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Rare radiative B decays to orbitally excitedK mesons
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The exclusive rare radiativeB meson decays to orbitally excited axial-vector mesonsK1* (1270), K1(1400),
and to the tensor mesonK2* (1430) are investigated in the framework of the relativistic quark model based on
the quasipotential approach in quantum field theory. These decays are considered without employing the heavy
quark expansion for thes quark. Instead thes quark is treated to be light and the expansion in inverse powers
of the large recoil momentum of the finalK** meson is used to simplify calculations. It is found that the ratio
of the branching fractions of rare radiativeB decays to axial vectorK1* (1270) andK1(1400) mesons is
significantly influenced by relativistic effects. The obtained results forB decays to the tensor mesonK2* (1430)
agree with recent experimental data from CLEO and Belle.
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I. INTRODUCTION

Rare radiative decays ofB mesons represent an importa
test of the standard model of electroweak interactions. Th
transitions are induced by flavor changing neutral curre
and thus they are sensitive probes of new physics beyond
standard model. Such decays are governed by one-loop~pen-
guin! diagrams with the main contribution from a virtual to
quark and aW boson. Therefore, they provide valuable i
formation about the Cabibbo-Kobayashi-Maskawa~CKM!
matrix elementsVts andVtb . The statistics of rare radiativ
B decays has considerably increased since the first obse
tion of the B→K* g decay in 1993 by CLEO@1#. This al-
lowed a significantly more precise determination of exc
sive and inclusive branching fractions@2#. The first
observation of the rareB decays to the orbitally excited
strange mesons has been reported by CLEO@2#. The branch-
ing fraction for the decay to the tensorK2* (1430) meson has
been measured Br„B→K2* (1430)g…5(1.6620.53

10.5960.13)
31025, as well as the ratio of exclusive branching fractio
r[Br„B→K2* (1430)g…/Br„B→K* (892)g…50.3920.13

10.15. Re-
cently Belle @3# published the measurement of the cor
sponding branching fraction Br„B→K2* (1430)g…5(1.89
60.5660.18)31025, which is in good agreement with th
CLEO result. The data for the other decay channels will
available soon. This significant experimental progress p
vides a challenge to the theory. Many theoretical approac
have been employed to predict the exclusiveB
→K* (892)g decay rate~for a review see Ref.@4#, and ref-
erences therein!. Considerably less attention has been paid
rare radiativeB decays to excited strange mesons@5–8#.
Most of these theoretical approaches@6,8# rely on the heavy
quark limit both for the initialb and finals quarks and the
nonrelativistic quark model. However, the two predictio
@6,8# for the ratior differ by an order of magnitude, due to
different treatment of the long distance effects and, as a
sult, a different determination of the corresponding Isg
Wise functions. Only the prediction of Ref.@8# is consistent
with the available data. Nevertheless, it is necessary to p
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out that thes quark in the finalK* meson is not heavy

enough, compared to theL̄ parameter, which determines th
scale of 1/mQ corrections in heavy quark effective theory@9#.
Thus the 1/ms expansion is not appropriate. Notwithstandin
the ideas of heavy quark expansion can be applied to
exclusive B→K* (K** )g decays. From the kinematica
analysis it follows that the finalK* (K** ) meson bears a
large relativistic recoil momentumuDu of order ofmb/2 and
an energy of the same order. So it is possible to expand
matrix element of the effective Hamiltonian both in inver
powers of theb quark mass for the initial state and in inver
powers of the recoil momentumuDu for the final state
@10,11#. Such an expansion has been realized by us for
B→K* (892)g decay in the framework of the relativisti
quark model@10#. In Ref. @11# it was shown that in the lead
ing order of this expansion a specific symmetry emer
which imposes several relations between the form factor
semileptonic and rare radiativeB decays. The interaction
with collinear gluons preserve these relations, establish
them in the large energy limit of QCD@12#. It is important to
note that rare radiative decays ofB mesons require a com
pletely relativistic treatment, because the recoil moment
of the final meson is large compared to thes quark mass. The
calculated branching fraction for this decay@10# was found
in good agreement with experimental data. In Ref.@13# we
considered the exclusive rareB decay to the orbitally excited
tensor mesonK2* (1430). Here we extend this analysis to th
axial-vector mesonsK1* (1270) andK1(1400).

Our relativistic quark model is based on the quasipoten
approach in quantum field theory with a specific choice
the quark-antiquark interaction potential. It provides a co
sistent scheme for the calculation of all relativistic corre
tions at a givenv2/c2 order and allows for the heavy quar
1/mQ expansion. In preceding papers we applied this mo
to the calculation of the mass spectra of orbitally and radia
excited states of heavy-light mesons@14#, as well as to the
description of weak decays ofB mesons to ground stat
heavy and light mesons@15,16#. The heavy quark expansio
for the heavy-to-heavy semileptonic transitions@17,18# was
©2001 The American Physical Society01-1
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found to be in agreement with model-independent pred
tions of the heavy quark effective theory~HQET!.

The paper is organized as follows. In Sec. II we define
form factors, which govern the exclusive rare radiativeB
decays to orbitally excitedK mesons. The relativistic quar
model is described in Sec. III, and in Sec. IV it is applied f
the calculation of the rare radiative decay form factors. O
numerical results for the form factors and decay rates as
as comparison of these results with other theoretical pre
tions and experimental data are presented in Sec. V. T
we also discuss the relations between the form factors of
radiative and semileptonicB decays in the formal heav
quark limit. Section VI contains our conclusions.

II. RARE RADIATIVE B DECAYS

In the standard model,B decays are described by the e
fective Hamiltonian, after integrating out the top quark a
W boson and using the Wilson expansion@19#. For the case
of b→s transition

Heff~b→s!52
4GF

A2
Vts* Vtb(

j 51

8

Cj~m!Oj~m!, ~1!

whereVi j are the corresponding CKM matrix elements a
$Oj% are a complete set of renormalized dimension six
erators involving light fields which governb→s transitions.
They include six four-quark operatorsOj ( j 51, . . . ,6),
which determine the nonleptonicB decay rates, the electro
magnetic dipole operator

O75
e

16p2
s̄smn~mbPR1msPL!bFmn , PR,L5~16g5!/2,

~2!

and the chromomagnetic dipole operatorO8 . O7 andO8 are
responsible for the rareB decaysb→sg andb→sg, respec-
tively @19#. The Wilson coefficientsCj (m) are evaluated per
turbatively at theW scale and then they are evolved down
the renormalization scalem;mb by the renormalization
group equations. There are also power-suppressed t
;1/mc

2 @20,21#.
The dominant contribution toB→K** g decay rates

come from the electromagnetic dipole operatorO7. The ma-
trix elements of this operator between the initialB meson
state and the final state of the orbitally excitedK** meson
have the following covariant decomposition:

^K1~p8,e!us̄iknsmnbuB~p!&

5t1~k2!„~e* •k!~p1p8!m2em* ~p22p82!…

1t2~k2!„~e* •k!km2em* k2
…1t0~k2!~e* •k!

3„~p22p82!km2~p1p8!mk2
…/~MBMK1

!,

^K1~p8,e!us̄iknsmng5buB~p!&

5 i t 1~k2!emnlse* nkl~p1p8!s, ~3!
05400
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^K2* ~p8,e!us̄iknsmnbuB~p!&

5 ig1~k2!emnlse* nb
pb

MB
kl~p1p8!s,

^K2* ~p8,e!us̄iknsmng5buB~p!&

5g1~k2!S ebg*
pbpg

MB
~p1p8!m2emb*

pb

MB
~p22p82! D

1g2~k2!S ebg*
pbpg

MB
km2emb*

pb

MB
k2D

1g0~k2!„~p22p82!km2~p1p8!mk2
…ebg*

pbpg

MB
2MK

2*
.

~4!

The matrix element ofB→K1* g decay has the sam
decomposition as Eq. ~3!, with form factors
s1(k2), s2(k2), s0(k2) replacing form factors
t1(k2), t2(k2), t0(k2). Here em (emn) is a polarization
vector ~tensor! of the final axial-vector~tensor! meson and
k5p2p8 is the four momentum of the emitted photon. Th
exclusive decay rates for the emission of a real photonk2

50) are determined by form factorst1(0), s1(0), and
g1(0). They are given by

G~B→K1g!5
a

32p4
GF

2mb
5uVtbVtsu2uC7~mb!u2t1

2 ~0!

3S 12
MK1

2

MB
2 D 3S 11

MK1

2

MB
2 D , ~5!

G~B→K1* g!5
a

32p4
GF

2mb
5uVtbVtsu2uC7~mb!u2s1

2 ~0!

3S 12

MK
1*

2

MB
2 D 3S 11

MK
1*

2

MB
2 D , ~6!

G~B→K2* g!

5
a

256p4
GF

2mb
5uVtbVtsu2uC7~mb!u2g1

2 ~0!
MB

2

MK
2*

2

3S 12

MK
2*

2

MB
2 D 5S 11

MK
2*

2

MB
2 D , ~7!

whereC7(mb) is the Wilson coefficient in front of the op
eratorO7. It is convenient to consider the ratio of exclusiv
to inclusive branching fractions, for which we have
1-2
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RK1
[

Br~B→K1~1400!g!

Br~B→Xsg!

5t1
2 ~0!

~12MK1

2 /MB
2 !3~11MK1

2 /MB
2 !

~12ms
2/mb

2!3~11ms
2/mb

2!
, ~8!

RK
1*
[

Br~B→K1* ~1270!g!

Br~B→Xsg!

5s1
2 ~0!

~12MK
1*

2
/MB

2 !3~11MK
1*

2
/MB

2 !

~12ms
2/mb

2!3~11ms
2/mb

2!
,

~9!

RK
2*
[

Br~B→K2* ~1430!g!

Br~B→Xsg!

5
1

8
g1

2 ~0!
MB

2

MK
2*

2

~12MK
2*

2
/MB

2 !5~11MK
2*

2
/MB

2 !

~12ms
2/mb

2!3~11ms
2/mb

2!
.

~10!

The recent experimental values for the inclusive de
branching fraction

Br~B→Xsg!

5H ~3.1560.3560.3260.26!31024 ~CLEO @22# !,

~3.3960.5360.4220.55
10.51!31024 ~Belle @3# !

are in a good agreement with theoretical calculations~see,
e.g., Ref.@4#!.

III. RELATIVISTIC QUARK MODEL

Now we use the relativistic quark model for the calcu
tion of the form factorst1(0), s1(0), andg1(0). In our
model a meson is described by the wave function of
bound quark-antiquark state, which satisfies the quasipo
tial equation@23# of the Schro¨dinger type@24# in the center-
of-mass frame:

S b2~M !

2mR
2

p2

2mR
DCM~p!5E d3q

~2p!3
V~p,q;M !CM~q!,

~11!

where the relativistic reduced mass is

mR5
M42~mq

22mQ
2 !2

4M3
, ~12!

and b2(M ) denotes the on-mass-shell relative moment
squared

b2~M !5
@M22~mq1mQ!2#@M22~mq2mQ!2#

4M2
. ~13!
05400
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The kernelV(p,q;M ) in Eq. ~11! is the quasipotentia
operator of the quark-antiquark interaction. It is construc
with the help of the off-mass-shell scattering amplitude, p
jected onto the positive energy states. An important role
this construction is played by the Lorentz structure of t
confining quark-antiquark interaction in the meson. In co
structing the quasipotential of the quark-antiquark interact
we have assumed that the effective interaction is the sum
the usual one-gluon exchange term and the mixture of ve
and scalar linear confining potentials. The quasipotentia
then defined by@25#

V~p,q;M !5ūq~p!ūQ~2p!V~p,q;M !uq~q!uQ~2q!,

~14!

with

V~p,q;M !5
4

3
asDmn~k!gq

mgQ
n 1Vconf

V ~k!Gq
mGQ;m1Vconf

S ~k!,

whereas is the QCD coupling constant,Dmn is the gluon
propagator in the Coulomb gauge, andk5p2q; gm and
u(p) are the Dirac matrices and spinors

ul~p!5Ae~p!1m

2e~p! S 1

sp

e~p!1m
D xl ~15!

with e(p)5Ap21m2. The effective long-range vector verte
is given by

Gm~k!5gm1
ik

2m
smnkn, ~16!

wherek is the Pauli interaction constant characterizing t
nonperturbative anomalous chromomagnetic moment
quarks. Vector and scalar confining potentials in the non
ativistic limit reduce to

Vconf
V ~r !5~12«!~Ar1B!, Vconf

S ~r !5«~Ar1B!,
~17!

reproducing

Vconf~r !5Vconf
S ~r !1Vconf

V ~r !5Ar1B, ~18!

where« is the mixing coefficient.
The quasipotential for the heavy quarkonia, expanded

v2/c2, can be found in Refs.@25,26# and for heavy-light
mesons in Ref.@14#. All the parameters of our model, such a
quark masses, parameters of the linear confining poten
mixing coefficient« and anomalous chromomagnetic qua
momentk, were fixed from the analysis of heavy quarkon
masses@25# and radiative decays@27#. The quark masses
mb54.88 GeV, mc51.55 GeV, ms50.50 GeV, mu,d
50.33 GeV and the parameters of the linear potentiaA
50.18 GeV2 and B520.30 GeV have the usual quar
model values. In Ref.@17# we have considered the expansio
of the matrix elements of weak heavy quark currents
tween pseudoscalar and vector meson ground states up t
1-3



s
fir
l
rk
m
s
i

h

on
m

th
s

d
th
vin

-
o

on

the
a

hile
-
ows
x-

nce
e

by

nd
;
n-

-

D. EBERT, R. N. FAUSTOV, V. O. GALKIN, AND H. TOKI PHYSICAL REVIEW D64 054001
second order in inverse powers of the heavy quark masse
has been found that the general structure of the leading,
and second order 1/mQ corrections in our relativistic mode
is in accord with the predictions of HQET. The heavy qua
symmetry and QCD impose rigid constraints on the para
eters of the long-range potential in our model. The analy
of the first order corrections@17# fixes the value of the Paul
interaction constantk521. The same value ofk was found
previously from the fine splitting of heavy quarkonia3PJ-
states@25#. The value of the parameter characterizing t
mixing of vector and scalar confining potentials,«521,
was found from the analysis of the second order correcti
@17#. This value is very close to the one determined fro
considering radiative decays of heavy quarkonia@27#.

IV. RARE RADIATIVE B\K** g DECAY FORM FACTORS

In the quasipotential approach, the matrix element of
weak currentJm5 s̄( i /2)knsmn(11g5)b between the state
of a B meson and an orbitally excitedK** meson has the
form @29#

^K** uJm~0!uB&5E d3p d3q

~2p!6
C̄K** ~p!Gm~p,q!CB~q!,

~19!

where Gm(p,q) is the two-particle vertex function an
CB,K** are the meson wave functions projected onto
positive energy states of quarks and boosted to the mo
reference frame. The contributions toG come from Figs. 1
and 2. The contributionG (2) is the consequence of the pro
jection onto the positive-energy states. Note that the form
the relativistic corrections resulting from the vertex functi
G (2) explicitly depends on the Lorentz structure of theqq̄
interaction. The vertex functions are given by

FIG. 1. Lowest order vertex functionG (1) corresponding to Eq.
~20!.

FIG. 2. Vertex functionG (2) corresponding to Eq.~21!. Dashed
lines represent the interaction operatorV in Eq. ~14!. Bold lines
denote the negative-energy part of the quark propagator.
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Gm
(1)~p,q!5ūs~p1!

i

2
smnkn~11g5!ub~q1!~2p!3d~p22q2!,

~20!

and

Gm
(2)~p,q!5ūs~p1!ūq~p2!

1

2 H is1mnkn~11g1
5!

3
Lb

(2)~k1!

eb~k1!1eb~p1!
g1

0V~p22q2!1V~p22q2!

3
Ls

(2)~k18!

es~k18!1es~q1!
g1

0is1mnkn~11g1
5!J

3ub~q1!uq~q2!, ~21!

wherek15p12D; k185q11D; D5pK** 2pB ;

L (2)~p!5
e~p!2„mg01g0~gp!…

2e~p!
.

The wave functions ofP-wave K** mesons at rest can
be parametrized either through the wave functions of
states 1P1 , 3P0,1,2 used in quark models for quarkoni
(LS-coupling scheme! or through the wave functionsK(1/2)
andK(3/2) used in HQET (js-coupling scheme!. The struc-
ture of the wave functions for the states with 01 and 21

quantum numbers is the same in both parametrizations, w
two real states with 11 quantum numbers are different mix
tures of states in these parametrizations. Experiment sh
that K1(1400) andK1* (1270) mesons are nearly equal mi
tures of1P1 and 3P1 quark model states@28#. As a result the
HQET parametrization turns out to be more appropriate si
the realK1(1400) andK1* (1270) mesons almost coincid
with the corresponding states injs-coupling scheme. The
wave functions at rest in HQET parametrization are given

CK** ~p![CK( j )
JM ~p!5Y j

JMcK( j )~p!, ~22!

whereJ andM are the meson total angular momentum a
its projection, whilej is the u,d-quark angular momentum
cK( j )(p) is the radial part of the wave function. The spi
angular momentum partY j

JM has the following form:

Y j
JM5 (

sQsq
K j M 2sQ ,

1

2
sQUJ ML

3 K 1 M2sQ2sq ,
1

2
sqU j M 2sQL

3Y1
M2sQ2sqxQ~sQ!xq~sq!. ~23!

Here ^ j 1 m1 , j 2 m2uJ M& are the Clebsch-Gordan coeffi
cients,Yl

m are the spherical harmonics, andx(s) ~wheres
561/2) are spin wave functions:

x~1/2!5S 1

0D , x~21/2!5S 0

1D .
1-4
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Then

CK1(1400)
M 5CK(3/2)

1M cosf1CK(1/2)
1M sinf,

CK
1* (1270)

M
5CK(1/2)

1M cosf2CK(3/2)
1M sinf, ~24!

where f is a small mixing angle. We have calculated t
wave functions of orbitally excitedK** mesons in our
model by the numerical solution of Eq.~11! with the quasi-
potential~14! expanded in inverse powers of quark energi
Such an expansion is more adequate forK mesons than the
usual nonrelativistic expansion since the velocities of lig
u,d,s quarks are highly relativistic. The calculated spi
averagedP-waveK meson masses as well as spin-orbit sp
tings are consistent with experimental values. The obtai
value of the mixing angle in Eq.~24! also agrees with the
experiment and is approximately equal tof'4°. In the fol-
lowing we will use the functions~22! for decay form factor
calculations assuming that the physical form factors forB
→K1

(* )g decays are related to the calculated ones~denoted
by a tilde! by

t15 t̃ 1 cosf1 s̃1 sinf,

s15 s̃1 cosf2 t̃ 1 sinf. ~25!

It is important to note that the wave functions entering
weak current matrix element~19! cannot be both in the res
frame. In theB meson rest frame, theK** meson is moving
with the recoil momentumD. The wave function of the mov
ing K** mesonCK** D is connected with theK** wave
function in the rest frameCK** 0[CK** by the transforma-
tion @29#
05400
.

t

-
d

e

CK** D~p!5Ds
1/2~RLD

W !Dq
1/2~RLD

W !CK** 0~p!, ~26!

where RW is the Wigner rotation,LD is the Lorentz boost
from the meson rest frame to a moving one, and the rota
matrix D1/2(R) in spinor representation is given by

S 1 0

0 1DDs,q
1/2~RLD

W !5S21~ps,q!S~D!S~p!, ~27!

where

S~p!5Ae~p!1m

2m S 11
ap

e~p!1mD
is the usual Lorentz transformation matrix of the four spin

We substitute the vertex functionsG (1) andG (2) given by
Eqs.~20! and~21! in the decay matrix element~19! and take
into account the wave function transformation~26!. The re-
sulting structure of this matrix element is rather complicat
because it is necessary to integrate both overd3p and d3q.
Thed function in expression~20! permits one to perform one
of these integrations and thus this contribution can be ea
calculated. The calculation of the vertex functionG (2) con-
tribution is more difficult. Here, instead of ad function, we
have a complicated structure, containing theqq̄ interaction
operatorV. However, we can expand this contribution in th
inverse powers of the heavyb quark mass and large reco
momentumuDu;mb/2 of the finalK** meson. Such an ex
pansion is carried out up to the second order.1 Then we use
the quasipotential equation in order to perform one of
integrations in the current matrix element. As a result we
for the form factors the following expressions withk521:
ing
t̃ 1~0!5 t̃ 1
(1)~0!1~12«! t̃ 1

(2)V~0!1« t̃ 1
(2)S~0!, ~28!

t̃ 1
(1)~0!5

1

3A2
AEK(3/2)

MB

uDu
EK(3/2)1MK(3/2)

E d3p

~2p!3
c̄K(3/2)S p1

2eq

EK(3/2)1MK(3/2)
DDAes~p1D!1ms

2es~p1D!
Aeb~p!1mb

2eb~p!

3H 23~EK(3/2)1MK(3/2)!
~p•D!

pD2 F11
MB2EK(3/2)

es~p1D!1ms
G1F p

eq~p!1mq
2

p

es~p1D!1ms
G

3F11
MB2EK(3/2)

es~p1D!1ms
1

p2

@es~p1D!1ms#@eb~p!1mb#G22
MB1MK(3/2)

MB2MK(3/2)

p

es~p1D!1ms
J cB~p!, ~29!

1This means that in expressions fort̃ ,s̃,g1
(2)V(0) and t̃ ,s̃,g1

(2)S(0) we neglect terms proportional to the third order product of small bind
energies and ratiosp2/es

3(D), p2/eb
3(D) as well as higher order terms.
1-5
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t̃ 1
(2)V~0!5

1

3A2
AEK(3/2)

MB

uDu
EK(3/2)1MK(3/2)

E d3p

~2p!3
c̄K(3/2)S p1

2eq

EK(3/2)1MK(3/2)
DD

3Aes~D!1ms

2es~D! H F3~EK(3/2)1MK(3/2)!
~p•D!

pD2
2

p

eq~p!1mq
G es~D!2ms

2es~D!@es~D!1ms#

3XMB2eb~p!2eq~p!1
MB2EK(3/2)

es~D!1ms
FMK(3/2)2esS p1

2eq

EK(3/2)1MK(3/2)
DD

2esS p1
2eq

EK(3/2)1MK(3/2)
DD G C1 p

eq~p!1mq
FMB2eb~p!2eq~p!

eb~D!1mb
13

es~D!2ms

2es~D!@es~D!1ms#

3XMK(3/2)2esS p1
2eq

EK(3/2)1MK(3/2)
DD2esS p1

2eq

EK(3/2)1MK(3/2)
DD CG J cB~p!, ~30!

t̃ 1
(2)S~0!5

1

3A2
AEK(3/2)

MB

uDu
EK(3/2)1MK(3/2)

E d3p

~2p!3
c̄K(3/2)S p1

2eq

EK(3/2)1MK(3/2)
DD

3Aes~D!1ms

2es~D! H F23~EK(3/2)1MK(3/2)!
~p•D!

pD2
1

p

eq~p!1mq
G es~D!2ms

2es~D!@es~D!1ms#

3FMB2eb~p!2eq~p!2
MB2EK(3/2)

es~D!1ms
XMK(3/2)2esS p1

2eq

EK(3/2)1MK(3/2)
DD

2esS p1
2eq

EK(3/2)1MK(3/2)
DD CG J cB~p!, ~31!

s̃1~0!5 s̃1
(1)~0!1~12«!s̃1

(2)V~0!1« s̃1
(2)S~0!, ~32!

s̃1
(1)~0!5

1

3
AEK(1/2)

MB

uDu
EK(1/2)1MK(1/2)

E d3p

~2p!3
c̄K(1/2)S p1

2eq

EK(1/2)1MK(1/2)
DD

3Aes~p1D!1ms

2es~p1D!
Aeb~p!1mb

2eb~p! H 23~EK(1/2)1MK(1/2)!
~p•D!

pD2 F11
MB2EK(1/2)

es~p1D!1ms
G

2F 2p

eq~p!1mq
2

2p

es~p1D!1ms
GF11

MB2EK(1/2)

es~p1D!1ms
1

p2

@es~p1D!1ms#@eb~p!1mb#G
2

MB1MK(1/2)

MB2MK(1/2)
F p

eb~p!1mb
S 11

MB2EK(1/2)

es~p1D!1ms
D1

3p

es~p1D!1ms
G J cB~p!, ~33!
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s̃1
(2)V~0!5

1

3
AEK(1/2)

MB

uDu
EK(1/2)1MK(1/2)

E d3p

~2p!3
c̄K(1/2)S p1

2eq

EK(1/2)1MK(1/2)
DDAes~D!1ms

2es~D!

3H F3~EK(1/2)1MK(1/2)!
~p•D!

pD2
1

2p

eq~p!1mq
G es~D!2ms

2es~D!@es~D!1ms#

3XMB2eb~p!2eq~p!1
MB2EK(1/2)

es~D!1ms

3FMK(1/2)2esS p1
2eq

EK(1/2)1MK(1/2)
DD2esS p1

2eq

EK(1/2)1MK(1/2)
DD G C2 p

2~eq~p!1mq! F 1

eb~D!1mb

3X@MB2eb~p!2eq~p!#S 3
MB1MK(1/2)

MB2MK(1/2)
21D1

MB1MK(1/2)

MB2MK(1/2)
FMK(1/2)2esS p1

2eq

EK(1/2)1MK(1/2)
DD

2esS p1
2eq

EK(1/2)1MK(1/2)
DD G C1 3

2es~D! XMB1MK(1/2)

MB2MK(1/2)
@MB2eb~p!2eq~p!#1S MB1MK(1/2)

MB2MK(1/2)

22
es~D!2ms

es~D!1ms
D FMK(1/2)2esS p1

2eq

EK(1/2)1MK(1/2)
DD2esS p1

2eq

EK(1/2)1MK(1/2)
DD G CG J cB~p!, ~34!

s̃1
(2)S~0!5

1

3
AEK(1/2)

MB

uDu
EK(1/2)1MK(1/2)

E d3p

~2p!3
c̄K(1/2)S p1

2eq

EK(1/2)1MK(1/2)
DD

3Aes~D!1ms

2es~D! H F23@EK(1/2)1MK(1/2)#
~p•D!

pD2
2

2p

eq~p!1mq
G es~D!2ms

2es~D!@es~D!1ms#

3FMB2eb~p!2eq~p!2
MB2EK(1/2)

es~D!1ms
XMK(1/2)2esS p1

2eq

EK(1/2)1MK(1/2)
DD

2esS p1
2eq

EK(1/2)1MK(1/2)
DD CG J cB~p!, ~35!

g1~0!5g1
(1)~0!1~12«!g1

(2)V~0!1«g1
(2)S~0!, ~36!

g1
(1)~0!5

1

A3
AEK

2*

MB

MK
2*

EK
2*
1MK

2*
E d3p

~2p!3
c̄K

2* S p1
2eq

EK
2*
1MK

2*
DDAes~p1D!1ms

2es~p1D!
Aeb~p!1mb

2eb~p!

3H 23~EK
2*
1MK

2*
!
~p•D!

pD2
F11

MB2EK
2*

es~p1D!1ms
G1F p

eq~p!1mq
2

p

es~p1D!1ms
G

3F11
MB2EK

2*

es~p1D!1ms
2

p2

@es~p1D!1ms#@eb~p!1mb#
G J cB~p!, ~37!
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g1
(2)V~0!5

1

A3
AEK

2*

MB

MK
2*

EK
2*
1MK

2*
E d3p

~2p!3
c̄K

2* S p1
2eq

EK
2*
1MK

2*
DD

3Aes~D!1ms

2es~D! H 3~EK
2*
1MK

2*
!
~p•D!

pD2

MB2eb~p!2eq~p!

2@es~D!1ms#

2
p

eq~p!1mq

1

2@es~D!1ms#
2 X~MB1MK

2*
!@MB2eb~p!2eq~p!#1~EK

2*
1MK

2*
!

3FMK
2*
2esS p1

2eq

EK
2*
1MK

2*
DD 2esS p1

2eq

EK
2*
1MK

2*
DD G CJ cB~p!, ~38!

g1
(2)S~0!5

1

A3
AEK

2*

MB

MK
2*

EK
2*
1MK

2*
E d3p

~2p!3
c̄K

2* S p1
2eq

EK
2*
1MK

2*
DDAes~D!1ms

2es~D!

3H F23~EK
2*
1MK

2*
!
~p•D!

pD2
1

p

eq~p!1mq
G X es~D!2ms

2es~D!@es~D!1ms# FMK
2*
2esS p1

2eq

EK
2*
1MK

2*
DD

2esS p1
2eq

EK
2*
1MK

2*
DD G1

MB2EK
2*

2@es~D!1ms#
2 FMB1MK

2*
2eb~p!2eq~p!2esS p1

2eq

EK
2*
1MK

2*
DD

2esS p1
2eq

EK
2*
1MK

2*
DD G CJ cB~p!, ~39!
r

o

b
o

n-
where the superscripts ‘‘~1!’’ and ‘‘ ~2!’’ correspond to contri-
butions coming from Figs. 1 and 2,S andV mean the scala
and vector potentials in Eq.~17!, cK** ,B are radial parts of
the wave functions. SinceMK(1/2) and MK(3/2) almost coin-
cide with the physical axial-vector meson massesMK

1
(* ) and

MK1
we use the latter for numerical calculations. The rec

momentum and the energy of theK** meson are given by

uDu5
MB

22MK**
2

2MB
; EK** 5

MB
21MK**

2

2MB
. ~40!

V. RESULTS AND DISCUSSION

We can check the consistency of our resulting formulas
taking the formal limit ofb and s quark masses going t
05400
il

y

infinity.2 In this limit according to HQET@30# the functions

jF~w!5
2AMBMK

2*

MB1MK
2*

g1~w!5
2AMBMK1

MB2MK1

A6

w11
t̃ 1~w!

~41!

and

jE~w!5
2AMBMK

1*

MB2MK
1*

s̃1~w!, w5
MB

21MK**
2

2k2

2MBMK**
,

~42!

should coincide with the Isgur-Wise functionst(w) and
z(w) for semileptonicB decays to orbitally excitedD me-
sons,B→D** en. Such semileptonic decays have been co
sidered by us in Ref.@31#. Taking the formal limit mb
→`, ms→` in Eqs. ~28!–~39! and using definitions~41!,
~42! we find

2As was noted above, such a limit is justified only for theb quark.
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jF~w!5A2

3

1

~w11!3/2E d3p

~2p!3
c̄K(3/2)S p1

2eq

MK(3/2)~w11!
DD F23MK(3/2)~w11!

~p•D!

pD2
1

p

eq~p!1mq
GcB~p!, ~43!

jE~w!5
A2

3

1

~w11!1/2E d3p

~2p!3
c̄K(1/2)S p1

2eq

MK(1/2)~w11!
DD F23MK(1/2)~w11!

~p•D!

pD2
22

p

eq~p!1mq
GcB~p!. ~44!

TABLE I. Theoretical predictions and experimental data for the branching fractions (31025) and their ratiosRK* [Br(B
→K* g)/Br(B→Xsg), RK

i
(* )[Br(B→Ki

(* )g)/Br(B→Xsg) ( i 51,2), r[Br(B→K2* g)/Br(B→K* g). Our values for theB→K* g de-

cay are taken from Ref.@10#.

Value Ours Ref.@5# Ref. @6# Ref. @7# Ref. @8# Exp. CLEO@2# Exp. Belle@3#

Br„B→K* (892)g… 4.561.5 1.35 1.424.9 0.520.8 4.7161.79 4.5520.68
10.7260.34a 4.9660.6760.45a

3.7620.83
10.8960.28b 3.8960.9360.41b

RK* (%) 1563 4.5 3.5212.2 1.622.5 16.866.4

B→K0* (1430)g forbidden

Br„B→K1* (1270)g… 0.4560.15 1.1 1.824.0 0.321.4 1.2060.44
RK

1*
~%! 1.560.5 3.8 4.5210.1 0.924.5 4.361.6

Br„B→K1(1400)g… 0.7860.18 0.7 2.425.2 0.120.6 0.5860.26
RK1

~%! 2.660.6 2.2 6.0213.0 0.422.0 2.160.9

Br„B→K2* (1430)g… 1.760.6 1.8 6.9214.8 0.421.0 1.7360.80 1.6620.53
10.5960.13 1.8960.5660.18

RK
2*

~%! 5.761.2 6.0 17.3237.1 1.323.2 6.262.9
r 0.3860.08 1.3 3.024.9 0.821.3 0.3760.10 0.3920.13

10.15

aB0→K* 0g.
bB1→K* 1g.
i
f
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e
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the
It is easy to verify that the equalitiesjF5t and jE5z are
implemented in our model if we also use the expansion
(w21)/(w11) (w is a scalar product of four-velocities o
the initial and final mesons!, which is small for theB
→D** en decay@31#. It is important to note that last term
in the square brackets of the expressions for the funct
jF(w) ~43! and jE(w) ~44! result from the wave function
transformation~26! associated with the relativistic rotation o
the light quark spin~Wigner rotation! in passing to the mov-
ing reference frame. These terms are numerically impor
and lead to the suppression of thejE form factor compared
to jF . Note that if we applied a simplified nonrelativist
quark model@8,30# these important contributions would b
missing. Neglecting further the small difference between
wave functionscK(1/2) and cK(3/2) , the following relation
betweenjF andjE would be obtained@30#

jE~w!5
w11

A3
jF~w!. ~45!

However, we see that this relation is violated if the relativ
tic transformation properties of the wave function are tak
into account.
05400
n

s

nt

e

-
n

The relations between the form factors of heavy-to-lig
semileptonic and rare radiativeB decays emerging in the
large recoil limit @11,12# are satisfied in our model@10,15#.
Using Eq.~36! to calculate the ratio of the form factorg1(0)
in the infinitely heavyb ands quark limit to the same form
factor in the leading order of expansions in inverse powers
the heavyb quark mass and large recoil momentumuDu we

find that it is equal toMB /AMB
21MK

2*
2

'0.965. The corre-

sponding ratio of form factors of the exclusive rare radiat
B decay to the vectorK* mesonF1(0) @see Eq.~23! of Ref.
@10## is equal to MB /AMB

21MK*
2 '0.986. Therefore we

conclude that the form factor ratiosg1(0)/F1(0) in the lead-
ing order of these expansions differ by the fact
AMB

21MK*
2 /AMB

21MK
2*

2
'0.98. This is the consequence

the relativistic dynamics leading to the effective expansion
inverse powers of the s quark energy es(p1D)
5A(p1D)21ms

2, which is high in one case due to the larg
s quark mass and in the other one due to the large re
momentumD. As a result both expansions give similar fin
expressions in the leading order. Thus we can expect tha
ratio r of the B branching fractions to the tensorK2* and
vectorK* mesons in our calculations should be close to
one found in the infinitely heavys quark limit @8#.
1-9
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The results of numerical calculations using formulas~5!–
~9!, ~25!, ~28!–~39! for «521 are given in Table I. There
we also show our previous predictions for theB→K* g de-
cay @10#. Our results are confronted with other theoretic
calculations@5–8# and recent experimental data@2#. The
QCD sum rules predict~with 20% uncertainty! @21# Br(B
→K* g)54.4310253(118%), where the second term i
the brackets is the estimate of the 1/mc

2 terms contribution.
We find a good agreement of our predictions for decay ra
with the experiment and estimates of Ref.@8# for the mea-
sured decay ratesB→K* g and B→K2* g. Other theoretical
calculations substantially disagree with data either forB
→K* g @5,7# or for B→K2* g @6# decay rates. Let us note tha
one of the main reasons of the too small values forB
→K* g decay rates in quark models@5,7# is the use of the
nonrelativistic expression for the momentum of the final m
son in the argument of the wave function overlap@10#. As a
result our predictions and those of Ref.@8# for the ratior are
well consistent with experiment, while ther estimates of
Refs. @5,7# and @6# are several times larger than the expe
mental value~see Table I!. As it was argued above, it is no
accidental thatr values in our and Ref.@8# approaches are
close. The agreement of both predictions for branching fr
tions could be explained by some specific cancellation
finite s quark mass effects and relativistic corrections wh
were neglected in Ref.@8#. Though our numerical results fo
the measured decay rates agree with Ref.@8#, we believe that
our analysis is more consistent and reliable. We do not
the ill-defined limit ms→`, and our quark model consis
tently takes into account main relativistic effects, for e
ample, the Lorentz transformation of the wave function
the final K** meson@see Eq.~26!#. Such a transformation
turns out to be very important and leads to the substan
reduction ofB→K1* (1270)g decay rate in our model. We
see from Table I that our model predicts for the ratio Br„B
→K1* (1270)g…/Br„B→K1(1430)g… the value 0.760.3
while Ref.@8# gives for this ratio a considerably larger valu
;2, which is the consequence of the nonrelativistic qu
model relation~45! between form factorsjF and jE . Thus
experimental measurement of Br„B→K1* (1270)g… can dis-
criminate between these predictions.
l.
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VI. CONCLUSIONS

In this paper we have investigated rare radiativeB decays
to orbitally excitedK** mesons in the framework of th
relativistic quark model. The large value of the recoil m
mentumuDu;mb/2 makes relativistic effects play a signifi
cant role and strongly increases the energy of the final
son. This effect considerably simplifies the analysis sinc
allows us to make an expansion both in inverse powers of
largeb quark mass and in the large recoil momentum of
light final meson. Such an expansion has more firm theo
ical grounds than the previously used expansion in inve
powers of thes quark mass@8,6#, which is not heavy enough
We carried out this expansion up to the second order
calculated resulting form factors in our relativistic qua
model. Rare radiativeB decays to axial-vectorK1

(* ) and ten-
sorK2* mesons have been considered. It was found that r
tivistic effects substantially influence decay form facto
Thus, the Wigner rotation of the light quark spin gives
important contribution, which leads to the suppression of
B→K1* (1270)g decay rate. In the nonrelativistic quar
model, where these effects are missing, the ratio of bran
ing fractions Br„B→K1* (1270)g…/Br„B→K1(1400)g… is
equal to 2, while in our model it is substantially smaller a
equal to 0.760.3. It will be very interesting to test this con
clusion experimentally. Our predictions for the branchi
fractionsB→K* g andB→K2* g as well as their ratio are in
a good agreement with recent CLEO@2# and Belle@3# data.
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