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Covariant light-front approach for B\K* g, K1g, K2* g decays
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Exclusive radiativeB decaysB→K* g, K1(1270)g, K1(1400)g, andK2* (1430)g are studied in the frame-
work of a covariant light-front quark model. The tensor form factorT1(q2) at q250, which is relevant to the
decayB→K* g, is found to be 0.24, substantially smaller than what was expected from the conventional
light-front model or light-cone sum rules. Taking into account the sizable next-to-leading order~NLO! correc-
tions, the calculated branching ratio ofB→K* g agrees with experiment, while most of the existing models
predict too large B→K* g compared to the data. The relative strength ofB→K1(1270)g and B
→K1(1400)g rates is very sensitive to the sign of theK1(1270)-K1(1400) mixing angle. Contrary to the other
models in whichK1(1270)g andK1(1400)g rates are predicted to be comparable, it is found that one of them
is strongly suppressed owing to a large cancellation between two different form factor terms. The calculated
branching ratio ofB→K2* g is in a good agreement with experiment and this may imply the smallness of NLO
corrections to this radiative decay mode.

DOI: 10.1103/PhysRevD.69.094007 PACS number~s!: 12.39.Ki, 13.20.He, 13.40.Hq
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I. INTRODUCTION

Recently we studied the decay constants and form fac
of the ground-states-wave and low-lyingp-wave mesons
within a covariant light-front approach@1#. This formalism
that preserves the Lorentz covariance in the light-fr
framework has been developed and applied successful
describe various properties of pseudoscalar and vector
sons @2#. We extended the covariant analysis of the lig
front model in Ref.@2# to even-parity,p-wave mesons. With
some explicit examples, we have pointed out in Ref.@1# that
relativistic effects could manifest in heavy-to-light trans
tions at maximum recoil where the final-state meson co
be highly relativistic and hence there is no reason to exp
that the nonrelativistic quark model is still applicable. F
example, theB→a1 form factorV0

Ba1(0) is found to be 0.13
in the relativistic light-front model@1#, while it is as big as
1.01 in the Isgur-Scora-Grinstein-Wise model@3#, a nonrela-
tivistic version of the quark model.

In the present work we wish to apply the covariant ligh
front approach to the exclusive radiativeB decays B
→K* g, K1g, andK2* g involving both s- and p-wave me-
sons in the final states. They receive dominant contributi
from the short-distance electromagnetic penguin procesb
→sg.1 The radiative decayB→K* g was first measured by
CLEO @5# a decade ago and more recently by bothB facto-
ries BaBar and Belle. The measured branching ratios ar

B~B0→K* 0g!5H ~4.5560.7060.34!31025 CLEO @6#,

~4.2360.4060.22!31025 BaBar@7#,

~4.0160.2160.17!31025 Belle @8#,

1The electromagnetic penguin mechanismb→sg can also mani-
fest in other two-body radiative decays of bottom hadrons suc
Bs→fg, Lb→S0g, Lg, Jb→Jg, Vb→Vg. These decays hav
been studied in Ref.@4#.
0556-2821/2004/69~9!/094007~12!/$22.50 69 0940
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B~B1→K* 1g!5H ~3.7660.8660.28!31025 CLEO @6#,

~3.8360.6260.22!31025 BaBar@7#,

~4.2560.3160.24!31025 Belle @8#.

~1.1!

Note that the Belle results are still preliminary. The avera
branching ratios for the two modes are@9#

B~B0→K* 0g!5~4.1160.23!31025,

B~B1→K* 1g!5~4.0960.32!31025.
~1.2!

The decaysB1→K1(1270)1g andB1→K1(1400)1g have
been searched by Belle@10# in the K1r0g and K* 0p1g
final states, respectively. Although a sizable signal was
served by Belle, only upper limits were provided due to
lack of ability to distinguish these resonances. As forB
→K2* (1430)g, CLEO @6# reported the first evidence with
the combined result

B~B→K2* g!5~1.6620.53
10.5960.13!31025. ~1.3!

The most recent Belle measurement@10# yielded

B~B0→K2*
0g!5~1.360.560.1!31025, ~1.4!

while BaBar@11# obtained the preliminary results

B~B0→K2*
0g!5~1.2260.2560.11!31025,

B~B1→K2*
1g!5~1.4460.4060.13!31025.

~1.5!

Theoretically, the nonfactorizable corrections to the dec
B→K* g have been studied in the QCD factorization a
proach@12# to the next-to-leading order~NLO! in QCD and
to the leading order in the heavy quark limit@13–15#. Using
the light-cone sum rule~LCSR! result of 0.3860.06@16# for

as
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the form factorT1(0) to be defined below, it is found in
Refs. @13–15# that the NLO corrections yield an enhanc
ment of theB→K* g decay rate that can be as large as 80
The enhancement is so large that the predicted branc
ratio disagrees with the observed one~1.2!. We shall show in
the present work that the covariant light-front approach w
lead to a form factorT1(0) much smaller than what expecte
from LCSR and the conventional light-front model and yie
a significantly improved agreement with experiment.

For B→K1g decays, we will first use the covariant ligh
front model to evaluate the tensor form factors inB→K1A
andB→K1B transitions, whereK1A andK1B are the3P1 and
1P1 states ofK1 , respectively, and then relate them to t
physical K1 states K1(1270) and K1(1400). Since the
K1(1270)-K1(1400) mixing angle is large, we shall see th
one of the radiative decaysB→K1(1270)g or B
→K1(1400)g is strongly suppressed, contrary to the oth
model predictions in which the aforementioned two dec
modes are comparable in their rates.

The paper is organized as follows. The formulism for t
tensor form factors evaluated in the covariant light-fro
model is presented in Sec. II. The numerical results for fo
factors and decay rates together with discussions are sh
in Sec. III. Conclusions are given in Sec. IV followed by a
appendix on the heavy quark limit behavior of one of t
tensor form factors.

II. FORMALISM

The matrix element for theB→K* g transition is given by

iM 5^K̄* ~P9,«9!g~q,«!u2 iH effuB̄~P8!&, ~2.1!

where

Heff52
GF

A2
Vts* Vtbc11Q11,

Q115
e

8p2
mbs̄smn~11g5!bFmn,

~2.2!

with P8(9) being the incoming~outgoing! momentum,« (9)

the polarization vector ofg (K* ), Vi j the corresponding
Cabibbo-Kobayashi-Maskawa~CKM! matrix element, and
c11 the Wilson coefficient. As will be seen below, the incl
sion of nonfactorizable corrections toB→K* g will amount
to replacingc11 by the effective parametera11 to be dis-
cussed below in Sec. III. In this work we will calculate th
B→K* andB→K1 ,K2* transition tensor form factors in th
covariant light-front quark model and obtain the correspo
ing radiative decay rates.

Tensor form factors forB→K* , K1 ,K2* transitions are
defined by
09400
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^K̄* ~P9,«9!us̄ismnqn~11g5!buB̄~P8!&

5 i emnlr«9n* PlqrT1~q2!1~«m9* P•q2Pm«9* •q!T2~q2!

1«9* •qS qm2Pm

q2

P•qDT3~q2!,

^K̄1A,1B~P9,«9!us̄ismnqn~11g5!buB̄~P8!&

5 i emnlr«9n* PlqrYA1,B1~q2!

1~«m9* P•q2Pm«9* •q!YA2,B2~q2!

1«9* •qS qm2Pm

q2

P•qDYA3,B3~q2!,

^K̄2* ~P9,«9!us̄ismnqn~11g5!buB̄~P8!&

52 i emnlr«9ns* PsPlqr
U1~q2!

mB

2~«ms9* P•q2Pm«sr9* qr!Ps
U2~q2!

mB

2«sr9* PsqrS qm2Pm

q2

P•qD U3~q2!

mB
, ~2.3!

where P5P81P9, q5P82P9, and the conventione0123

51 is adopted. The physical strange axial-vectorK1(1270)
and K1(1400) are the mixture ofK1A and K1B @we follow
the Particle Data Group~PDG! @17# to denote the3P1 and
1P1 states ofK1 by K1A andK1B , respectively# owing to the
mass difference of the strange and nonstrange light qua

K1~1270!5K1Asinu1K1Bcosu,

K1~1400!5K1Acosu2K1Bsinu. ~2.4!

The mixing angleu will be discussed in the next section. Fo
the masses ofK1A and K1B , we follow Ref. @18# to deter-
mine them from the mass relationsmK1A

2 5mK1(1270)
2

1mK1(1400)
2 2mK1B

2 and 2mK1B

2 5mb1(1232)
2 1mh1(1380)

2 .

To begin with, we consider the transition amplitude giv
by the one-loop diagram as shown in Fig. 1. We follow t
approach of Ref.@2# and use the same notation. The incom
ing ~outgoing! meson has the momentumP8(9)5p18

(9)

FIG. 1. Feynman diagrams for meson transition amplitud
whereP8(9) is the incoming~outgoing! meson momentum,p18

(9) is
the quark momentum,p2 is the antiquark momentum, andX de-

notes the correspondingq̄9smn(11g5)q8 transition vertex.
7-2
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1p2 , wherep18
(9) and p2 are the momenta of the off-she

quark and antiquark, respectively, with massesm18
(9) and

m2 . These momenta can be expressed in terms of the in
nal variables (xi ,p'8 ),

p1,2815x1,2P81, p1,2'8 5x1,2P'8 6p'8 , ~2.5!

with x11x251. Note that we useP85(P82,P81,P'8 ),
whereP865P806P83, so thatP825P81P822P'8

2 . In the
covariant light-front approach, total four momentum is co
served at each vertex where quarks and antiquarks are
shell. These differ from the conventional light-front approa
~see, for example, Refs.@19,20#! where the plus and trans
verse components of momentum are conserved, and qu
as well as antiquarks are on-shell. It is useful to define so
internal quantities

M08
25~e181e2!25

p'8
21m18

2

x1
1

p'8
21m2

2

x2
,

M̃085AM08
22~m182m2!2,

ei
(8)5Ami

(8)21p'8
21pz8

2, pz85
x2M08

2
2

m2
21p'8

2

2x2M08
.

~2.6!

Here M08
2 can be interpreted as the kinetic invariant ma

squared of the incomingqq̄ system, andei the energy of the
quark i.

It has been shown in Ref.@21# that one can pass to th
light-front approach by integrating out thep2 component of
the internal momentum in covariant Feynman moment
loop integrals. We need Feynman rules for the meson-qu

TABLE I. Feynman rules for the vertices (iGM8 ) of the incoming
mesons-quark-antiquark, wherep18 and p2 are the quark and anti
quark momenta, respectively. Under the contour integrals to be
cussed below,HM8 andWM8 are reduced tohM8 andwM8 , respectively,
whose expressions are given by Eq.~2.13!. Note that for outgoing
mesons, we shall usei (g0GM8

†g0) for the corresponding vertices.

M (2S11LJ) iGM8

pseudoscalar (1S0) HP8g5

vector (3S1) iHV8Fgm2
1

WV8
~p182p2!mG

axial (3P1) 2iH3A
8 Fgm1

1

W3A
8

~p182p2!mGg5

axial (1P1) 2iH1A
8 F 1

W1A
8

~p182p2!mGg5

tensor (3P2) i 1
2HT8Fgm2

1

WV8
~p182p2!mG~p182p2!n
09400
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antiquark vertices to calculate the amplitudes depicted in F
1. The Feynman rules for vertices (iGM8 ) of ground-state
s-wave mesons and low-lyingp-wave mesons are summa
rized in Table I. Note that we use3A and 1A to denote3P1
and 1P1 states, respectively. It is known that the integrati
of the minus component of the internal momentum in Fig
will force the antiquark to be on its mass shell@2#. The
specific form of the~phenomenological! covariant vertex
functions for on-shell quarks can be determined by comp
ing to the conventional vertex functions@1#.

We first consider the tensor form factors forB→K* tran-
sition. We have

B mn«9* n[^K̄* ~P9,«9!us̄smlql~11g5!buB̄~P8!&

52 i 3
Nc

~2p!4
E d4p18

HP8 ~ iH V9 !

N18N19N2

SRmn«9* n,

~2.7!

where

SRmn5TrF S gn2
1

WV9
~p192p2!nD ~p” 191m19!smlql~11g5!

3~p” 181m18!g5~2p” 21m2!G , ~2.8!

N195p19
22m19

21 i e, and N25p2
22m2

21 i e. By using the
identity 2smlg55 i emlrssrs, the above traceSRmn can be
further decomposed into

SRmn5qlSnml1
i

2
qlemlrsSn

rs , ~2.9!

where

Snml5TrF S gn2
1

WV9
~p192p2!nD ~p” 191m19!smlql

3~p” 181m18!g5~2p” 21m2!G
52emnla2@2~m18m21m19m22m18m19!

3p18
a1m18m19Pa1~m18m1922m18m2!qa#

2
2

WV9
~4p1n8 23qn2Pn!

3emlab@~m181m19!p18
aPb

1~m192m1812m2!p18
aqb1m18Paqb#. ~2.10!

As in Refs.@1,2#, we work in theq150 frame. For the

is-
7-3
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integral in Eq. ~2.7! we perform thep1
2 integration @2#,

which picks up the residue atp25 p̂2 and leads to

N18
(9)→N̂18

(9)5x1~M 8(9)22M08
(9)2!,

HM8
(9)→hM8

(9) ,

WM9 →wM9 ,

E d4p18

N18N19N2

HP8HV9S→2 ipE dx2d2p'8

x2N̂18N̂19
hP8hV9 Ŝ,

~2.11!

where

M09
25

p'9
21m19

2

x1
1

p'9
21m2

2

x2
, ~2.12!

with p'9 5p'8 2x2q' . In this work the explicit forms ofhM8
andwM8 are given by@1#

hP8 5hV85~M 822M08
2!Ax1x2

Nc

1

A2M̃08
w8,

h3A
8 5~M 822M08

2!Ax1x2

Nc

1

A2M̃08

M̃08
2

2A2M08
wp8 ,

h1A
8 5hT85~M 822M08

2!Ax1x2

Nc

1

A2M̃08
wp8 ,

wV85M081m181m2 , w3A
8 5

M̃08
2

m182m2

, w1A
8 52,

~2.13!

wherew8 andwp8 are the light-front momentum distributio
amplitudes fors- andp-wave mesons, respectively. There a
several popular phenomenological light-front wave functio
that have been employed to describe various hadronic s
tures in the literature. In the present work, we shall use
Gaussian-type wave function@22#

w85w8~x2 ,p'8 !54S p

b82D 3/4Adpz8

dx2

expS 2
pz8

21p'8
2

2b82 D ,

wp85wp8~x2 ,p'8 !5A 2

b82 w8,
dpz8

dx2

5
e18e2

x1x2M08
.

~2.14!

The parameterb8 is expected to be of orderLQCD.
In general,p̂18 can be expressed in terms of three exter

vectorsP8, q, and ṽ @ṽ being a lightlike vector with the
expressionṽm5(ṽ2,ṽ1,ṽ')5(2,0,0')]. In practice, for
p̂18 under integration we use the following rules@2#:
09400
s
c-
e

l

p̂1m8 8PmA1
(1)1qmA2

(1) ,

p̂1m8 p̂1n8 8gmnA1
(2)1PmPnA2

(2)1~Pmqn1qmPn!A3
(2)

1qmqnA4
(2) ,

p̂1m8 p̂1n8 p̂1a8 8~gmnPa1gmaPn1gnaPm!A1
(3)

1~gmnqa1gmaqn1gnaqm!A2
(3)1PmPnPaA3

(3)

1~PmPnqa1PmqnPa1qmPnPa!A4
(3)

1~qmqnPa1qmPnqa1Pmqnqa!A5
(3)

1qmqnqaA6
(3) , ~2.15!

where the symbol8 reminds us that the above equations a
true only after integration. In the above equation,Aj

( i ) are
functions of x1,2, p'8

2 , p'8 •q' , and q2, and their explicit
expressions are given by@2#

A1
(1)5

x1

2
, A2

(1)5A1
(1)2

p'8 •q'

q2
,

A1
(2)52p'8

22
~p'8 •q'!2

q2
, A2

(2)5~A1
(1)!2,

A3
(2)5A1

(1)A2
(1) , A4

(2)5~A2
(1)!22

1

q2
A1

(2) ,

A1
(3)5A1

(1)A1
(2) , A2

(3)5A2
(1)A1

(2) ,

A3
(3)5A1

(1)A2
(2) , A4

(3)5A2
(1)A2

(2) , A5
(3)5A1

(1)A4
(2) ,

A6
(3)5A2

(1)A4
(2)2

2

q2
A2

(1)A1
(2) . ~2.16!

We do not show the spurious contributions in Eq.~2.15!
since they are numerically vanishing@1,2,23#. For the inte-
gration in Eq.~2.7! we need only the first two rules in Eq
~2.15!, while the third one will be used in the calculation o
the B→K2* transition form factors. In general, there are a
ditional rules involvingN2 in Ref. @2# and these may be
identified as zero mode contributions to form factors~for
different approaches of zero mode contributions, see R
@24#!. As shown in Eq.~2.10!, there is noN2 term in the trace
and hence no zero mode contribution to theB→K* form
factors. As we shall see, the above statement also holds
B→K1 andB→K2* form factors.

By using Eqs.~2.7!–~2.15!, one arrives at
7-4
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T1~q2!5
Nc

16p3
E dx2d2p'8

2hP8hV9

x2N̂18N̂19
H m18m191x1~m18m21m19m22m18m19!2

2

wV9
@~m181m19!A1

(2)#J ,

T2~q2!5T1~q2!1
q2

P•q

Nc

16p3
E dx2d2p'8

2hP8hV9

x2N̂18N̂19

3H m18m1922m18m212A2
(1)~m18m21m19m22m18m19!2

2

wV9
@~m192m1812m2!A1

(2)#J ,

T3~q2!5
Nc

16p3
E dx2d2p'8

2hP8hV9

x2N̂18N̂19
H 2m18m22m18m1922A2

(1)~m18m21m19m22m18m19!

1
2

wV9
$~m192m1812m2!@A1

(2)1P•q~A2
(2)1A3

(2)2A1
(1)!1P•q~m181m19!~A2

(1)2A3
(2)2A4

(2)!

1P•qm18~A1
(1)1A2

(1)21!#%J . ~2.17!

In order to compare with the conventional light-front model calculation forT1(0), which is relevant forB→K* g decay, we
write

T1~0!5
1

32p2E dxd2p'8
w9~x,p'8 !w8~x,p'8 !

AA821p'8
2AA 921p'8

2 H x2mbms1x~12x!~mbmq1msmq!1
p'8

2

vV9
x~mb1ms!J , ~2.18!

whereA85mbx1mq(12x) andA 95msx1mq(12x), x5x2 , andmq is the mass of the spectator quark in theB meson. This
is to be compared with the result

T1~0!5
1

32p2E dxd2p'8
w9~x,p'8 !w8~x,p'8 !

AA821p'8
2AA 921p'8

2

3H x2mbms1x~12x!~mbmq1msmq!1~12x!@~12x!mq
21p'8

2#1
p'8

2

vV9
x~mb1ms!J ~2.19!

obtained in Ref.@25#. It is clear that the terms proportional to (12x)mq
21p'8

2 do not exist in our expression forT1(0). This
will affect the numerical result significantly for theB→K* g rate as we shall discuss in Sec. III. It is shown in Appendix t
our result~2.18! for T1(0) has the correct heavy quark limit behavior and hence it is more trustworthy than Eq.~2.19!.

The calculation forB→K1A,1B transition form factors can be done in a similar manner. In analogue to Eq.~2.7!, we have

B mn

3A«9* n52 i 3
Nc

~2p!4
E d4p18

HP8 ~2 iH 3A
9 !

N18N19N2

SRmn

3A «9* n,

B mn

1A«9* n52 i 3
Nc

~2p!4
E d4p18

HP8 ~2 iH 1A
9 !

N18N19N2

SRmn

1A «9* n, ~2.20!

where

SRmn

3A 5TrF S gn2
1

W3A
9

~p192p2!nD g5~p” 191m19!smlql~11g5!~p” 181m18!g5~2p” 21m2!G ,
094007-5



HAI-YANG CHENG AND CHUN-KHIANG CHUA PHYSICAL REVIEW D 69, 094007 ~2004!
SRmn

1A 5TrF S 2
1

W1A
9

~p192p2!nD g5~p” 191m19!smlql~11g5!~p” 181m18!g5~2p” 21m2!G . ~2.21!
e,

s

ne

r

It can be easily shown thatSRmn

3A,1A52SRmn with m19 andWV9
replaced by2m19 and W3A,1A

9 , respectively, while only the

1/W1A
9 term is kept for theSR

1A case. Consequently, we hav
for i 51,2,3,

YAi,Bi~q2!5Ti~q2! with ~m19→2m19 ,hV9→h3A,1A
9 ,

wV9→w3A,1A
9 !, ~2.22!

where only the 1/W9 terms inYBi form factors are kept. It
should be cautious that the replacement ofm19→2m19 should
not be applied tom19 in w9 andh9. The above simple relation
betweenB→K1 andB→K* transition tensor form factors i
similar to that for vector and axial form factors inP→A and
P→V transitions@1#.

Finally we turn to theB→K2* transition given by

B mnl
T «9* nl[^K2* ~P9,«9!us̄smn~11g5!qnbuB~P8!&

52 i 3
Nc

~2p!4
E d4p18

HP8 ~ iH T9 !

N18N19N2

Smnl
PT «9* nl,

~2.23!

where

SRmnl
T 5SRmn~2q1p18!l . ~2.24!

The contribution from theSRmn(2q)l part is trivial, sinceql
09400
can be taken out from the integration, which is already do
in theB→K* case. Contributions from theŜRmnp̂1l8 part can
be worked out by using Eq.~2.15!. Putting all these togethe
leads to

U1~q2!

5
Nc

16p3
E dx2d2p'8

2M 8hP8hV9

x2N̂18N̂19
H m18m19~12A1

(1)2A2
(1)!

12~m18m21m19m22m18m19!~A1
(1)2A2

(2)2A3
(2)!

2
4

wV9
@~m181m19!~A1

(2)2A1
(3)2A2

(3)!#J ,

U2~q2!5U1~q2!1
q2

P•q

Nc

16p3
E dx2d2p'8

2M 8hP8hV9

x2N̂18N̂19

3H ~m18m1922m18m2!~12A1
(1)2A2

(1)!

12~m18m21m19m22m18m19!~A2
(1)2A3

(2)2A4
(2)!

2
4

wV9
@~m192m1812m2!~A1

(2)2A1
(3)2A2

(3)!#J ,
U3~q2!5
Nc

16p3
E dx2d2p'8

2M 8hP8hV9

x2N̂18N̂19
H ~m18m1922m18m2!~211A1

(1)1A2
(1)!

12~m18m21m19m22m18m19!~2A2
(1)1A3

(2)1A4
(2)!2

2

wV9
@2~m192m1812m2!~2A1

(2)1A1
(3)1A2

(3)!

1P•q~m192m1812m2!~A1
(1)22A2

(2)22A3
(2)1A3

(3)12A4
(3)1A5

(3)!1P•q~m181m19!~2A2
(1)12A3

(2)

12A4
(2)2A4

(3)22A5
(3)2A6

(3)!1P•qm18~122A1
(1)22A2

(1)1A2
(2)12A3

(2)1A4
(2)!#J . ~2.25!

We are now ready to calculate the radiative decay rates. Before proceeding, two remarks are in order:~i! At q250 the form
factors obey the simple relationsT2(0)5T1(0), YA2,B2(0)5YA1,B1(0), and U2(0)5U1(0). ~ii ! Form factors
T3(0),Y3A,3B(0),U3(0) do not contribute to the corresponding radiative decay rates. It is straightforward to obtain
7-6
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B~B→K* g!

5tB

GF
2amB

3mb
2

32p4 S 12
mK*

2

mB
2 D 3

uVtbVts* a11T1~0!u2,

B~B→K1A,1Bg!

5tB

GF
2amB

3mb
2

32p4
S 12

mK1A,1B

2

mB
2 D 3

3uVtbVts* a11YA1,B1~0!u2,

B~B→K2* g!

5tB

GF
2amB

5mb
2

256p4mK
2*

2 S 12

mK
2*

2

mB
2
D 5

uVtbVts* a11U1~0!u2,

~2.26!

wheretB is theB lifetime. It has been realized recently th
non-factorizable strong interaction corrections~i.e., those
corrections not related to form factors, such as hard ve
and hard spectator contributions! to B→K* g are calculable
in the heavy quark limit and amount to replacing the Wils
coefficientc11 by the effective parametera11. Such correc-
tions have been calculated in the QCD factorization fram
work and in the large energy effective theory up to NLO
as and to the leading power inLQCD/mB and found to be
quite sizable@13–15#. We will return back to this point later

In the next section, we will give numerical results f
form factors, Ti(q

2),YAi,Bi(q
2),Ui(q

2), as well as B
→K* g, K1g, K2* g decay rates.

III. NUMERICAL RESULTS AND DISCUSSION

To perform numerical calculations we need to first sp
cific some input parameters in the covariant light-fro
model. The input parametersmq andb in the Gaussian-type
wave function~2.14! are shown in Table II. The constituen
quark masses are close to those used in the litera
@1,2,20,26,27#. The input parametersb ’s are fixed by the
decay constants whose analytic expressions in the cova
light-front model are given in Ref.@1#. We use f B
5180 MeV andf K* 5230 MeV to fix bB andbK* , respec-
tively. For p-wave strange mesons, we take for simplic
bK1

5bK1A
5bK1B

5bK
2*

@28# and usef K1(1270)5175 MeV

extracted from the measuredt→K1(1270)nt decays@29# to
fix bK1

to be 0.2979 GeV.

As in Refs.@1,2#, because of the conditionq150 we have

TABLE II. The input parametersmq andb ~in units of GeV! in
the Gaussian-type wave function~2.14!.

mu ms mb bB bK* bK1 ,K
2*

0.23 0.45 4.4 0.5233 0.2846 0.2979
09400
x

-

-
t

re

nt

imposed during the course of calculation, form factors
known only for spacelike momentum transferq252q'

2 <0,
whereas only the timelike form factors are relevant for t
physical decay processes. It has been proposed in Ref.@26#
to recast the form factors as explicit functions ofq2 in the
spacelike region and then analytically continue them to
timelike region. It has been shown recently that, within
specific model, form factors obtained directly from the tim
like region ~with q1.0) are identical to the ones obtaine
by the analytic continuation from the spacelike region@24#.

In principle, form factors atq2.0 can be evaluated di
rectly in the frame where the momentum transfer is pur
longitudinal, i.e.,q'50, so thatq25q1q2 covers the entire
range of momentum transfer@20#. The price one has to pay i
that, besides the conventional valence-quark contribut
one must also consider the nonvalence configuration~or the
so-calledZ graph! arising from quark-pair creation from th
vacuum. However, a reliable way of estimating theZ-graph
contribution is still lacking unless one works in a speci
model, for example, the one advocated in Ref.@24#. Fortu-
nately, this additional non-valence contribution vanishes
the frame where the momentum transfer is purely transve
i.e., q150.

To proceed we find that except for the form factorsYB3
and U2 , the momentum dependence of the form facto
Ti ,YAi,Bi ,Ui in the spacelike region can be well param
etrized and reproduced in the three-parameter form

F~q2!5
F~0!

12a~q2/mB
2 !1b~q2/mB

2 !2
. ~3.1!

The parametersa, b, and F(0) are first determined in the
spacelike region. We then employ this parametrization to
termine the physical form factors atq2>0. In practice, the
parametersa, b, and F(0) are obtained by performing
3-parameter fit to the form factors in the range220 GeV2

<q2<0. The obtaineda andb parameters are in most cas
are not far from unity as expected. However, the parametb
for YB3 andU2 is rather sensitive to the chosen range forq2

and can be as large as 6.6 and 8.8, respectively. To overc
this difficulty, we will fit YB3(q2) andU2(q2) to the form

F~q2!5
F~0!

~12q2/mB
2 !@12a~q2/mB

2 !1b~q2/mB
2 !2#

~3.2!

and achieve a substantial improvement. Note that for
case of U2(q2), it is fitted to a smaller range o
212 GeV2<q2<0.

The B→K* , K1 , K2* transition tensor form factors an
their q2 dependence are displayed in Table III and depic
in Fig. 2. The result ofT1(0) is then compared with othe
model calculations in Table IV. It should be stressed that
T1(0) is smaller than that obtained from the quark mod
~QM! @30#, the conventional light-front quark mode
7-7
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TABLE III. Tensor form factors ofB→K* , K1 , K2* transitions obtained in the covariant light-fron
model are fitted to the 3-parameter form~3.1! except for the form factorsYB3 andU2 denoted by an asterisk
for which the fit formula~3.2! is used. All the form factors are dimensionless.

F F(0) F(qmax
2 ) a b F F(0) F(qmax

2 ) a b

T1 0.24 1.00 1.73 0.90 YA1 0.11 0.15 0.68 0.35
T2 0.24 0.59 0.92 0.07 YA2 0.11 0.06 20.91 0.79
T3 0.17 0.79 1.72 0.84 YA3 0.19 0.34 1.02 0.35
YB1 0.13 0.33 1.94 1.53 U1 0.19 0.45 2.22 2.13
YB2

0.13 0.21 0.83 0.25 U2 0.19* 0.32* 1.77* 4.32*
YB3 20.07* 20.24* 1.93* 2.33* U3 0.16 0.37 2.19 1.80
n

ef

ios

i-
the-
M

-

-
ts

l t

av
it

or

e

~LFQM! @25,31#,2 light-cone sum rules~LCSRs! @35–38#,
and the perturbative QCD approach~PQCD! @39# but is close
to two of the lattice calculations@32,34#.

The effective parametera11(K* g) has been calculated i
the framework of QCD factorization to beua11(K* g)u2

50.16520.017
10.018 @13# at m5m̂b and a11(K* g)520.4072

20.0256i @14# at m5mb ~see also Table 3 of Ref.@15#!.
These effective parameters are larger than the Wilson co

2This is due to the presence of additional terms proportiona
(12x)mq

21p8'
2 in the expression of the form factorT1(0) in the

conventional light-front model@see in Eq.~2.19!#. However, it is
shown in the Appendix that this tensor form factor does not h
the correct heavy quark limit behavior. In the heavy quark lim
heavy quark spin symmetry allows one to relate the tensor f
factorsTi(q

2) to the vector and axial-vectorB→V transition form
factors~see Appendix!. As shown in Ref.@1#, the latter in the co-
variant light-front model are numerically smaller than the oth
model results. Therefore, the fact thatT1(0) is smaller in the cova-
riant LF model ~see Table III! is consistent with previous form
factor calculations in Ref.@1#.
09400
fi-

cient c11 of order20.32 atm5mb . For B→K1g andK2* g
decays, we shall employa115c11 as NLO QCD corrections
there have not been calculated. In Eq.~2.26!, we take

mb(m̂b)54.4 GeV forB→K* g and mb(mb)54.2 GeV for
B→K1g andK2* g decays.

In Table V, we summarize the calculated branching rat
for the radiative decaysB→K* g, K1(1270)g, K1(1400)g,
K2* (1430)g in the covariant light-front model. For compar
son we also quote experimental results and some other
oretical calculations. For our results and results in LFQ
@31#, lattice @34#, and LCSR @38#, we use ua11(K* g)u2
50.16560.018 @13#. The theoretical errors inB(B→K* g)
arise from ua11(K* g)u2 and T1(0). Note that we have as
signed a 10% estimated uncertainty for ourT1(0) and that
from LFQM @31#. For B→K* g rates from heavy quark ef
fective theory~HQET! @42#, we have scaled up their resul
by a factor ofua11(K* g)/c11u251.78. Calculations in LCSR
@38# and HQET @42# are often expressed in terms ofR
[B(B→K** g)/B(b→sg) with K** denotingK1 or K2* .
Therefore, the branching ratio ofB→K** g is obtained by
multiplying R with B(b→sg)53.3431024 @9#. For B

o

e
,
m

r

FIG. 2. Tensor form factors
Ti(q

2), YAi,Bi(q
2), and Ui(q

2)
for B→K* , B→K1 , andB→K2*
transitions, respectively.
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→K2*g, the error in our predicted rate shown in Table
comes from a 10% estimated uncertainty inU1(0).

As stressed in Refs.@13–15#, the NLO correction yields
an enhancement of theB→K* g rate that can be as large a
80%. Consequently, the prediction in most of the exist
models becomes too large as the measured branching ra
already saturated even before the NLO correction is ta
into account. Our prediction ofB(B→K* g)5(3.2760.74)
31025 due to short-distanceb→sg contributions agrees
with experiment~see Table V!. It is generally believed tha
long-distance contributions toB→K* g is small and not
more than 5%~see, e.g., Refs.@43,44#, and references
therein!.

To compute B→K1g rates we need to know th
K1(1270)-K1(1400) mixing angle as defined in Eq.~2.4!.
From the experimental information on masses and the pa

TABLE IV. Tensor form factorT1 at q250 in this work and in
various other models.

Ref. T1(0) Ref. T1(0)

This work 0.24 LCSR@35# 0.3260.05
QM @30# 0.3760.09, 0.39 LCSR@36# 0.3160.04
LFQM @25,31# 0.32a LCSR @37# 0.3860.06
Lattice @32# 0.2060.0260.06 LCSR@38# 0.3260.06
Lattice @33# 0.3220.02

10.04 PQCD @39# 0.315b ~0.294! c

Lattice @34# 0.2560.0560.02

aFor bK* 50.32 GeV.
bFor bB50.40 GeV.
cFor bB50.42 GeV.
09400
g
is

n

ial

rates ofK1(1270) andK1(1400), Suzuki found two possible
solutions with a twofold ambiguity,uuu'33° and 57°@18#. A
similar constraint 35°&uuu&55° is obtained in Ref.@45#
based solely on two parameters: the mass difference of
a1 and b1 mesons and the ratio of the constituent qua
masses. An analysis oft→K1(1270)nt andK1(1400)nt de-
cays also yields the mixing angle to be'37° or 58° with a
twofold ambiguity@29#. It has been shown in Ref.@29# that
the study of hadronic decaysD→K1(1270)p, K1(1400)p
decays favors the solutionu'258°. However, this is sub-
ject to many uncertainties such as the unknownD→K1A,1B
transition form factors and the decay constants ofK1(1270)
andK1(1400).

The physical B→K1(1270) and B→K1(1400) tensor
form factors have the expressions

Yi
B→K1(1270)

~q2!5YAi~q2!sinu1YBi~q2!cosu,

Yi
B→K1(1400)

~q2!5YAi~q2!cosu2YBi~q2!sinu.
~3.3!

Since the form factorsYA1(0) andYB1(0) are similar~see
Table III! and since theK1(1270)-K1(1400) mixing angle is
large, it is obvious from Eqs.~3.3! and~2.26! that one of the
B→K1g decays is strongly suppressed owing to a large c
cellation between theYA1(0) andYB1(0) terms. In Table V,
branching ratios ofB→K1g are calculated using two
different sets of theK1(1270)-K1(1400) mixing angles
ed in

TABLE V. Branching ratios for the radiative decaysB→K* g, K1(1270)g, K1(1400)g, K2* (1430)g ~in

units of 1025) in the covariant light-front model and in other models. Experimental data are summariz
Sec. I and only the averages forB→K* g andB→K2* g are quoted in the table. Experimental limits onB
→K1g are taken from Ref.@10#.

B→K* g B→K1(1270)g B→K1(1400)g B→K2* (1430)g

Expt 4.1760.19 ,9.9 ,5.0 1.3360.20
This work 3.2760.74a 0.0260.02b 0.8060.12b 1.4860.30

(0.0460.03)b (0.7760.11) b

0.7760.11c 0.0860.04c

(0.8460.12) c (0.00360.006)c

Lattice @34# 3.5461.57a

RQM @40# 4.561.5 0.4560.15 0.7860.18 1.760.6
LFQM @31# 5.8161.32a

LCSR @38# 5.8162.27a 0.6760.27d 0.3060.13d 1.6760.67d

AP @15# 6.862.6
BB @14,41# 7.422.4

12.6 e

BFS @13# 7.923.0
13.5

HQET @42# 9.9963.81f 1.4460.53d 0.7060.30d 2.0760.97d

aUse of ua11(K* g)u250.16560.018@13# and Eq.~2.26! has been made.
bFor theK1(1270)-K1(1400) mixing angleu5258°(237°).
cFor theK1(1270)-K1(1400) mixing angleu5158°(137°).
dUse has been made ofB(b→sg)53.3431024 @9#.
eThe central value and errors are taken from the complete NLO result for the neutral mode@41#.
fThe original results are scaled up by a factor ofua11(K* g)/c11u251.78.
7-9
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u5658°,637°.3 Errors in the rates displayed in Table
stem from 10% estimated uncertainties inYA1,B1(0). There-
fore, the ratio ofB→K1(1270)g and K1(1400)g rates is
very sensitive to the mixing angle. For example, f
u5658° we have

B~B→K1~1270!g!

B~B→K1~1400!g!
5H 10.166.2 for u5158°,

0.0260.02 for u5258°.
~3.4!

Evidently, experimental measurement of the above ratio
branching fractions can be used to fix the sign of the mix
angle, and it should be much more clean than the met
based on hadronicD decays@29#.

It is worth emphasizing that all other models predict co
parableK1(1270)g and K1(1400)g rates~see Table V!. In
Refs.@38,42# tensor form factorsYi are evaluated directly fo
the physicalB→K1(1270) andB→K1(1400) transitions,
while B→K1

1/2 andB→K1
3/2 transition form factors (K1

1/2 and
K1

3/2 being theP1
1/2 and P1

3/2 states ofK1 , respectively! are
evaluated first in Ref.@40# and then related to the physic
transitions. Hence, measurements ofB→K1g decays can be
utilized to distinguish the covariant light-front model fro
others.

For B→K2* g decays, the calculated branching ratio
(1.4860.30)31025 is in a good agreement with the worl
average of (1.3360.20)31025. Since the above predictio
is for a115c11, this seems to imply that NLO corrections
B→K2* g is not as important and dramatic as in the case
B→K* g.

IV. CONCLUSION

Exclusive radiative B decays B→K* g, K1(1270)g,
K1(1400)g, andK2* (1430)g are studied in the framework o
a covariant light-front quark model. Our main conclusio
are as follows.

~1! The tensor form factorT1(q2) at q250, which is rel-
evant to the decayB→K* g, is found to be 0.24. This is
much smaller than what expected from the conventio
light-front model or light-cone sum rules but is in a goo
agreement with a recent lattice result@34#. In the heavy
quark limit, the tensor form factors can be related to
vector and axial-vector form factors. Contrary to the conv
tional light-front model, it is found that the expression
T1(q2) in the covariant light-front model has the corre
heavy quark limit behavior.

~2! Taking into account the next-to-leading order hard v
tex and hard spectator corrections, the predicted branc
ratio B(B→K* g)5(3.2760.74)31025 agrees with experi-
ment, whereas most of the existing models predict too la
decay rates ofB→K* g compared to the data.

~3! The decay rates of B→K1(1270)g and B
→K1(1400)g are very sensitive to theK1(1270)-K1(1400)

3Note that by using input parameters in Table II and with fo
different values ofu, the decay constantu f K1(1270)u is still within the
experimental range (175619) MeV.
09400
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mixing angle and hence a measurement of their rela
strength will provide an excellent way for determining th
sign of the strange axial-vector meson mixing angle. C
trary to the other models in whichK1(1270)g and
K1(1400)g are predicted to be comparable, we found th
depending on the sign of the mixing angle, one of them
strongly suppressed owing to a large cancellation betw
two different form factor terms. Hence experimental me
surements of the ratio of branching fractions will enable
to discriminate between different models.

~4! The predicted branching ratio ofB→K2* g is in a good
agreement with experiment and this may imply that NL
corrections toB→K2* g are not as important and dramatic
in the case ofB→K* g.
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APPENDIX: HEAVY QUARK LIMIT OF THE FORM
FACTOR T1„0…

In the heavy quark limit the tensor form factorsTi(q
2) for

B→K* transition can be related to vector and axial-vec
B→K* form factors defined by

^K* ~P9,«9!uVmuB~P8!&52emnab«9* nPaqbg~q2!,

^K* ~P9,«9!uAmuB~P8!&

52 i $«m9* f ~q2!1«* 9
•P@Pma1~q2!

1qma2~q2!#%. ~A1!

In the static limit of theb quark, the staticb-quark spinor
satisfies the equation of motiong0b5b. Heavy quark spin
symmetry implies the relations@46#

^K̄* us̄g ibuB̄&5^K̄* us̄is0ibuB̄&,

^K̄* us̄g ig5buB̄&52^K̄* us̄is0ig5buB̄&.
~A2!

This gives the form factor relation~see, e.g., Ref.@47# for
other form-factor relations!

T1~q2!52
1

2
~mB2vmK* !g~q2!2

1

4mB
f ~q2!, ~A3!

where

v5
mB

21mK*
2

2q2

2mBmK*
. ~A4!

Then in the heavy quark limit

r
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T1~q2!52
1

4
mbg~q2!2

1

4mb
f ~q2! ~A5!

for uq2u!mB
2 .

From Eq.~2.18! we find that in the heavy quark limit

T1~0!→
1

32p2E dxd2p'8
xmbmqw9w8

AA821p'8
2AA 921p'8

2
,

~A6!

where use ofx→0 has been made. It follows from Eq.~B4!
of Ref. @1# that

g~0!→2
1

16p2E dxd2p'8
w9w8

AA821p'8
2AA 921p'8

2

3Fx2mb1xmq1
p'8

21mq
22x2mb

2

mb
G ~A7!

and
. D

d

rk
i

da

09400
f ~0!→
1

32p2E dxd2p'8
w9w8

AA821p'8
2AA 921p'8

2

3F2xmb
2~xmb2mq!12

p'8
21mq

22x2mb
2

mb
G .

~A8!

Hence,

2
1

4
mbg~0!2

1

4mb

f ~0!

→
1

32p2E dxd2p'8
xmbmqw9w8

AA821p'8
2AA 921p'8

2
.

~A9!

By comparing Eq.~A9! with Eq. ~A6! we see thatT1 has the
correct heavy quark limit behavior. It should be stressed t
the zero mode contribution to the form factorf (q2) vanishes
in the heavy quark limit. In the conventional light-fron
model @25,31#, the heavy quark limit ofT1(0) contains an
additional termmq

21p'8
2 in the numerator of Eq.~A6! @see

Eq. ~2.19!# and hence it does not respect Eq.~A5! in the
heavy quark limit.
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