~v !2
g'

~a!

4

2
g'

a ~mb
21q22p2u2!

4uM2 G J , ~29!

FIG. 1. Theq2 dependence of the form factorsV(q2), A1(q2), A2(q2), andA0(q2).
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T2~q2!5
1

2~mB*
2

2mK*
2

!

mb

f BmB
2 emB

2 /M2E
d

1 du

u
expS 2

mb
21p2uū2q2ū

uM2 D H f K* mK* Fg'
~v !2

p2

2M2 g'
~a!Gq21

mbf K*
' f'

2u
~mb

22q2

2p2u2!1 f K* mK* F ~mb
22q22p2u2!

2u S 2@F i2G'
~v !#1ug'

~v !1
~mb

22q22p2u2!g'
~a!

4uM2 D G J , ~30!

T3~q2!5
1

4

mb

f BmB
2 emB

2 /M2E
d

1 du

u
expS 2

mb
21p2uū2q2ū

uM2 D H mK* f K* Fg'
~a!

4
1

~mb
22q22p2u2!

4uM2 g'
~a!G22mK* f K* Fg'

~v !

2
~22u!

2
p2g'

~a!

2M2 G22mK* f K* FF i2G'
~v !

uM2 S mb
22q22p2u2

u
1q22M21

uM2

2 D G1mbf K*
' f'J . ~31!

Here M is the Borel mass parameter. The lower integration limitd depends on the effective thresholds0 above which the
contributions from higher states to the dispersion relation~22! and ~23! are cancelled against the corresponding piece in the
QCD representation~19! and ~20!. Its form can be calculated from the condition

s02
mb

22ūq2

u
2ūp2>0.

Note that the sum rules forV(q2) andA1(q2) andT1(q2) in the light cone QCD are derived in@17#. Our results agree with
those given in@17#. The region of applicability of these sum rules is restricted by the requirement that the value ofq22mb

2 be
sufficiently less than zero. In order not to introduce an additional scale, we require thatq22mb

2<(p1q)22mb
2 which

translates to the condition thatmb
22q2 is of the order of the typical Borel parameterM2;5 – 8 GeV2. From this condition we

obtain that the region of applicability of the sum rules isq2,15– 17 GeV2, which is few GeV2 below the zero recoil point.
Finally we calculate the differential decay rate with longitudinal polarization of the final leptons. The differential decay rate

is given by

FIG. 2. Theq2 dependence of the form factorsT1(q2), T2(q2), andT3(q2).
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dG

dq2 5
G2a2

213p5

uVtbVts* u2Alv

3mB
H ~2ml

21mB
2s!F16~ uAu21uCu2!mB

4l12~ uB1u21uD1u2!
l112rs

rs
12~ uB2u21uD2u2!

mB
4l2

rs

24@Re~B1B2* !1Re~D1D2* !#
mB

2l

rs
~12r 2s!G16ml

2F216UCU2mB
4l14 Re~D1D3* !

mB
2l

r
24 Re~D2D3* !

mB
4~12r !l

r

12UD3U2
mB

4sl

r
24 Re~D1D2* !

mB
2l

r
224UD1U212UD2U2

mB
4l

r
~212r 2s!G24vjF8 Re~AC* !lmB

6s2@Re~B1* D2!

1Re~B2* D1!#
mB

4l

r
~12r 2s!1Re~B2* D2!

mB
6l2

r
1Re~B1* D1!mB

2 l112rs

r G J , ~32!

where l511r 21s222r 22s22rs, r 5mK*
2 /mB

2, s5q2/
mB

2, j is the longitudinal polarization of the final lepton,ml

andv5A124ml
2/q2 are its mass and velocity, respectively.

In Eq. ~32! A, B1 , B2 , C, D1 , D2 , andD3 are defined as
follows:

A5C9
eff V

mB1mK*
14C7

mb

q2 T1 ,

B15C9
eff~mB1mK* !A114C7

mb

q2 ~mB
22mK*

2
!T2 ,

B25C9
eff A2

mB1mK*
14C7

mb

q2 S T21
q2

mB
22mK*

2 T3D ,

C5C10

V

mB1mK*
,

D15C10~mB1mK* !A1 ,

D25C10

A2

mB1mK*
,

D352C10

2mK*
q2 ~A32A0!.

For the dileptonic decays of theB mesons, the longitudinal
polarization asymmetry,PL , of the final lepton,l , is defined
as

PL~q2!5

dG

dq2 ~j521!2
dG

dq2 ~j51!

dG

dq2 ~j521!1
dG

dq2 ~j51!

, ~33!

wherej521(11) corresponds to the left-~right-! handed
lepton in the final state. In the standard model, this polariza-
tion asymmetry comes from the interference of the vector or

magnetic moment and axial vector operators. If in Eq.~32!
the lepton mass is equated to zero, our results coincide with
the results in@20# and if mlÞ0 they coincide with the results
in @11#.

III. NUMERICAL ANALYSIS

For the input parameters which enter the sum rules for the
form factors and the expressions of the decay width we have
used the following values:

mb54.8 GeV, mc51.35 GeV, mm50.106 GeV,

mt51.78 GeV, LQCD5225 MeV, mB55.28 GeV,

mK* 50.892 GeV, s0536 GeV2, M258 GeV2.

In Fig. 1 we present theq2 dependence of the form factors
V(q2), A1(q2), A2(q2), andA0(q2) @the form factorA3 can
be easily obtained from Eq.~28!#. All these form factors
increase withq2. From these figures we see thatA2(q2)
increases withq2 strongly, butA1(q2) and A0(q2) do so
smoothly. At this point let us compare our results on these
form factors with the results which are obtained from three-
point QCD sum rules analysis in@9#. In our caseA1(q2)
increases withq2, but in @9# it decreases withq2. The be-
havior of the other form factors are similar.

In Fig. 2 we depict the dependence of the form factors
T1 , T2 , and T3 on q2. In this case also all form factors
increase withq2. For form factorsT2 and T3 , our predic-
tions on theirq2 dependence also differ from the predictions
of @9#. In @9#, T2 is positive and smoothly decreases, the
value ofT3 is negative for allq2. Note that our predictions
on theq2 dependence of all form factors coincide with rela-
tivistic quark model predictions@11#. The source of discrep-
ancy of our results with the predictions of@9# on A1 , T2 ,
and T3 should be carefully analyzed. This lies out of the
scope of this paper. We are planning to come back to the
analysis of these points in our forthcoming works.
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In Fig. 3 we present theq2 dependence of the branching
ratios forB→K* m1m2 andB→K* t1t2 with and without
the long distance effects. In both cases summation over the
final lepton polarization is performed.

In Fig. 4 we plot the longitudinal polarization asymmetry
PL as a function ofq2 for B→K* m1m2 andB→K* t1t2,
with mt5176 GeV, with and without the long distance ef-
fects. From this figure we see thatPL vanishes at the thresh-
old due to the kinematical factorv and that the value ofPL
for B→K* m1m2 decay varies in the region~20.5–10.5!,
when the resonancec,c8 mass region is excluded. In the
B→K* t1t2 decay case, without long distance effectsPL is
negative for all values ofq2, and only in the resonancec8
mass regionPL become positive. Therefore the study of the
longitudinal polarizationPL can be very useful for under-
standing the relative roles of the long and short distance con-
tributions in theB→K* l 1l 2 decay.

Performing the integration overq2 and using the lifetime
of tBd

5(1.5660.06)310212 s @21#, we get for the branch-

ing ratios:B(B→K* m1m2)51.431026, B(B→K* t1t2)
52.531028.

At the end of this section let us compare our results on the
branching ratio of theB→K* l 1l 2 decay with those in
@9,11#. The value of the branching ratio is close to the result

of @9#, and about 2–3 times smaller compared to that given
in @11#. In our opinion this is due to the over estimation of
the form factors in@11#.

IV. CONCLUSIONS

We calculate the transition form factors for the exclusive
B→K* l 1l 2 ( l 5m,t) decay in the framework of the light-
cone QCD sum rules, and investigate the longitudinal polar-
ization asymmetries of the muon and tau in this decay. It is
shown that some of the form factors in light cone and three-
point QCD sum rules have absolutely differentq2 depen-
dence. It is found that the value of the longitudinal polariza-
tion PL(m) in the region (20.5;10.5) and PL(t) in
(0;20.6). We also calculate the integral branching ratios
and find that they areB(B→K* m1m2)51.431026 and
B(B→K* t1t2)52.531028, without the long distance
contributions.

A few words about the possibility of the experimental
observation of this decay are in order. Experimentally, to
observe an asymmetryPL of a decay with the branching ratio
B at the ns level, the required number of events is
N5 n2/BPL

2 ~see@11#!. For example, to observe thet lepton
polarization at the exclusive channelB→K* t1t2 at the 3s
level, one needs at leastN51.453109 BB̄ decays. Since in
the futureB factories, it is expected that;109 B mesons
would be created per year, it is possible to measure the lon-
gitudinal polarization asymmetry of thet lepton.

FIG. 3. ~a! Invariant mass squared distribution of the lepton pair
for the decayB→K* m1m2. ~b! The same as in~a!, but for the
decayB→K* t1t2. Here and in all of the following figures the
solid line corresponds to the short distance contributions only and
the dashed line to the sum of both short and long distance contri-
butions.

FIG. 4. ~a! The longitudinal polarization asymmetryPL for the
B→K* m1m2 decay.~b! The same as in~a!, but for B→K* t1t2

decay.
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