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Radiative B decays to the axialK mesons at next-to-leading order

Jong-Phil Lee*
Department of Physics and IPAP, Yonsei University, Seoul, 120-749, Korea
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We calculate the branching ratios ofB→K1g at next-to-leading order~NLO! of as whereK1 is the orbitally
excited axial vector meson. The NLO decay amplitude is divided into the vertex correction and the hard
spectator interaction part. The one is proportional to the weak form factor ofB→K1 transition while the other
is a convolution between light-cone distribution amplitudes and the hard scattering kernel. Using the light-cone
sum rule results for the form factor, we haveB„B0→K1

0(1270)g…5(0.82860.335)31025 and B„B0

→K1
0(1400)g…5(0.39360.151)31025.

DOI: 10.1103/PhysRevD.69.114007 PACS number~s!: 13.20.He, 12.38.Bx
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I. INTRODUCTION

RadiativeB decays into kaons provide abundant issues
both theorists and experimentalists. After the first measu
ment at CLEO,B→K* g is now also measured in Belle an
BaBar:

B~B0→K* 0g!

5H ~4.0960.2160.19!31025 Belle @1#

~4.2360.4060.22!31025 BaBar @2#

~4.5560.7060.34!31025 CLEO @3#

, ~1!

B~B1→K* 1g!

5H ~4.4060.3360.24!31025 Belle @1#

~3.8360.6260.22!31025 BaBar @2#

~3.7660.8660.28!31025 CLEO @3#

. ~2!

Theoretical advances inB→K* g have been noticeable for
decade. QCD corrections at next-to-leading order~NLO! of
O(as) have already been considered in Refs.@4–6#. Further-
more, relevant Wilson coefficients have been improved@7,8#
up to three-loop calculations. Recent developments of
QCD factorization@9# helped one calculate the hard specta
contributions systematically in a factorized form through t
convolution at the heavy quark limit@10–12#. B→K* g is
also analyzed in the effective theories at NLO, such as la
energy effective theory@13# and the soft-collinear effective
theory ~SCET! @14#.

In addition toK* , higher resonances of kaon also dese
much attention. Especially, it was suggested thatB→K res
(→Kpp)g can provide a direct measurement of the pho
polarization @15#. In particular, it was shown thatB
→K1(1400)g can produce large polarization asymmetry
'33% in the standard model. In the presence of anoma
right-handed couplings, the polarization can be severely
duced in the parameter space allowed by current experim
tal bounds ofB→Xsg @16#. It was also argued that theB
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factories can now make a lot ofBB̄ pairs, enough to check
the anomalous couplings through the measurement of
photon polarization.

As for the axialK1 , unfortunately, current measuremen
give only upper bounds forB→K1g @17#:

B~B1→K1
1~1270!g!,9.931025, ~3!

B~B1→K1
1~1400!g!,5.031025. ~4!

For the decays ofB→K2(1430)g, CLEO and theB factories
have reported the branching ratios

B~B→K2* g!5~1.6620.53
10.5960.13!31025 CLEO @3#,

~5!

B~B0→K2*
0g!

5H ~1.360.560.1!31025 Belle @17#

~1.2260.2560.11!31025 BaBar @18#
, ~6!

B~B1→K2*
1g!5~1.4460.4060.13!31025 BaBar @18#.

~7!

Since the higher resonant kaons are rather heavy*1 GeV, it
is quite natural and attractive to consider them as heavy
sons. The advent of heavy quark effective theory~HQET!
provoked many studies. Although the HQET simplifies t
analysis by reducing the number of the independent fo
factors involved, other nonperturbative methods are nee
to complete the phenomenological explanation. Th
HQET-based analyses include HQET-ISGW~Isgur-Scora-
Grinstein-Wise! @19# and HQET-NRQM ~nonrelativistic
quark model! @20#. Other model calculations have been do
in Refs.@21–24#.

In this paper, the branching ratios ofB→K1g at NLO of
as are calculated. We adopt the QCD factorization fram
work where the hard spectator interactions are described
the convolution between the hard-scattering kernel and
lint-cone distribution amplitudes~DA! at the heavy quark
limit. All the nonperturbative nature are encapsulated in
DA while the hard kernel is perturbatively calculable. Ba
cally, B→K1g shares many things withB→K* g. The only
difference is the DA for the daughter mesons. Vector a
©2004 The American Physical Society07-1
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axial vector mesons are distinguished by theg5 in the
gamma structure of DA and some nonperturbative par
eters. But the presence ofg5 does not alter the calculation
giving the same result for the perturbative part. As for t
nonperturbative parameters, the decay constant is most
portant. If higher twist terms are included, the Gegenba
moments in the Gegenbauer expansion are also proces
pendent. For simplicity, we will not consider higher twists

Another NLO contribution is the vertex corrections to t
relevant operators. They are all proportional to the lead
operatorO7 . The matrix elements ofO7 are parametrized by
several form factors. For the radiative decays where the e
ted photons are real, only one form factor enters the de
amplitude. However, other nonperturbative calculation
needed for the value of the form factor. We use the light-co
sum rule~LCSR! results for it@25#.

Thus at NLO,B→K* g andB→K1g are characterized by
the weak form factorF1

V(A) and decay constant, plugged b
the common perturbative and kinematical factors. W
B(B→K* g) at hand, near future measurements ofB
→K1g will check this structure.

The paper is organized as follows. General setup
leading contribution toB→K1g are given in the next sec
tion. Section III is devoted to the NLO corrections. The r
sulting branching ratios and related discussions appea
Sec. IV. We conclude in Sec. V.

II. LEADING-ORDER CONTRIBUTION

Let us start with the effective Hamiltonian forb→sg,

Heff~b→sg!52
GF

A2
VtbVts* (

i 51

8

Ci~m!Oi~m!, ~8!

where

O15~ s̄icj !V2A~ c̄ jbi !V2A ,

O25~ s̄ici !V2A~ c̄ jbj !V2A ,

O35~ s̄ibi !V2A(
q

~ q̄ jqj !V2A ,

O45~ s̄ibj !V2A(
q

~ q̄ jqi !V2A ,

O55~ s̄ibi !V2A(
q

~ q̄ jqj !V1A ,

O65~ s̄ibj !V2A(
q

~ q̄ jqi !V1A ,

O75
emb

8p2
s̄is

mn~11g5!biFmn ,

O85
gsmb

8p2
s̄is

mn~11g5!Ti j
a bjGmn

a .

~9!
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Here i , j are color indices, and we neglect the Cabibb
Kobayashi-Maskawa~CKM! elementVubVus* as well as the
s-quark mass. The leading contribution toB→K1g comes
from the electromagnetic operatorO7 as shown in Fig. 1.
The matrix element ofO7 is described by the transition form
factorsF6,0

A which are defined by

^K1~p8,e!us̄ismnqnbuB~p!&

5F1
A ~q2!@~e* •q!~p1p8!m2em* ~p22p82!#1F2

A ~q2!

3@~e* •q!qm2em* q2#1
F0

A~q2!e* •q

mBm
@~p22p82!qm

2~p1p8!mq2#, ~10a!

^K1~p8,e!us̄ismng5qnbuB~p!&

5 iF 1
A ~q2!emnabe* nqa~p1p8!b, ~10b!

wherem andem are the mass and polarization vector ofK1 ,
respectively, andq5p2p8 is the photon momentum. In th
case of real photon emission (q250), only F1

A is involved
as

^O7&A[^K1~p8,e!g~q,e!uO7uB~p!&

5
emb

4p2
F1

A ~0!@e* •q~p1p8!•e*

2e* •e* ~p22p82!

1 i emnabe* me* nqa~p1p8!b#, ~11!

with em being the photon polarization vector. The decay r
is straightforwardly obtained to be

G~B→K1g!5
GF

2amb
2mB

3

32p4
uVtbVts* u2

3S 12
m2

mB
2 D 3

uF1
A u2uC7

eff(0)u2, ~12!

FIG. 1. Leading order contribution by operatorO7 .
7-2
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wherea is the fine-structure constant andC7
eff(0) is the effec-

tive Wilson coefficient at leading order.

III. MATRIX ELEMENTS AT NEXT-TO-LEADING ORDER
OFO„aS…

At next-to-leading order ofas , there are other contribu
tions from the operatorsO2 andO8 . We simply neglect the
annihilation topologies. Explicitly, the decay amplitudeA is
given by

A~B→K1g!52
GF

A2
VtbVts* ~C7

eff^O7&1C2^O2&1C8
eff^O8&!,

~13!

where^Oi&[^K1guOi uB&. Every ^Oi& has its vertex correc
tion ^Oi&VC and hard spectator interaction term̂Oi&HS as
shown in Figs. 2 and 3:

^Oi&5^Oi&VC1^Oi&HS . ~14!

As for ^O7&, all the subleading contributions shown in Fig.
are absorbed into the form factorF1

A while the correspond-
ing Wilson coefficientC7

eff contains its NLO part,

FIG. 2. NLO corrections toO7 . These diagrams are absorbe
into the weak form factorF1

A .

FIG. 3. Vertex corrections to the operators~a! O2 and ~b! O8 .
Crosses denote the possible attachment of the emitted photon
11400
C7
eff~m!5C7

eff(0)~m!1
as~m!

4p
C7

eff(1)~m!. ~15!

On the other hand, the leading orderC2
(0) and C8

eff(0) are
sufficient forC2 andC8 sinceO2 andO8 contributions begin
at NLO.

The vertex corrections are directly proportional to t
form factorF1

A . They are given by~Fig. 3! @6,8#

^O2&VC5
as

4p
^O7&S 416

81
ln

mb

m
1r 2D , ~16!

^O8&VC5
as

4p
^O7&F2

32

9
ln

mb

m
1

4

27
~3322p2

16ip!G , ~17!

where

r 25
2

243
$28331144p2z3/21@17282180p221296z~3!

1~12962324p2!L1108L2136L3#z1@648172p2

1~4322216p2!L136L3#z21@254284p211092L

2756L2#z3%1 i
16p

81
$251@4523p219L19L2#z

1@23p219L2#z21@28212L#z3%, ~18!

with z[mc
2/mb

2 , L[ ln z, and z(x) being the Liemannz
function.

Hard spectator corrections are well described by the c
volution between the hard kernelTi(j,u) and the light-cone
distribution amplitudes of the involved mesons,FB(j) and
FA(u), in the heavy quark limit:

^Oi&HS5E
0

1

djduFB~j!Ti~j,u!FA~u!. ~19!

The light-cone distribution amplitudes are defined by

^0ub~0!q̄8~z!uB~p!&

5
i f B

4
~p”1mB!g5E

0

1

dj e2 i jp1z2@FB1~j!

1n”̄ /FB2~j!#, ~20a!

^A~p8,e!uq~z!q̄~0!u0&

5
f A
'

4
g5smnempn8E

0

1

dueiūp8•zFA
'~u!, ~ ū[12u!,

~20b!
7-3
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wheren̄m5(1,0,0,21) is parallel to the outgoing meson. T
calculate the hard spectator contributions, following kin
matics for Fig. 2 is adopted:

pb
m5mbvm,

l m5
l 1

2
nm1 l'

m1
l 2

2
n̄m,

qm5vnm ~v.mB/2!,

k1
m.uEn̄m1k'

m1O~k'
2 !,

k2
m.ūEn̄m2k'

m1O~k'
2 !

~E.mB/2!, ~21!

wherenm5(1,0,0,1) andu is the relative energy fraction.
Direct calculation of each diagram in Fig. 4 plugged w

Eq. ~20! yields

^O2&HS5
^O7&A

F1
A ~0!

4pasCF

Nc

f Bf A
'

mbmB
F 1

12
^u21DF1~z1

(c)!&'

1
3

16
Qsp̂ ū21DF1~z0

(c)!&'

2
1

12
^j21&1^ū

21D i 5~z0
(c) ,z1

(c),0!&'

2
1

3
^ū21D i 25~z0

(c) ,z1
(c),0!&'G , ~22!

FIG. 4. Hard spectator interactions to~a! O2 and ~b! O8 . First
diagrams are leading contributions at the heavy quark limit.
11400
-

^O8&HS5
^O7&A

F1
A ~0!

4pasCF

Nc

f Bf A
'

mB
2 F 1

12
^u21&'^j21&1

1
Qsp

8
~^ū21&'12^ū22&'!G . ~23!

HereNc is the number of color withCF5(Nc
221)/2Nc , and

Qsp is the electric charge of the spectator quark. The exp
tation values over the distribution amplitudes are defined

^ f ~u!&'[E
0

1

du f~u!FA
'~u!, ~24a!

^jN&1[E
0

1

dj jNFB1~j!. ~24b!

Relevant functionsDF1 , D i 5 , andD i 25 as well as the argu-
mentsz0,1

( f ) are given in Refs.@13,26#.

IV. BRANCHING RATIOS FOR B\K1g

The branching ratio ofB→K1g is simply given by

B~B→K1g!5tB

GF
2amb

2mB
3

32p4 S 12
mA

2

mB
2 D 3

3uF1
A ~0!u2uVtbVts* u2uC7

eff~mb!

1AVC1AHSu2. ~25!

At the heavy quark limit,

TABLE I. Summary of input values.

uVtbVts* u 0.039660.0020@13#

tB1 (1.67460.018) ps
tB0 (1.54260.016) ps
mB 5.28 GeV
f B 0.18 GeV
lB (0.3560.15) GeV
mb(mb) 4.2 GeV
mc(mb) (1.360.2) GeV

TABLE II. F1
A (0) and f A from light-cone sum rules.

Axial K1 K1(1270) K1(1400)

mA 1.273 GeV 1.402 GeV
f A 0.122 GeV 0.091 GeV
F1

A (0) 0.1460.03 0.09860.02
7-4
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AVC5
as~mb!

4p H C8
eff~mb!F2

32

9
ln

mb

mb
1

4

27
~3322p2

16ip!G1C2~mb!F416

81
ln

mb

mb
1r 2G J ,

AHS5
4pas~mH!CF

Nc

f Bf A
'

lBmBF1
A ~0! H C8

eff~mH!
1

12
^u21&'

2C2~mH!
1

12K D i 5~z0
(c),0,0!

ū
L

'

J , ~26!

where the negative moment ofFB1 is parametrized bylB
;O(LQCD) as

E
0

1

dj
FB1~j!

j
[

mB

lB
. ~27!

The renormalization scale is fixed atm5mb5O(mb) for the
vertex corrections while for the hard spectator interactio
m5mH;ALQCDmb. In the following analysis, we setmb

5mb andmH5ALHmb whereLH50.5 GeV.
The scale dependence of^O7& is absorbed into the prod

uct of b-quark mass and the form factor@12#:

~mb•F1
A !@m#5~mb•F1

A !@mb#S 11
as~m!

4p

32

3
ln

mb

m D .

~28!

Other input values are summarized in Table I. Contrary to
B→K* g, there are few reliable values forF1

A (0) and f A
'

both in theory and experiment in the literature. We adopt

TABLE III. Componential contributions to the decay amplitud

mb mb(mb)54.2 GeV mb,PS54.6 GeV

C7
eff(0)(mb) 20.321 20.316

C7
eff(1)(mb) 0.602 0.522

C7
eff(mb) 20.310 20.307

AVC(mb) 20.0752 i0.014 20.0822 i0.013

mH ALHmb(mb)51.45 GeV mb(mb)54.2 GeV

AHS
K1(1270)(mH) 20.0212 i0.019 20.0132 i0.013

AHS
K1(1400)(mH) 20.0222 i0.020 20.0142 i0.013
11400
s,

e

e

results from the light-cone sum rules by Safir@25#, whose
values are listed in Table II. In Table III, each contribution
the decay amplitudes is listed from the central values
Tables I and II. Note that the NLO corrections contribu
positively, exceptC7

eff(1) . The reference scale for the prese
analysis is

~mb ,mH!5„mb~mb!,ALHmb~mb!…5~4.2 GeV,1.45 GeV!.
~29!

As a comparison, results for another scale (mb ,mH)
5„mb,PS,(mb(mb)… are also given in Table III, where
mb,PS54.6 GeV is the so-called potential-subtracted ma
@27#. It should be emphasized that in Table III,C7

eff andAVC

are process independent, and encodes QCD effects only
the other hand,AHS contains the key information of the ou
going meson. AlthoughF1

A (0) in AHS is canceled, nonper
turbative properties of a daughter meson still remain inf A

'

and ^•••&' . When averaging overFA
'(u), process depen

dence is encapsulated in the coefficients of the Gegenb
expansion, which vanish atm→`. We simply neglect the
expansion here, retainingFA

' as its asymptotic form,

FA
'~u!'FA

'(as)~u!56uū. ~30!

Keeping the hadronic parameters specifically, we have

B~B0→K1
0g!50.003S 12

m2

mB
2 D 3

uF1
A ~0!~20.3852 i0.014!

1~ f A
'/GeV!~20.0242 i0.022!u2. ~31!

Final results for the decay amplitudes and the branching
tios are listed in Table IV. Uncertainties in the branchi
ratios are from those in the form factor. For the charg
modes, one has only to multiply the lifetime ratiotB6 /tB0 to
the above equation.

In Eq. ~31!, the coefficient of F1
A (0) is C7

eff(mb)
1AVC(mb), while that off A

' is AHS(mH)3F1
A (0)/ f A

' . Since
the presence ofg5 in Eq. ~20b! does not change the trac
calculation for getting Eq.~22! and the form ofFA

'(as) is
universal, the numerics in Eq.~31! are common to bothB
→KVg and B→KAg, irrespective of the species ofKV or
KA . This is quite an interesting point considering the fa
that the measurements forB→KAg are near at hand. Most o
all, the mass hierarchy ofmK* ,1 GeV,mK1

might impose

some doubts about the common framework for bothK* and
K1 . Actually, the scale 1 GeV is very delicate because
TABLE IV. Decay amplitudes and branching ratios for different scales.

(mb ,mH) ~GeV! ~4.2,1.45! ~4.2,4.2! ~4.6,1.45! ~4.6,4.2!

(C7
eff1AVC1AHS)K1(1270) 20.4062 i0.033 20.3992 i0.027 20.4102 i0.033 20.4022 i0.026

B(B0→K1
0(1270)g)3105 0.82860.335 0.79560.329 0.81460.341 0.78260.335

(C7
eff1AVC1AHS)K1(1400) 20.4082 i0.034 20.4002 i0.027 20.4122 i0.034 20.4032 i0.027

B(B0→K1
0(1400)g)3105 0.39360.151 0.37660.148 0.38660.154 0.37060.150
7-5
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chiral symmetry is broken around it. Recall that in calcul
ing the hard spectator interactions it is assumed that the a
kaon is nearly massless. Although the assumption is acc
able formK1

!mB , it is also possible that nonzero mass e
fects are sizable. So far, there is no systematics to deal
it. The compatibility of Eq.~31! with experimental observa
tions for bothB→K* g andB→K1g will cast some clues to
this issue. In the kinematically opposite limit whereK1 is
very heavy, Refs.@19,20# predicted branching ratios o
higher kaon resonances. Their results as well as those
other methods are listed in Table V for a comparison. In
heavy quark scheme, hard spectator interaction is inconc
able since almost all the momentum of initial heavy meso
transferred to the final one. The typical scale of interact
with the spectator is;LQCD where the perturbative ap
proach breaks down. Thus checking the validity of ha
spectator contribution plays an important role in determin
which approach is more reliable.

The biggest uncertainty in theoretical prediction lies
calculation of the form factorF1

A . The QCD sum rule is
among the most reliable. But recent analysis onB→K* g
reveals that LCSR results for the relevant form factor lead
a very large branching ratio compared to the measured
@13#. Unfortunately, there is no way to explain the discre
ancy up to now. The will-be-extracted values ofF1

A from the
experiments therefore provide much interest to see whe
the LCSR predicts larger form factors again.

Another issue ofB→K1g is mixing. If experiments mea
sure very different values ofB„B→K1(1270)g… and B„B
→K1(1400)g…, then the maximal mixing ofK1A andK1B ,
which correspond to3P1 and 1P1 quark model states, re
spectively, is more favored@24#. One can be about 40 time
larger than the other.

Present analysis is done at the heavy quark limit, at N
of as , and at the leading twist of the distribution amplitud

TABLE V. Comparison with other results, in units of 1025.

Branching ratio B„B→K1(1270)g… B„B→K1(1400)g…

JPL 0.828 0.393
Ref. @24# 0.02–0.84 0.003–0.80
Ref. @25# 0.493 0.241
Ref. @23# 0.45 0.78
Ref. @20# 1.20 0.58
Ref. @22# 0.3–1.4 0.1–0.6
Ref. @19# 1.8–4.0 2.4–5.2
Ref. @21# 1.1 0.7
11400
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for the involved mesons. At the heavy quark limit, only th
terms proportional tôj21&1;O(1/LQCD) survive. And the
NLO as effects are

uC7
eff(0)u2

uC7
eff1AVC1AHSu2

'62%, ~32!

for both K1(1270) and K1(1400) at (mb ,mH)
5(4.2 GeV,1.45 GeV). Higher twist effects are nontrivi
and process dependent in general. ForB→K* g, the non-
asymptotic correction ofK* at higher twist through the Ge
genbauer moments to the operatorO8 amounts to;220%
@13#. Similar effects are expected inK1 .

V. CONCLUSIONS

RadiativeB decays to the kaon resonances provide a r
laboratory to test the standard model and probe new phys
B→K* g is a well established process, and Belle and BaB
are now measuring the decay modes of higher resonance
the first time. In a theoretical side, deeper understandi
have been accomplished for a decade. For example, rele
Wilson coefficients are known up to the three-loop level. T
idea of the QCD factorization reduces model or process
pendences. And various versions of effective theories
QCD such as HQET or SCET have simplified the analy
dramatically.

In this paper, radiativeB decays to the axial kaons ar
examined at NLO ofO(as). This was already done forK* a
few years ago, and many aspects are common. Espec
they share the same perturbative QCD part and only
weak form factor as well as some static properties of the fi
K res discern the specific process, at the leading twist a
heavy quark limit.

On the other hand, the largest uncertainty of theory is
form factor for which we used the LCSR calculations. Sin
the results of LCSR for theB→K* form factor turn out to be
quite large compared to the experiments, the reliability
rather low. A clear explanation of the discrepancy will r
main a good challenge. In this respect, near future meas
ments for B→K1g and extraction of the form factor ar
quite exciting. They also check the possible mixing betwe
3P1 and 1P1 states to form physicalK1(1270) and
K1(1400).
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