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Form factors of heavy-to-light B decays at large recoil
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General relations between the form factors ofB decays to light mesons are derived using the heavy quark
and large recoil expansion. On their basis the complete account of contributions of second order in the ratio of
the light meson mass to the large recoil energy is performed. Both ground and excited final meson states are
considered. It is shown that most of the known form factor relations remain valid after the inclusion of
quadratic mass corrections. The validity of some of such relations requires additional equalities for the helicity
amplitudes. It is found that all these relations and equalities are satisfied in the relativistic quark model based
on the quasipotential approach in quantum field theory. The contribution of 1/mb corrections to the branching
fraction of the rare radiativeB decay is discussed.
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I. INTRODUCTION

The investigation of exclusive weakB decays to meson
composed of lightu, d, ands quarks~heavy-to-light decays!
represents an important problem in particle physics. It p
vides a means to measure such fundamental paramete
the Cabibbo-Kobayashi-Maskawa matrix elementsVub ,
Vtd , and Vts , to predictCP-violating asymmetries, to tes
the standard model both at large and short distances, an
look for possible manifestations of new physics. In contr
with B decays toD mesons, where both initial and fina
mesons contain the heavyb and c quarks~heavy-to-heavy
decays! and thus well developed methods of heavy qu
effective theory~HQET! @1# can be applied, the heavy-to
light decays are less studied theoretically. HQET and he
quark spin symmetry do not reduce the number of indep
dent form factors for each decay mode in the latter case,
yield only relations between form factors of different heav
to-light modes, e.g., semileptonic and rare radiativeB decays
as in the Isgur-Wise relations@2#.

In heavy-to-light decays the final meson usually carrie
large recoil momentum~energy! of order of half aB meson
mass. The inverse of this large quantity can serve as an
pansion parameter of corresponding large energy effec
theory ~LEET!. It was used originally by Dugan and Grin
stein @3# in studying nonleptonic two-bodyB decays to a
charmed meson and a light meson~so-called energetic de
cays!. Further development was given in Ref.@4#.

We used a similar approach within the relativistic qua
model while considering exclusive rare radiativeB decays to
K* and g @5#. For the real photon (q250) the K* recoil
momentumD has a fixed value (M22mK*

2 )/(2M ) and its
energy is equal to (M21mK*

2 )/(2M ). Since theB meson
massM@mK* and M is of order of theb quark massmb ,
both the recoil momentum and energy are of order ofmb/2.
Thus we can make an expansion in 1/D;2/mb for the final
0556-2821/2001/64~9!/094022~15!/$20.00 64 0940
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state and the usual 1/mb heavy quark expansion for the initia
one. These expansions significantly simplify calculations
the matrix element. Later we applied the same approac
the description of exclusive semileptonic heavy-to-lightB
decays@6#. In this case the value of the light meson rec
momentum is not fixed, but still is of order ofmb/2 almost in
the hole kinematical range. The Isgur-Wise relation ori
nally derived for the heavy-to-light form factors at maximu
qmax

2 5(M2mV)2 is satisfied in our model for smallq2

!M2,mV
2 ~near the point of maximum recoil,mV is the mass

of a final vector meson!. A close approach was used by Ste
@7# and Soares@8# for describing heavy-to-light transitions.

Recently it was shown@9# that in the heavy quark and
large recoil limit new symmetries emerge and impose n
relations on the form factors~thus reducing the number o
independent ones! of heavy-to-lightB decays. The interac
tion with collinear gluons preserves these relations, es
lishing them in the large energy limit of QCD@10#. On the
other hand, these new symmetries are broken by radia
corrections@11#.

In this paper we extend the analysis of Ref.@9# to include
systematically the contributions quadratic in the final to i
tial meson mass ratio and of orderq2/M2. Their inclusion is
especially important when the final meson is in the radia
or orbitally excited state and the above contributions beco
quite appreciable. To achieve this goal the general exp
sions for the heavy-to-light form factors accounting for no
zero final meson mass are derived. They allow one to ob
many important relations between form factors. In particu
the inclusion of these contributions is necessary for the ex
fulfilment of the Isgur-Wise relations@2# and some of the
relations given by Soares@8#. Additional constraints which
are specific for the constituent quark model lead to the
filment of the rest of the relations found by Soares@12#.

The paper is organized as follows. In Sec. II we consi
the effective theory for the description of heavy-to-light d
cays at large recoil of the final meson. Special emphasi
©2001 The American Physical Society22-1
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placed on the inclusion of the corrections of second orde
the ratio of the final meson mass to its recoil energy. S
corrections are especially important forB decays to excited
light mesons since their mass is not small enough. The g
eral formula for calculating weak decay matrix elements
the effective theory is given. In Secs. III and IV the effecti
theory is applied for deriving various symmetry relations b
tween the form factors ofB decays to ground and radially o
orbitally excited meson states. A significant reduction in
number of independent decay form factors in the he
quark and large recoil limit is observed. The obtained fo
factor relations are compared to known ones. The fulfilm
of form factor relations in the relativistic quark model
tested in Sec. V. Then some phenomenological applicat
are discussed. Finally, we give our conclusions in Sec. V

II. THE LARGE RECOIL EFFECTIVE THEORY

We consider a kinematical region where the final mes
energy EF5(M21m22q2)/(2M ) is of order M /2, m2

!M2 and the 4-momentum transfer squared isq2!M2. This
means that the final light meson bears a large re
3-momentumD;M /2. We assume that the main part of th
momentum is carried by an active light quark in the fin
meson, and that its interaction with the spectator light qu
is soft; hence we neglect all hard gluon contributions.
also neglect the Sudakov suppression of the soft part of
form factors@9,11#. Since theB meson massM;mb , we use
the 1/M expansion retaining all terms of orderm2/M2 and
neglecting the ones of orderLQCD/M and higher.1 To this
end we introduce the following kinematical notation: t
four-momentum of the heavyB meson with massM and
velocity v,

pB5Mv, ~1!

and the heavy quark momentum

pQ5mQv1k, ~2!

wheremQ is the heavy quark mass andk is a small residual
momentum (uku;LQCD!mQ).

The energetic final light meson carries a momentum

pF5En1
m2

4E
h, ~3!

where we have introduced two light-like vectorsnm andhm
52vm2nm (n250 and h250) satisfying the relations
n•v51 andn•h52. In the rest frame of the initialB meson,
where v5(1,0,0,0), choosing the momentum of the fin
light meson in thez direction, we obtainn5(1,0,0,1) and
h5(1,0,0,21). It is easy to check thatpF

25m2, wherem is
the mass of the final meson. The important difference fr
the case when the final meson mass is being neglected

1The m2/M2 corrections are especially important for decays
excited light mesons, since their massm is in the range
1.2–1.5 GeV, i.e., about the charmed quark mass.
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sists in thatE is not the on-shell energy of the final meso
Indeed, the on-shell energyEF and the recoil momentumD,
which form the final meson four-momentumpF5(EF ,D),
are related toE by

EF5
M21m22q2

2M
5ES 11

m2

4E2D , ~4!

uDu[D5AEF
22m25ES 12

m2

4E2D , ~5!

2E5EF1D,
m2

2E
5EF2D, q5pB2pF .

Under our assumptions it follows from these formulas th
EF;D;E;M /2. The active light quark momentum in th
final meson can be represented as

pq5En1
m2

4E
h1k8[Dn1

m2

2E
v1k8, ~6!

where the residual momentumk8 is small, if we neglect hard
gluon exchanges, and satisfiesuk8u;LQCD!E and uk8u!m.

The two component light quark fieldsq6(x) can be de-
fined from the full QCD fieldsq(x) by

q6~x!5ei „Dn•x1(m2/2E)v•x…P6q~x!, ~7!

whereP6 are the projectors:

P15
n”h”

4
5

n”v”
2

, P25
h” n”

4
5

v”n”

2
. ~8!

Substituting expressions~7! into the QCD Lagrangian
LQCD5q̄( iD” 2mq)q, one obtains

LQCD5q̄1~x!v” S in•D1
m2

2EDq1~x!1q̄2~x!iD” q1~x!

1q̄1~x!iD” q2~x!1q̄2~x!v” ~2E12iv•D

2 in•D !q2~x!, ~9!

where the covariant derivativeDm5]m2 igsA
m. The varia-

tion of this Lagrangian overdq2 gives the equation of mo
tion

dLQCD

dq2
5 iD” q1~x!1v” ~2E12iv•D2 in•D !q2~x!50,

~10!

which allows one to expressq2(x) formally in terms of
q1(x),

q2~x!52
iv”D”

2E12iv•D2 in•D
q1~x!. ~11!

Thusq2(x) is suppressed byLQCD/E with respect toq1(x).
Expanding the LagrangianLQCD @Eq.~9!# in inverse powers
2-2



f

-
as
o

tu
la
-
he
e-

n

o
o

o

a-

or
he

e

not
e

me-

ns

o
th

s i
n

ion

FORM FACTORS OF HEAVY-TO-LIGHTB DECAYS AT . . . PHYSICAL REVIEW D 64 094022
of 1/E up to leading order inLQCD/E and keeping terms o
orderm2/E2, we get the effective Lagrangian

Leff5q̄n~x!v” S in•D1
m2

2EDqn~x!, ~12!

whereqn(x)[q1(x). This effective Lagrangian differs from
the LLEET one of Ref.@9# by the second term, which repre
sents the correction accounting for the final meson m
However, this correction does not violate the symmetry
the leading order Lagrangian, since it has a Dirac struc
similar to the leading contribution. Thus the symmetry re
tions are not spoiled by this term.2 For the complete deter
mination of them2/E2 corrections it is necessary to use t
exact expression~3! for the final meson momentum and r
lations ~4!, and~5! betweenE, the on-shell energyEF , and
the recoil momentumD of the final meson. Taking this into
account, we obtain for the sum and difference of 4-mome
of the initial and final meson

pB1pF5M S 11
m2

2MED v1Dn,

~13!

q[pB2pF5M S 12
m2

2MED v2Dn.

The tsransversality conditions for the polarization vectorem
of the ~axial! vector mesons and tensoreab of the tensor
mesonse* •pF50 andeab* pF

b50 imply that

e* •n52
m2

2ED
e* •v,

~14!

eab* nb52
m2

2ED
eab* vb.

The symmetry relations between soft form factors
weak B decays to excited light mesons in the large rec
limit can be obtained using methods of Ref.@11#. The matrix
element of the quark current between the initialB meson
state in the infinitely heavy quark limit and the final state
the excited light meson at large recoil is given by

^F~pF!uq̄nGhvuB~p!&5tr@AF~EF!M̄FGMB#, ~15!

whereF5P,V,S,A, andT for the pseudoscalar, vector, sc
lar, axial vector, and tensor, respectively. The matricesMF
andMB have the form

2The arising invariant functions in this case depend not only
the recoil energy but on the final meson mass as well. However,
dependence does not break the constraints on the form factor
posed by LEET, since the decay matrix elements for each fi
meson state are described by their own set of invariant funct
which is the same as in LEET.
09402
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M̄F55
2g5

e”*

1

2e”* g5

emn* gmvn

6 v”n”

2
,

F5P,

F5V,

F5S,

F5A,

F5T,

MB52
11v”

2
g5 ,

~16!

whereem andemn are the polarization vector and the tens
of the ~axial! vector and tensor mesons, respectively. T
functionsAF(EF) are independent of the Dirac structureG of
the current, since there are no dynamical~i.e., contracted
with the covariant derivativeD) Dirac matrices in the effec-
tive Lagrangian@Eq. ~12!#, and parametrize the long-distanc
dynamics. The most general form ofAF(EF) is @11#

AF~EF!5a1F~EF!1a2F~EF!v”1a3F~EF!n”1a4F~EF!n”v” .
~17!

However, the presence of projection operators imply that
all the functionsaiF(EF) are independent. As the result, th
following parametrization ofAF(EF) can be obtained:

AP,S~EF!52EFzP,S~EF!, ~18!

AV,A,T~EF!5EFn” FzV,A,T
' ~EF!

2
v”
2

m

EF
zV,A,T

i ~EF!G . ~19!

Our definition of functionszP(EF), zV
'(EF), andzV

i (EF) co-
incides with that of Ref.@9#, but differs from@11# by an extra
factor m/EF in front of jV,A,T

i (EF).

III. B DECAYS TO GROUND STATE AND RADIALLY
EXCITED LIGHT MESONS

First we consider the heavy-to-lightB decays to ground
state and radially excited pseudoscalar and vector light
sons.

A. B decays to pseudoscalar light mesons

The matrix elements ofB decays to pseudoscalar meso
can be parametrized by three invariant form factors:

^P~pF!uq̄gmbuB~pB!&5 f 1~q2!F pB
m1pF

m2
M22mP

2

q2
qmG

1 f 0~q2!
M22mP

2

q2
qm, ~20!

^P~pF!uq̄smnqnbuB~pB!&5
i f T~q2!

M1mP
@q2~pB

m1pF
m!

2~M22mP
2 !qm#, ~21!

n
is
m-
al
s

2-3



in

:

n

in
b

is

ec
d

rs
and

D. EBERT, R. N. FAUSTOV, AND V. O. GALKIN PHYSICAL REVIEW D64 094022
where f 1(0)5 f 0(0); M is theB meson mass andmP is the
pseudoscalar meson mass.

We obtain the symmetry relations for the correspond
form factors by evaluating the trace in Eq.~15! with account
of Eqs.~18!, ~13!, and~14!, and find the following relations

^P~pF!uq̄gmbuB~pB!&52EFzP~EF!nm, ~22!

^P~pF!uq̄smnqnbuB~pB!&52iEFzP~EF!

3F ~M2EF!nm2M

3S 12
mP

2

2EMD vmG . ~23!

The factor in front ofvm in Eq. ~22! can be expressed i
terms of observable variablesEF andD with the help of Eqs.
~4! and ~5!:

mP
2

2EM
5

EF2D

M
. ~24!

Thus all form factors forB decay to a pseudoscalar meson
the heavy quark and large recoil limit can be parametrized
one functionzP(EF). Comparing Eqs.~20!–~23!, we find the
following expressions for the form factors in terms of th
invariant function:

f 1~q2!5S 12
mP

2

2EMD EF

D
zP~EF!,

f 0~q2!5
2EFM

M22mP
2 S 12

mP
2

2EMD zP~EF!,

f T~q2!5
M1mP

M

EF

D
zP~EF!. ~25!

Taking into account that our consideration is valid up to s
ond order inmP /E and all other corrections were neglecte
09402
g

y

-
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we omit terms of fourth order inmP /EF and terms of order
q2mP

2 /EF
4 in Eq. ~25!, and finally get

D>
M22mp

22q2

2M
,

mP
2

2EM
>

mP
2

M2
,

EF

D
>11

2mP
2

M2
, ~26!

f 1~q2!5S 11
mP

2

M2D zP~EF!,

f 0~q2!5
2EF

M
zP~EF!,

f T~q2!5
M1mP

M S 11
2mP

2

M2 D zP~EF!.

~27!

As a result, the following relations between the form facto
of B decays to scalar light mesons in the heavy quark
large recoil limit are obtained:

f 1~q2!5
M

2EF
S 11

mP
2

M2D f 0~q2!

5
M

M1mP
S 12

mP
2

M2D f T~q2!

5S 11
mP

2

M2D zP~EF!. ~28!

B. B decays to vector light mesons

The matrix elements of weak current forB decays to vec-
tor mesons are parametrized by seven form factors
^V~pF!uq̄gmbuB~pB!&5
2iV~q2!

M1mV
emnrsen* pBrpFs , ~29!

^V~pF!uq̄gmg5buB~pB!&52mVA0~q2!
e* •q

q2
qm1~M1mV!A1~q2!S e* m2

e* •q

q2
qmD

2A2~q2!
e* •q

M1mV
F pB

m1pF
m2

M22mV
2

q2
qmG , ~30!

^V~pF!uq̄ismnqnbuB~pB!&52T1~q2!emnrsen* pFrpBs , ~31!
2-4
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^V~pF!uq̄ismng5qnbuB~pB!&5T2~q2!@~M22mV
2 !e* m2~e* •q!~pB

m1pF
m!#1T3~q2!~e* •q!

3Fqm2
q2

M22mV
2 ~pB

m1pF
m!G , ~32!

where 2mVA0(0)5(M1mV)A1(0)2(M2mV)A2(0) andT1(0)5T2(0); mV andem are the mass and polarization vector
the final vector meson. Calculating corresponding traces in Eq.~15! and accounting for Eqs.~19!, ~13!, ~14!, we get the heavy
quark and large recoil symmetry relations

^V~pF!uq̄gmbuB~pB!&52iEFzV
'~EF!emnrsen* vrns , ~33!

^V~pF!uq̄gmg5buB~pB!&52EFH zV
'~EF!Fe* m2e* •vS EF

D
nm2

mV
2

2ED
vmD G1

E

D

mV

EF
zV

i ~EF!e* •vnmJ , ~34!

^V~pF!uq̄ismnqnbuB~pB!&52iEFMzV
'~EF!S 12

mV
2

2EMD emnrsen* nrvs , ~35!

^V~pF!uq̄ismng5qnbuB~pB!&52EFH MzV
'~EF!S 12

mV
2

2EMD Fe* m2e* •vS EF

D
nm2

mV
2

2ED
vmD G

1
E

D

mV

EF
zV

i ~EF!e* •vF ~M2EF!nm2M S 12
mV

2

2EMD vmG J , ~36!
vy
tw

x-
All form factors for B decays to vector mesons in the hea
quark and large recoil limit can be expressed through
invariant functionszV

'(EF) and zV
i (EF). Comparing the in-

variant decompositions~29!–~32! with the symmetry rela-
tions ~33!–~36!, we get the following expressions:

V~q2!5
M1mV

M

EF

D
zV

'~EF!,

A1~q2!5
2EF

M1mV
zV

'~EF!,

A2~q2!5
M1mV

M

EF
2

D2 F S 12
mV

2

EFM D zV
'~EF!

2S 12
mV

2

2EMDEmV

EF
2

zV
i ~EF!G ,

A0~q2!5S 12
mV

2

2EMD E

D
zV

i ~EF!, ~37!

T1~q2!5S 12
mV

2

2EMDEF

D
zV

'~EF!,

T2~q2!5
2EFM

M22mV
2 S 12

mV
2

2EMD zV
'~EF!,
09402
o T3~q2!5
EF

2

D2 F S 11
mV

2

EFM D S 12
mV

2

2EMD zV
'~EF!

2S M22mV
2

M2 D EmV

EF
2

zV
i ~EF!G .

Within the accuracy of our consideration we further e
pand expressions~37! up to terms of ordermV

2/M2:

V~q2!5
M1mV

M

EF

D
zV

'~EF!,

A1~q2!5
2EF

M1mV
zV

'~EF!,

A2~q2!5
M1mV

M S 11
2mV

2

M2 D FzV
'~EF!2

mV

EF
zV

i ~EF!G ,
A0~q2!5zV

i ~EF!, ~38!

T1~q2!5S 12
mV

2

M2D EF

D
zV

'~EF!,

T2~q2!5
2EF

M
zV

'~EF!,

T3~q2!5S 11
5mV

2

M2 D zV
'~EF!2S 11

2mV
2

M2 D mV

EF
z V

'~EF!.
2-5
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From Eqs.~38! it is possible to deduce the following rela
tions between the heavy-to-light form factor for the case
the final vector meson

M

M1mV

D

EF
V~q2!5

M1mV

2EF
A1~q2!

5
M

M1mV
S 12

2mV
2

M2 D A2~q2!

1
mV

EF
A0~q2!

5S 11
mV

2

M2D D

EF
T1~q2!5

M

2EF
T2~q2!

5zV
'~EF!, ~39!

mV

EF
A0~q2!5

M1mV

2EF
A1~q2!2

M

M1mV

3S 12
2mV

2

M2 D A2~q2!

5S 11
2mV

2

M2 D T1~q2!2S 12
2mV

2

M2 D T3~q2!

5
M

2EF
S 11

3mV
2

M2 D T2~q2!

2S 12
2mV

2

M2 D T3~q2!

5
mV

EF
zV

i ~EF!. ~40!

These relations differ by terms of second order inmV /EF
from the corresponding relations of Refs.@9,11#, where only
some ofmV

2/EF
2 terms were taken into account. In particul

Eq. ~39! leads to the ratios of form factorsV(q2) to A1(q2)
andT1(q2) to T2(q2), which depend only on meson mass
and energies

V~q2!

A1~q2!
5

~M1mV!2

2MD
5

~M1mV!2

2MAEF
22mV

2
,

~41!
T1~q2!

T2~q2!
5

M22mV
2

2MD
5

M22mV
2

2MAEF
22mV

2
.

Note that the complete account of themV
2/EF

2 corrections
results in the replacement ofEF by D5AEF

22mV
2 in the

analogous relation@Eq. ~109!# of Ref. @9#. Equations~41!
ensure exact vanishing of the transverse helicityl511 con-
tribution to the rates ofB→Ven andB→Vl l̄ decays, since
the corresponding helicity amplitudes are given by
09402
f H6
B→Ven~q2!5

2MD

M1mV
FV~q2!7

~M1mV!2

2MD
A1~q2!G ,

~42!

H6
B→Vl l̄ ~q2!52MDFT1~q2!7

M22mV
2

2MD
T2~q2!G .

Such a behavior of helicity amplitudes is a consequence
the (V2A) structure of weak currents in the standard mod
which results in the creation of a left-handed light quark
the ultrarelativistic limit, and the helicity-flip amplitude i
suppressed by the factorLQCD/EF @13#. Therefore, the he-
licity l521 amplitude, e.g., forB→Ven decay, can be
expressed in the form

H2
B→Ven~q2!52~M1mV!A1~q2!. ~43!

The helicityl50 amplitude for this decay is given by

H0
B→Ven~q2!5

1

2mVAq2 F ~M1mV!~M22mV
22q2!A1~q2!

2
4M2D2

M1mV
A2~q2!G , ~44!

and can be rewritten with an account of symmetry relatio
~37! in a more simple form:

H0
B→Ven~q2!5

2MD

Aq2
A0~q2!. ~45!

Then the ratio of helicityl521 andl50 amplitudes reads

uH2~q2!u

uH0~q2!u
5

M1mV

M

Aq2

D

A1~q2!

A0~q2!

5
2Aq2

M2EF1D

EF

E

uzV
'~EF!u

uzV
i ~EF!u

. ~46!

The Isgur-Wise relations@2,14,13# between the heavy-to
light form factors follow from the heavy-quark spin symm
try alone, and were obtained near the point of zero rec
@D'0, q2'qmax

2 5(M2mV)2# of the final light meson in the
heavy quark limit:
2-6
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2M

M1mP
f T~q2!5 f 1~q2!1

M22mP
2

q2
@ f 1~q2!2 f 0~q2!#,

T1~q2!5
M21q22mV

2

2M

V~q2!

M1mV
1

M1mV

2M
A1~q2!,

M22mV
2

q2
@T1~q2!2T2~q2!#5

3M22q21mV
2

2M

V~q2!

M1mV
2

M1mV

2M
A1~q2!, ~47!

T3~q2!5
M22q213mV

2

2M

V~q2!

M1mV
1

M22mV
2

Mq2
mVA0~q2!

2
M21q22mV

2

2Mq2
@~M1mV!A1~q2!2~M2mV!A2~q2!#.
th
e

n.

to
h
k
n

a-

by

ons
or-
They are exactly satisfied by form factors~25! and ~37!.
Thus we conclude that these relations remain valid near
point q250 corresponding to the maximum recoil of th
final light meson if the large recoil limit is used in additio
Note that Isgur-Wise relations~47! hold in these limits forB
decays both to ground state vector~pseudoscalar! light me-
sons and their radial excitations.

Some heavy-to-light form factor relations for decays
pseudoscalar and vector mesons were obtained by Stec@7#
and Soares@8# in the framework of the constituent quar
model. It is easy to check that the additional relations fou
at the large recoil momentum of the final meson@8#,

f 0~q2!5 f 1~q2!S 12
q2

M22mV
2

M1EF2D

M2EF1D D ,

V~q2!5
~M1mV!2

2MD
A1~q2!

5
M

MEF2mV
2

3FDA2~q2!1
M1mV

M
mVA0~q2!G , ~48!

are also satisfied exactly by form factors~25! and ~37!. The
other relations@12# were derived in the spectator approxim
tion only. Instead of those we get

EF

E

zV
'~EF!

zV
i ~EF!

5
T1~q2!

A0~q2!

5
mV~M2mV!T2~q2!

~MEF2mV
2 !A1~q2!2@2M2D2/~M1mV!2#A2~q2!
09402
e

d

5
mV~M1mV!A1~q2!

~MEF1mV
2 !T2~q2!2@2M2D2/~M22mV

2 !#T3~q2!
.

~49!

Thus their fulfilment in the form given in Ref.@12# requires
a specific relation between invariant functions

zV
i ~EF!5

EF

E
zV

'~EF!. ~50!

IV. B DECAYS TO ORBITALLY EXCITED LIGHT
MESONS

Now we investigate the heavy-to-lightB decays to orbit-
ally excitedP-wave light mesons.

A. B decays to scalar light mesons

The matrix elements of the weak current forB decays to
orbitally excited scalar light mesons can be parametrized
three invariant form factors

^S~pF!uq̄gmg5buB~pB!&5r 1~q2!~pB
m1pF

m!

1r 2~q2!~pB
m2pF

m!, ~51!

^S~pF!uq̄smng5qnbuB~pB!&5
ir T~q2!

M1mS
@q2~pB

m1pF
m!

2~M22mP
2 !qm#, ~52!

wheremS is the scalar meson mass. The symmetry relati
for the matrix elements can be obtained by calculating c
responding traces in Eq.~15!:

^S~pF!uq̄gmg5buB~pB!&52EFzS~EF!nm, ~53!
2-7
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^S~pF!uq̄smng5qnbuB~pB!&52EFzS~EF!

3F ~M2EF!nm2M

3S 12
mS

2

2EM
vmD G . ~54!

These equations show that the form factors can be par
etrized by one invariant function only in the heavy quark a
large recoil limit. Comparing Eqs.~51! and~52! and~53! and
~54! we find

r 1~q2!5S 12
mS

2

2EMD EF

D
zS~EF!,

r 2~q2!52S 11
mS

2

2EMD EF

D
zS~EF!, ~55!

r T~q2!5
M1mS

M

EF

D
zS~EF!.

Expanding Eqs.~55! in mS /E, we get, retaining the terms o
ordermS

2/M2,

r 1~q2!5S 11
mS

2

M2D zS~EF!,
09402
m-
d

r 2~q2!52S 11
3mS

2

M2 D zS~EF!, ~56!

r T~q2!5
M1mS

M S 11
2mS

2

M2 D zS~EF!.

These expressions for the form factors lead to the follow
symmetry relations between them:

r 1~q2!52S 12
2mS

2

M2 D r 2~q2!

5
M

M1mS
S 12

mS
2

M2D r T~q2!

5S 11
mS

2

M2D zS~EF!. ~57!

B. B decays to axial vector light mesons

The matrix elements of the weak current forB decays to
axial vector mesons can be expressed in terms of seven
variant form factors
^A~pF!uq̄gmbuB~pB!&5~M1mA!tV1
~q2!e* m1@ tV2

~q2!pB
m1tV3

~q2!pF
m#

e* •q

M
, ~58!

^A~pF!uq̄gmg5buB~pB!&5
2i t A~q2!

M1mA
emnrsen* pBrpFs ~59!

^A~pF!uq̄ismnqnbuB~pB!&5t1~q2!@~e* •q!~pB1pF!m2e* m~M22mA
2 !#

1t2~q2!@~e* •q!qm2e* mq2#1t0~q2!
e* •q

M2
@~M22mA

2 !qm2q2~pB1pF!m#, ~60!

^A~pF!uq̄ismng5qnbuB~pB!&52i t 1~q2!emnrsen* pBrpFs , ~61!

wheremA andem are the mass and polarization vector of the axial vector meson.
Equation~15! yields the following symmetry equations in this case:

^A~pF!uq̄gmbuB~pB!&52EFH zA
'~EF!Fe* m2e* •vS EF

D
nm2

mA
2

2ED
vmD G1

E

D

mA

EF
zA

i ~EF!e* •vnmJ , ~62!

^A~pF!uq̄gmg5buB~pB!&52iEFzA
'~EF!emnrsen* vrns , ~63!

^A~pF!uqismnqnbuB~pB!&522EFH MzA
'~EF!S 12

mA
2

2EMD Fe* m2e* •vS EF

D
nm2

mA
2

2ED
vmD G

1
E

D

mA

EF
zA

i ~EF!e* •vF ~M2EF!nm2M S 12
mA

2

2EMD vmG J , ~64!
2-8
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^A~pF!uq̄ismng5qnbuB~pB!&52iEFMzA
'~EF!S 12

mA
2

2EMD emnrsen* vrns . ~65!
in
se

ch
ow-

city
t.
.

riant
Thus all form factors forB decays to axial vector mesons
the heavy quark and large recoil limit can be expres
through two invariant functions:

tA~q2!5
M1mA

M

EF

D
zA

'~EF!,

tV1
~q2!5

2EF

M1mA
zA

'~EF!,

tV2
~q2!5

EFmA
2

D2M
F2zA

'~EF!2
mA

EF
zA

i ~EF!G ,
tV3

~q2!52
EF

2

D2 FEmA

EF
2

zA
i ~EF!2zA

'~EF!G , ~66!

t1~q2!5S 12
mA

2

2EMD EF

D
zA

'~EF!,

t2~q2!52S 11
mA

2

2EMD EF

D
zA

'~EF!,

t0~q2!5
EFE

D2 FmA

EF
zA

i ~EF!2
mA

2

2E2
zA

'~EF!G .

Keeping the terms of ordermA
2/M2 in Eqs.~66!, we find

tA~q2!5
M1mA

M

EF

D
zA

'~EF!,

tV1
~q2!5

2EF

M1mA
zA

'~EF!,

tV2
~q2!5

2mA
2

M2 F2zA
'~EF!2

mA

EF
zA

i ~EF!G ,
tV3

~q2!52S 11
4mA

2

M2 D F S 12
mA

2

M2D mA

EF
zA

i ~EF!

2zA
'~EF!G , ~67!

t1~q2!5S 12
mA

2

M2D EF

D
zA

'~EF!,

t2~q2!52S 11
mA

2

M2D EF

D
zA

'~EF!,
09402
d t0~q2!5S 11
3mA

2

M2 D mA

EF
zA

i ~EF!2
2mA

2

M2
zA

'~EF!.

On the basis of Eqs.~67! the following symmetry relations
between the form factors can be derived:

M

M1mA

D

EF
tA~q2!5

M1mA

2EF
tV1

~q2!5S 11
mA

2

M2D D

EF
t1~q2!

52S 12
mA

2

M2D D

EF
t2~q2!5zA

'~EF!,

~68!

1

2 S 12
3mA

2

M2 D tV3
~q2!1S 11

mA
2

M2D M1mA

2EF
tV1

~q2!

5S 12
3mA

2

M2 D t0~q2!1
2mA

2

M2
t1~q2!

5
mA

EF
zA

i ~EF!, ~69!

tV2
~q2!52

mA
2

M2
@ tV3

~q2!22tV1
~q2!#.

Of particular interest are the ratios of form factors whi
depend only on meson masses and recoil momentum foll
ing from Eqs.~68! and ~69!:

tA~q2!

tV1
~q2!

5
~M1mA!2

2MD
,

~70!
t1~q2!

t1~q2!1@q2/~M22mA
2 !#t2~q2!

5
M22mA

2

2MD
.

These relations correspond to the exact vanishing of heli
amplitudesH1(q2) in the heavy quark and large recoil limi
This is similar to the case ofB decays to vector light mesons
With account of Eqs.~70!, the ratio of helicityl521 and
l50 amplitude takes the form

uH2~q2!u

uH0~q2!u
5

2Aq2

M2EF1D

EF

E

uzA
'~EF!u

uzA
i ~EF!u

. ~71!

C. B decays to tensor light mesons

The matrix elements of weak current forB decays to ten-
sor mesons can be decomposed in seven Lorentz-inva
structures
2-9
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^T~pF!uq̄gmbuB~pB!&5
2igV~q2!

M1mT
emnrsena*

pB
a

M
pBrpFs , ~72!

^T~pF!uq̄gmg5buB~pB!&5~M1mT!gA1
~q2!e* ma

pBa

M
1@gA2

~q2!pB
m1gA3

~q2!pF
m#eab*

pB
apB

b

M2
, ~73!

^T~pF!uq̄ismnqnbuB~pB!&52ig1~q2!emnrsena*
pBa

M
pBrpFs , ~74!

^T~pF!uq̄ismng5qnbuB~pB!&5g1~q2!Feab*
pB

apB
b

M
~pB1pF!m2e* ma

pBa

M
~M22mT

2!G
1g2~q2!Feab*

pB
apB

b

M
qm2e* ma

pBa

M
q2G1g0~q2!eab*

pB
apB

b

M3

3@~M22mT
2!qm2q2~pB1pF!m#, ~75!

wheremT andemn are the mass and polarization tensor of the tensor meson.
Calculating the trace in Eq.~15! with account of Eqs.~19!, ~13!, and~14! in the heavy quark and large recoil limit, we g

^T~pF!uq̄gmbuB~pB!&52iEFzT
'~EF!emnrsena* vavrns , ~76!

^T~pF!uq̄gmg5buB~pB!&52EFH zT
'~EF!Fe* mava2eab* vavbS EF

D
nm2

mT
2

2ED
vmD G1

E

D

mT

EF
zT

i ~EF!eab* vavbnmJ ,

~77!

^T~pF!uq̄ismnqnbuB~pB!&52iEFMzT
'~EF!S 12

mT
2

2EMD emnrsena* vanrvs , ~78!

^T~pF!uq̄ismng5qnbuB~pB!&52EFH MzT
'~EF!S 12

mT
2

2EMD Fe* mava2eab* vavbS EF

D
nm2

mT
2

2ED
vmD G

1
E

D

mT

EF
zT

i ~EF!eab* vavbF ~M2EF!nm2M S 12
mT

2

2EMD vmG J . ~79!
a
se
As in the case of vector and axial vector final mesons
form factors forB decays to tensor mesons can be expres
in terms of two invariant functions:

gV~q2!5
M1mT

M

EF

D
zT

'~EF!,

gA1
~q2!5

2EF

M1mT
zT

'~EF!,

gA2
~q2!5

EFmT
2

D2M
F2zT

'~EF!2
mT

EF
zT

i ~EF!G ,
gA3

~q2!52
EF

2

D2 FEmT

EF
2

zT
i ~EF!2zT

'~EF!G ,

~80!

g1~q2!52S 12
mT

2

2EMD EF

D
zT

'~EF!,
09402
ll
d g2~q2!5S 11

mT
2

2EMD EF

D
zT

'~EF!,

g0~q2!5
EFE

D2 F mT
2

2E2
zT

'~EF!2
mT

EF
zT

i ~EF!G .

Performing themT /E expansion of Eqs.~80!, we obtain, up
to terms of ordermT

2/M2,

gV~q2!5
M1mT

M

EF

D
zT

'~EF!,

gA1
~q2!5

2EF

M1mT
zT

'~EF!,

gA2
~q2!5

2mT
2

M2 S 2zT
'~EF!2

mT

EF
zT

i ~EF! D ,
2-10
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gA3
~q2!52S 11

4mT
2

M2 D FmT

EF
S 12

mT
2

M2D zT
i ~EF!2zT

'~EF!G , ~81!

g1~q2!52S 12
mT

2

M2D EF

D
zT

'~EF!,

g2~q2!5S 11
mT

2

M2D EF

D
zT

'~EF!,

g0~q2!52S 11
3mT

2

M2 D mT

EF
zT

i ~EF!1
2mT

2

M2
zT

'~EF!.

As a result the following form factor relations arise from Eqs.~81!:

M

M1mT

D

EF
gV~q2!5

M1mT

2EF
gA1

~q2!52S 11
mT

2

M2D D

EF
g1~q2!

5S 12
mT

2

M2D D

EF
g2~q2!5zT

'~EF!, ~82!

1

2 S 12
3mT

2

M2 D gA3
~q2!1S 11

mT
2

M2D M1mT

2EF
gA1

~q2!52S 12
3mT

2

M2 D g0~q2!2
2mT

2

M2
g1~q2!5

mT

EF
zT

i ~EF!, ~83!

gA2
~q2!52

mT
2

M2
@gA3

~q2!22gA1
~q2!#.
li
il

fo
in

th

ia

of
um

oth

nal
are

and

dial

en
el.
nc-
Two particular ratios of form factors

gV~q2!

gA1
~q2!

5
~M1mA!2

2MD
,

g1~q2!

g1~q2!1@q2/~M22mA
2 !#g2~q2!

5
M22mA

2

2MD
~84!

again lead to the exact vanishing of the corresponding he
ity amplitude H1(q2) in the heavy quark and large reco
limit. Similarly the ratio of helicityl521 andl50 ampli-
tudes is given by

uH2~q2!u

uH0~q2!u
5

2Aq2

M2EF1D

EF

E

uzT
'~EF!u

uzT
i ~EF!u

. ~85!

V. SYMMETRY RELATIONS IN THE RELATIVISTIC
QUARK MODEL

We can test the satisfaction of the symmetry relations
the form factors, arising at large recoil of the final meson,
the framework of the relativistic quark model based on
quasipotential approach in quantum field theory. In Refs.@6#
and@5# we considered exclusive semileptonic and rare rad
09402
c-

r

e

-

tive B decays to ground state light mesons. The analysis
these decays was performed near the point of the maxim
recoil of the final light meson employing the expansions b
in inverse powers of the heavyb-quark mass in the initial
state and in the inverse large recoil momentum of the fi
pseudoscalar or vector meson. The resulting expressions
valid up to the second order terms in these expansions
for q250. The general formulas~A1!, ~A4!, ~A7!, and~A10!
from Ref. @6# and Eq.~24! from Ref. @5# can be applied for
decays to ground state light mesons as well as for their ra
excitations. Keeping only the leading terms inLQCD/mb ,
LQCD/EF and terms quadratic inm/EF we compare the re-
sulting expressions with symmetry relations~28!, ~39!, and
~40!. It is easy to check that the symmetry relations betwe
the form factors are satisfied in our relativistic quark mod
As a result one can determine corresponding invariant fu
tions. In this way we obtain the following.

~i! For B decays to pseudoscalar light mesons,

zP~EF!5A M

2EF
E d3p

~2p!3
c̄PS p1

2eq

EF1mP
DDcB~p!.

~86!

~ii ! For B decays to vector light mesons,

zV
'~EF!5A M

2EF
E d3p

~2p!3
c̄VS p1

2eq

EF1mV
DDcB~p!,
~87!
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zV
i ~EF!5

EF

E
zV

'~EF!. ~88!

Since Eq.~88! coincides with Eq.~50!, we can rewrite relations~49! in the forms:

T1~q2!5A0~q2!,

mV~M2mV!T2~q2!5~MEF2mV
2 !A1~q2!2

2M2D2

~M1mV!2
A2~q2!, ~89!

~MEF1mV
2 !T2~q2!2

2M2D2

~M22mV
2 !

T3~q2!5mV~M1mV!A1~q2!,
o
fu
in

Th

u

e
-
n-
of

-

thus recovering the form factor relations of Ref.@12# near the
maximum recoil of the final vector meson.

In Ref. @15# we considered rare radiativeB decays to or-
bitally excited K mesons up to the second order terms
heavy quark and large recoil momentum expansions. We
ther retain only the contributions of leading order
LQCD/mb and LQCD/EF and of second order inm/EF in
Eqs. ~29!, ~33!, and ~37! of Ref. @15#. Then we perform a
similar analysis for the semileptonicB decays to orbitally
excited scalar, axial vector, and tensor light mesons.
symmetry relations~57!, ~68!, ~69!, ~82!, and~83! are valid
in our model and invariant functions can be obtained. Th
we find the following.

~iii ! For B decays to scalar light mesons,

zS~EF!5
D

EF1mS

1

3
A M

2EF
E d3p

~2p!3
c̄SS p1

2eq

EF1mS
DD

3F23~EF1mS!
p•D

pD2
2

2p

eq~p!1mq
GcB~p!.

~90!

~iv! for B decays to axial vector light meson withj 51/2,

zA(1/2)
' ~EF!5

D

EF1mA(1/2)

1

3
A M

2EF

3E d3p

~2p!3
c̄A(1/2)S p1

2eq

EF1mA(1/2)
DD

3F23~EF1mA(1/2)!
p•D

pD2

2
2p

eq~p!1mq
GcB~p!, ~91!

zA(1/2)
i ~EF!52

EF

E
zA(1/2)

' ~EF!. ~92!

~v! for B decays to axial vector light mesons withj
53/2,
09402
f
r-

e

s

zA(3/2)
' ~EF!5

D

EF1mA(3/2)

1

3A2
A M

2EF

3E d3p

~2p!3
c̄A(3/2)S p1

2eq

EF1mA(3/2)
DD

3F23~EF1mA(3/2)!
p•D

pD2

1
p

eq~p!1mq
GcB~p!, ~93!

zA(3/2)
i ~EF!52

EF

E
zA(3/2)

' ~EF!. ~94!

~vi! for B decays to tensor light mesons,

zT
'~EF!5

mT

EF1mT

1

A3
A M

2EF
E d3p

~2p!3
c̄TS p1

2eq

EF1mT
DD

3F23~EF1mT!
p•D

pD2
1

p

eq~p!1mq
GcB~p!, ~95!

zT
i ~EF!5

EF

E
zT

'~EF!. ~96!

Here cB and cF are theB meson and light meson wav
functions. We used the HQETjs-coupling scheme for pa
rametrizing axial vector state wave functions, which is co
venient for a description of axial vector orbital excitations
K mesons@15#. Instead, for axial vector excitations ofp,r
mesons theLS-coupling scheme should be used where1P1
and 3P1 states are the linear combinations ofA(1/2) and
A(3/2) states.

The ratio of the helicityl521 and l50 amplitudes
~46!, ~71!, and ~85! with the account of quark model rela
tions ~88!, ~92!, ~94!, and ~96! for small q2 will depend on
meson masses and energies only:
2-12



b

o

th

a
in
le

r

a

ef.
en-
ac-

o be

,

we

a
h

FORM FACTORS OF HEAVY-TO-LIGHTB DECAYS AT . . . PHYSICAL REVIEW D 64 094022
uH2~q2!u

uH0~q2!u
5

2AM21mV
222MEF

M2EF1D 5
1, F5V,

1, F5A~1/2!,

1/2, F5A~3/2!,

1, F5T.
~97!

The ratio of the helicityl511 andl50 amplitudes van-
ishes, uH1(q2)u/uH0(q2)u50, for all above decays in the
heavy quark and large recoil limit. These predictions can
tested in charmless nonleptonicB decays to two light final
mesons in the factorization approximation.

In Tables I and II we give our predictions for the values
invariant functionszP,S , zV,A,T

' , andzV,A,T
i parametrizingB

decays to light meson states at the maximum recoil of
final meson whereEF

max5(M21m2)/(2M) and q250. These
values can be used for evaluating the decay rates.

Recently, in Refs.@16,17# the exclusiveB→K* g decay
branching fractions were calculated with the complete
count of next-to-leading order QCD effects and to lead
order in the heavy quark and large recoil limit. A sizab
enhancement of the coefficientC7 at next-to-leading orde
was observed. Reference@16# gave,

uC 7uNLO
2 /uC 7uLO

2 '1.78, ~98!

and the close value 1.6 was found in Ref.@17#. The decay
branching fraction in the above limit should be proportion
to the square of the transverse invariant functionzK*

' (EF
max).

In order to evaluatezK*
' (EF

max) the predictions of QCD sum

rules @18# for the decay form factorsT1
K* (0) and VK* (0)

were used. The estimate of Ref.@16# yields zK*
' (EF

max)
50.3560.07, which leads to the branching fraction

TABLE I. Values of invariant functionszP , zV
' , andzV

i param-
etrizing B decays to ground state and radially excited pseudosc
and vector light mesons at the maximum recoil of the final lig
meson calculated in the relativistic quark model.

Decay zP(EF
max) Decay zV

'(EF
max) zV

i (EF
max)

B→p 0.19 B→r 0.24 0.25
B→K 0.26 B→K* 0.28 0.29
B→p(1430) 0.24 B→r(1450) 0.25 0.27
B→K(1460) 0.19 B→K* (1410) 0.20 0.21
09402
e

f

e

c-
g

l

Br~B→K* g!5~7.921.6
11.8!31025S tB

1.6 psD
3S mb

4.6 GeVD
2S zK*

'
~EF

max!

0.35
D 2

. ~99!

This value is considered in Ref.@16# to be nearly twice as
large as the current experimental data

Br~B0→K* 0g!

5H ~4.5560.7060.34!31025, CLEO @19#,

~4.9660.6760.45!31025, Belle @20#,

~4.3960.4160.27!31025, BABAR @21#,

~100!

Br~B1→K* 1g!

5H ~3.7660.8660.28!31025, CLEO @19#,

~3.8960.9360.41!31025, Belle @20#.

~101!

In Ref. @17# the valueFK* (0)5zK*
' (EF

max)50.3860.06 is
used and the estimates

Br~B2→K* 2g!57.4531025

,

Br~B0→K* 0g!57.0931025 ~102!

are obtained for central input parameters. The authors of R
@17# claim that these results are compatible with experim
tal measurements taking the sizable uncertainties into
count, even though the central theoretical values appear t
somewhat high.

However, zK*
' (EF

max) determined from QCD sum rules
containsLQCD/mb andLQCD/EF corrections which were ne-
glected in deriving Eq.~98!. As our model estimates show
1/mb corrections can give contributions of 10215 % to the
form factors. Indeed, with the account of such corrections

haveT1
K* (0)50.32(3) in our model@5# while in the large

recoil limit T1
K* (0)→zK*

' (EF
max)50.28 ~see Table I!. If we

substitute the latter value in Eq.~99!, we obtain

Br~B→K* g!5~5.021.7
11.8!31025, ~103!

lar
t

eson

TABLE II. Values of invariant functionszS , zA,T

' , andzA,T
i parametrizingB decays to orbitally excited

(P-wave! scalar, axial vector and tensor light mesons at the maximum recoil of the final light m
calculated in the relativistic quark model.

Decay zS(EF
max) Decay zA

'(EF
max) zA

i (EF
max) Decay zT

'(EF
max) zT

i (EF
max)

B→a0(1450) 0.14 B→b1(1235) 0.08 20.08
B→K0* (1430) 0.14 B→K1* (1270) 0.14 20.15

B→a1(1260) 0.23 0.49 B→a2(1320) 0.25 0.27
B→K1(1400) 0.20 0.43 B→K2* (1430) 0.27 0.29
2-13
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while branching fractions~102! would be given in our mode
by

Br~B2→K* 2g!5~4.121.2
11.5!31025,

~104!
Br~B0→K* 0g!5~3.921.2

11.5!31025

in agreement with experimental data@Eqs.~100! and~101!#.
The similar substitution of our prediction forzr

'(EF
max)

50.24 ~see Table I! instead of the QCD sum rule@18# value
T1

r(0)50.2960.04 in the expression for Br(B→rg) with
the complete account of next-to-leading order QCD corr
tions in the heavy quark and large recoil limit@17# ~see also
Ref. @22#! yields

Br~B2→r2g!5~1.120.4
10.5!31026. ~105!

VI. CONCLUSIONS

In this paper we derived the form factor relations forB
decays to light mesons arising in the heavy quark and la
recoil energy limits. The decays both to ground state a
radially and orbitally excited light mesons were consider
Our main attention was devoted to a complete accounting
corrections of second order in the ratio of the light mes
mass to the large recoil energy. Such corrections are e
cially important for decays to excited light mesons, sin
their masses are of the order of the charmed quark mass
correction to the effective Lagrangian quadratic in the fi
meson mass has been obtained. It was found that this co
tion does not violate the symmetry of the leading order L
grangian, since it has the same Dirac structure as the lea
contribution. Therefore, the inclusion of corrections, whi
are quadratic in the ratio of the final meson mass to the la
recoil energy, to the weak current matrix elements does
lead to the introduction of additional invariant function
Their inclusion requires a more accurate consideration of
decay kinematics, keeping all final meson mass contri
tions. The heavy quark and large recoil symmetries subs
tially constrain the number of independent form facto
Thus, in this limit forB decays to pseudoscalar~scalar! light
mesons, three decay form factors can be parametrized by
invariant function zP,S(q2), and for B decays to vector
~axial-vector, tensor! light mesons seven decay form facto
can be expressed through two invariant functionszV,A,T

' (q2)
andzV,A,T

i (q2) for each decay, respectively. This establish
D
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relations between decay form factors at the large recoil of
final light meson, which are obtained with the complete a
count of second order corrections in the light toB meson
mass ratio.

The important consequence of these equations are
well known Isgur-Wise@2# relations @Eqs. ~47!# between
form factors of semileptonic and rare radiativeB decays,
which were originally obtained for small values of the rec
momentum, and now they are established near the poin
maximum recoil if all contributions quadratic in final meso
mass are included. The relations~48! obtained by Soares in
the constituent quark model@8# also follow from the large
recoil symmetry, while the fulfilment of the other ones@Eqs.
~49!# requires an additional relation between the transve
and longitudinal functions~50!.

We tested the fulfillment of large recoil symmetry rel
tions between theB decay form factors in the framework o
the relativistic quark model@5,6,15#, based on the quasipo
tential approach in quantum field theory. It was found th
they are exactly satisfied in the appropriate limits, and c
responding invariant functions were determined. An ad
tional relation@Eq. ~50!# is also satisfied in our model. Est
mates of the heavy-to-light form factors atq250 in our
model show that their values with the account of 1/mb cor-
rections can differ from the ones in the heavy quark and la

recoil limit by 10–15 %. That is, the form factorT1
K* (0)

responsible for the rare radiativeB→K* g decay is reduced
by ;12% in the large recoil limit. Such a reduction of th
form factor almost compensates the enhancement of this
cay rate by next-to-leading order QCD corrections calcula
in the same limit@16,17#.
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