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Impact of subleading corrections on hadronicB decays

Kwei-Chou Yang
Department of Physics, Chung Yuan Christian University, Chung-Li, Taiwan 320, Republic of China

~Received 4 August 2003; published 26 March 2004!

We study the subleading corrections originating from the three-parton (qq̄g) Fock states of final-state

mesons inB decays. The corrections could give significant contributions to decays involving anv or h (8) in
the final states. Our results indicate the similarity ofvK andvp2 rates, of order 531026, consistent with the
recent measurements. We obtaina2(B→J/cK)'0.2710.05i , in good agreement with data. Without resorting
to the unknown singlet annihilation effects, three-parton Fock state contributions can enhance the branching
ratios ofKh8 to a level above 5031026.

DOI: 10.1103/PhysRevD.69.054025 PACS number~s!: 12.39.St, 12.38.Lg, 13.25.Hw
hi
uc

C
n

g

tio
o

-
ng
r 8

n
c-
th

s
e
.

h

la

ct

e
of
it
tion

bal

un-

ec-
ate
des.
ys
to
ts
The rareB decays allow us to access the Kobayas
Maskawa mixing angles and search for new physics. M
progress in the study ofB decays@1–3# has been recently
made in QCD-based approaches. In the perturbative Q
~PQCD! framework, the importance of the weak annihilatio
effects inB→Kp decays was first emphasized in Ref.@3#,
where the annihilation contributions are almost pure ima
nary and therefore could lead toCP asymmetry predictions
different from the QCD factorization~QCDF! results @1#.
Nevertheless, the QCDF study showed that the annihila
effects may play only a minor role in the enhancement
pp,pK branching ratios~BRs! @1#. A recent QCDF fit to
Kp,pp rates@2# indicated that, even if the annihilation con
tribution is neglected, one can still get quite good fitti
results provided that the strange quark mass is of orde
MeV.

The annihilation effects might be much more importa
for VP modes, whereP andV denote pseudoscalar and ve
tor mesons, respectively. It has been pointed out that, in
absence of annihilation effects, thefK BRs are'431026

@4#, which is too small compared to the data;831026

@5,6#. Recently the Belle experiment observed a largevK2

rate (6.721.2
11.360.6)31026, and vK2/vp2;1 @5#. Sizable

vK results are also reported in new BaBar measurement@6#
with vK2,0;vp2;531026. It is hard to understand th
large strength ofvK rates from the theoretical point of view
The ratiovK̄0/vp2 reads

vK̄0/vp2'uVcb /Vubu2~ f K / f p!2

3Ua42a6r x
K12r 2~a31a51a9/4!1 f Bf Kb3

a11r 1a2
U2

,

~1!

where r 15 f vF1
Bp/ f pA0

Bv , r 25(F1
BKf v)/(A0

Bv f K), r x
K

52mK
2 /@mb(ms1mu)# is the chirally enhanced factor wit

ms,u being the current quark masses, andb3[b3(K,v) is the
annihilation contribution defined in@7#. The vp2 rate de-
pends weakly on the annihilation effects. Without annihi
tion, sincea4 and a6r x

K terms in thevK̄0 amplitude have

opposite signs, the ratiovK̄0/vp2 should be very small. A
possibility to explain the data is that the annihilation effe
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may give the dominant contribution tovK modes as shown
in the QCDF fit @8# for B→PP together with someB
→VP modes.@However, including the contributions from
annihilation effects, the PQCD results read Br(B̄0→vK̄0)
&231026 @9#.# This result hints that, to account for th
largevK̄0 rate, the annihilation contributions to the BRs
all B→KV modes should be over 80%. If this is true,
should be easy to observe, for instance, the simple rela
r1K2,0:r0K2,0:vK2,0'1:(1/A2)2:(1/A2)2, the same as
their annihilation ratios squared. Nevertheless, if the glo
fit is extended to all measuredB→PV modes, a smallKv
rate ;231026 will be obtained@10# and a reliable best fit
cannot be reached. The present QCD approach seems
likely to offer a coherent picture in dealing withB→VP
modes.

In this article we take into account the subleading corr
tions arising from the three-parton Fock states of final-st
mesons, as depicted in Fig. 1, to QCDF decays amplitu
We find that it could give significant corrections to deca
with v or h (8) in the final states. A simple rule extended
B→PP,VP modes is obtained for the effective coefficien
ai

SL with the subleading corrections

FIG. 1. The contributions of theqq̄g Fock states of the~a! v
and ~b! p2 mesons to theB2→vp2 amplitude.
©2004 The American Physical Society25-1
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a2i
SL5a2i1@11~21!d3i1d4i#c2i 21f 3/2,

a2i 21
SL 5a2i 211~21!d3i1d4ic2i f 3 , ~2!

wherei 51, . . . ,5, andci are the Wilson coefficients define
at the scalemh5ALxmB/2.1.4 GeV withLx the momen-
tum of the emitted gluon as shown in Fig. 1~b! and

f 35
A2

mB
2 f vF1

Bp~mv
2 !

^vp2uO1uB2&qqg50.12 ~3!

in the SU~3! limit. Here O15 s̄gm(12g5)uūgm(12g5)b,
andāg is the averaged fraction of thep2 momentum carried
by the gluon. For thevK amplitudes, the terma31a5,
which is originally negligible, is replaced bya31a51(c4
2c6) f 3, and the latter gives a significantly constructive co
tribution to the rates. It can thus help in understanding
reason for the similarity betweenKv andp2v. On the other
hand, the subleading corrections can contribute significa
to the processes withh (8) in the final states, for which the
term a32a5 always appears in the decay amplitudes a
becomesa32a51(c41c6) f 3 after taking into account the
corrections. We also geta2

SL(J/cK)'0.2710.05i which is
well consistent with the data. The result resolves the lo
standing sign ambiguity of Re(a2).

Let us study the subleading corrections originating fro
the three-parton Fock states of final-state mesons. Taking
vp2 mode as an illustration, there are two different types
diagrams shown in Fig. 1. In the following calculation, w
adopt the conventions Da5]a1 igsT

aAa
a , G̃ab

5(1/2)eabmnGmn, e0123521, and use the Fock-Schwinge
gauge to ensure the gauge-invariant nature of the result

Am~x!52E
0

1

dvvGmn~vx!xn. ~4!

For Fig. 1~a! where the contributions come from the thre
parton Fock states of thev, because of theV2A structure of
the weak interaction vertex, the relevant three-parton lig
cone distribution amplitudes~LCDAs! up to the twist-4 level
are given by@11#

^v~pv ,l!uū~0!gmgsGab~vx!u~0!u0&

> i
f vmv

2

A2
E DaeipvxvagH ~pb

vgam2pa
vgbm!F~a i !

1
1

~pvx!
pm

v~pb
vxa2pa

vxb!@C~a i !2F~a i !#J , ~5!

where Da5da ūdaudagd(12a ū2au2ag), with
a ū ,au ,ag being the fractions of thev momentum carried by
the ū quark,u quark, and gluon, respectively. HereF andC
are the twist-4 LCDAs. Note that all the components of t
coordinatex should be taken into account in the calculati
before the collinear approximation is applied. The expon
tial in Eq. ~5! before the collinear approximation is actual
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eikg•xv, wherekg is thegluon’s momentum, and the resultan
calculation can be easily performed in the momentum sp
by substitutingxa→2( i /v)(]/]kg

a). The result of Fig. 1~a!
is found to be

^vp2uO1uB2&Fig. 1~a!

5 f v

4A2mv
2

3mB
2 ^p2ud̄p” v~12g5!buB2&

3E Da
2F~a i !2C~a i !

ag
. ~6!

Due toG parity, F andC are antisymmetric on interchang
ing a ū andau for the v, so that Eq.~6! vanishes.

In Fig. 1~b!, we consider the emitted gluon which be
comes a parton of the pion. We first takeGmn(vx)

.Gmn(0)eivkg
p
•x and then adopt the collinear approximatio

kg
p5āgpp in the final stage of the calculation, whereāg is

the averaged fraction of the pion’s momentum carried by
gluon. The calculation is straightforward and leads to

^vp2uO1uB2&Fig. 1(b)

5
f vmv

4A2Nc
E

0

1

dvE
0

1

fv~u!

3^p2ud̄gm~12g5!gsG̃nbbuB2&
i ]

]kg
p

b

3H TrF e”v* S gn~vk” g
p1up” v!gm

~vkg
p1upv!2

2
gm~vk”g

p1ūp”v!gn

~vkg
p1ūpv!2 DGJ

>2
2A2 f v

āgmB
2

pv
a^p2ud̄gmg5gsG̃ambuB2&, ~7!

where thev mesons’s asymptotic leading-twist distributio
amplitudefv(u)56uū has been taken andū512u. We
have two unknown parameterspv

a^p2ud̄gmg5gsG̃ambuB2&
and āg needed to be determined. First, let us evalu
pv

a^p2ud̄gmg5gsG̃ambuB2&. The matrix element can be ca
culated by considering the correlation function

Pa~p,p1q!5 i E d4xeipx^p2~q!uT@ j 3p~x! j B~0!#u0&

5
mB

2 f B

mb

1

mB
22~p1q!2

3^p2ud̄gmg5gsG̃ambuB2~q1p!&1•••,

~8!
5-2
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where j 3p5d̄gsG̃amgmg5b, j B5b̄ig5u, the ellipsis denotes
contributions from the higher resonance states, which
couple to the currentj B , and the transition matrix elemen
can be parametrized as

^p2~q!ud̄gmg5gsG̃ambuB2~p1q!&

5pa f 2~p2!1~pa12qa! f 1~p2!. ~9!

In the deep Euclidean region of (p1q)2, as depicted in
Fig. 2 the correlation function can be perturbatively calc
lated in QCD and expressed in terms of three-parton LCD
of the pion,

Pa
QCD5qaE

0

1 du

mb
22~p1uq!2E0

u

dag

3@22~p•q! f 3pf3p1 f pmb~f̃ i22f̃'!#, ~10!

where u5ad1ag , and the three-parton pion LCDAs ar
defined by@12,13#

^p~q!ud̄~x!gsGmn~vx!sabg5u~0!u0&

5 i f 3p@qb~qmgna2qngma!

2qa~qmgnb2qngmb!#E Daf3peiqx(ad1vag), ~11!

^p~q!ud̄~x!gmgsG̃ab~vx!u~0!u0&

5 i f p~qagbm2qbgam!E Daf̃'eiqx(ad1vag)

2 i f p

qm

qx
~qaxb2qbxa!E Da~f̃ i1f̃'!eiqx(ad1vag).

~12!

Heref3p is a twist-3 DA, andf̃' andf̃ i are all of twist 4,

FIG. 2. The diagrammatic illustration to the correlation fun
tion, Eq. ~8!.
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f3p~a i !5360ada ūag
2F11v1,0

1

2
~7ag23!

1v2,0~224ada ū28ag18ag
2!

1v1,1~3ada ū22ag13ag
2!G ,

f̃'~a i !530d2ag
2~12ag!F1

3
12«~122ag!G ,

f̃ i~a i !52120d2ada ūagF1

3
1«~123ag!G .

~13!

Since the quark’s momentum after emitting the gluon
roughly of ordermB/2 and the emitted gluon’s momentum
Lx;āgpp (āg will be discussed below!, we set the scale for
the separation of the perturbative and nonperturbative p
at mh5ALxmB/2.1.4 GeV. The corresponding paramete
at the scalemh read f 3p50.0032 GeV2, v1,0522.63, v2,0
59.62, v1,1521.05, d250.19 GeV2, «50.45 @13#. To cal-
culate f 6 , the contributions of higher resonances in Eq.~8!
are approximated by

1

pEs0

` ImPa
QCD

s2~p1q!2
ds, ~14!

wheres0 is the threshold of higher resonances. Equating E
~8! and ~10! and making the Borel transformationB@mB

2

2(p1q)2#215exp(2mB
2/M2), we obtain the light-cone sum

rule

f 2~p2!5
mb

2mB
2 f B

E
0

1

duE
D

u

dage([mB
2 /M22(mb

2
2ūp2)/uM2])

3F f 3p

mb
22p2

u2
f3p2 f p

mb

u
~f̃ i22f̃'!G , ~15!

and f 1(p2)52 f 2(p2), whereD5u2(mb
22p2)/(s02p2).

Using the above parameters for LCDAs,mb54.7
60.1 GeV, andf B5180 MeV, we obtain the stablef 6 pre-
diction by adoptings0.37 GeV2 and M2'@9 –20# GeV2.
The result is depicted in Fig. 3~a!. The resulting value is
f 7(mv

2 )56(0.05760.005) GeV2, where the uncertainty
comes from the sum rule analysis. We then get

pv
a^p2ud̄gmg5gsG̃ambuB2&52 f 2~mv

2 !3~mB
22mp

2 2mv
2 !

.21.6 GeV4. ~16!

Next, we determine the value ofāg . For illustration, we
plot in Fig. 3~b! the amplitudeAf 2

of the f 2(mv
2 ) sum rule

versus ag and u(5ad1ag) by adopting M2510 GeV2,
whereAf 2

satisfiesf 25*0
1 du*0

u dagAf 2
, i.e., the volume

in the plot is equal tof 2(mv
2 ). The resultant form factor is

dominated by the region whereu*60%,ag&30%. The av-
eraged fraction of the pion momentum carried by the glu
is then estimated to beāg5(*0

1 du*0
u dagagAf 2

)/ f 2

.0.23.
5-3
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We therefore obtain̂vp2uO1uB2&Fig. 3(b).0.13 GeV23

and f 350.12 which gives the correction toai as defined in
Eq. ~2!. We list ai without and with the subleading
corrections in Table I, where the approximatio

2A2ipp
a^vuūgmgsG̃ambuB2& / A0

Bv.pv
a^p -ud̄gmg5gsG̃amb

3uB2&/F1
Bp has been made. Note thata6 and a8 do not

receive subleading corrections.
In the following analysis, the LC sum rule form facto

and ms580 MeV are used. We will instead use a smal
A0

Br50.28 which is preferred by thevp2 data. Thevp2

mode is ideal for extractingA0
Br since its rate is insensitive t

annihilation effects. We find that the spectator parame
XH5@ ln(mB /Lh)#(11rHeifH) is consistent with zero in the
analysis. The reason is that, since the spectator interac
with a gluon exchange between the emitted meson and
recoiled pseudoscalar meson of twist-3 LCDAFs is end-
point divergent in the collinear expansion, the vertex of
gluon and spectator quark should be considered inside
pion wave function, i.e., for this situation the pion itself is
a three-parton Fock state. Annihilation effects have been
phasized infK studies@4#. We adopt the annihilation param
eters rA.0.9,fA.0 which give Br(B2→fK2).8.5
31026, consistent with the current data. Here the annih

FIG. 3. ~a! Form factor f 2(mv
2 ) plotted as a function of the

Borel mass squaredM2. ~b! f 2(mv
2 )5*0

1 du*0
u dagAf 2

with M2

510 GeV2. The volume in the plot is equal tof 2(mv
2 ). Here u

5ad1ag .
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tion parameter of VP modes is defined asXA
VP

5@ ln(mB /Lh)#(11rAeifA) @1# and its imaginary part is ne
glected since the BRs are insensitive to it. In Fig. 4~a! we
plot the BRs ofvp2 andvK modes versusg ([argVub* ).
The results forg'(60–120)° are in good agreement wi
data. Atg590°, the plot givesvp2,vK2,vK̄0 to be 5.5,
4.5, 4.3, respectively, in units of 1026. Without the contribu-
tions from three-parton Fock states of meso
fK2,vp2,vK2,vK̄0 will become 11, 3.9, 3.1, 2.9~in units
of 1026). The three-parton Fock state effects give constr
tive contributions tovp,vK modes, but a destructive one t
the fK mode.

The corrections from three-parton Fock states of the k
also give a definite answer to the long-standing problem
a2(J/cK). In the earlier study, to account for the experime
tal value ua2u, the parameterrH has to be*1.5 @14#. As
emphasized in passing, without fine-tuningrH , we calculate
the amplitudes from the three-parton Fock states of the ka
With the same procedure as shown above, we ob
f 7(mJ/c

2 ).60.08,f 3.0.14, and thusa2
SL5a2

t21c1(mh) f 3

.0.1010.05i 1c1(mh)0.1450.2710.05i , wherea2
t2 is de-

FIG. 4. ~a! Dashed, solid, and dot-dashed lines f

B̄→vp2,vK2 andvK̄0; ~b! solid, dotted, dot-dashed, and dash

lines forK2h8,K̄0h8,K* 2h, andK̄* 0h. BRs are in units of 1026.
s
TABLE I. Values forai for charmlessB decay processes without~first row! and with~second row! three-parton Fock state contribution
of final-state mesons, wherea3–a10 are in units of 10-4 and the annihilation effects are not included.

a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

1.0210.014i 0.10-0.08i 26126i 2328-91i 1.2-30i 2487-72i 0.710.3i 4.510.6i 289-0.1i 25.917i
0.97410.014i 0.25-0.08i 255126i 2291-91i 112-30i 2487-72i 20.310.3i 4.510.6i 288-0.1i 21817i
5-4
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IMPACT OF SUBLEADING CORRECTIONS ON . . . PHYSICAL REVIEW D69, 054025 ~2004!
termined up to the twist-2 order and the SU~3! approxima-
tion for f 3 has been made. The result fora2

SL is well consis-
tent with that extracted from data. This solves the lon
standing sign ambiguity ofa2(J/cK) which turns out to be
positive for its real part. Note that if Re(a2) were negative,
f 3 would have to be;20.3, which in turn would lead to
fK;2031026 andvp2,vK;131026.

The subleading corrections could give significant con

butions to the decays withh (8) in the final states becaus
these decay amplitudes always contain the singlet factoa3

2a5. We plot the BRs ofKh8,K* h modes versusg in Fig.
4~b!, where XA

PP'0, the annihilation parameter forPP
modes, has been used as it could give good fit results
Kp,pp rates@2#. We do not consider the singlet annihilatio
correction@15# in Kh8 modes because it is still hard to d
termine at present. With~without! the subleading corrections

we see thatK2h8*K̄0h8'55(35), and K* 2h*K̄* 0h
'24(20), in units of 1026. The corrections give 70% an
25% enhancements to theKh8 andK* h rates, respectively
Note that with~without! the corrections,K* h8&131026

(*431026) and Kh&131026 (*131026). In a PQCD

calculation@16#, it seems thatK̄0h8 (54131026) was un-

derestimated whileK̄0h (5731026) was overestimated
compared to the data@5,6#. Within the QCDF framework, by
only considering the two-parton LCDAs of mesons, Bene
and Neubert@15# obtainedK* h;1331026, just half of the
experimental value, but with a huge error.

For further comparison with other calculations, we p
the Kr,K* p,r2h (8) modes in Fig. 5. The subleading co
tributions to these BRs are&15%. At g590°, we have
K̄0r0,K2r1,K̄0r2,K2r056,7,7,2(31026), and
K* 2p1,K̄* 0p0,r2h,r2h859,2,6,4(31026). In @7#, to fit
fK,vK rates, the annihilation effects dominate the dec
amplitudes and the form factorsF1

BK ,A0
Bp are rather small,

such that it will lead to r1K2,0:r0K2,0:vK2,0

'1:(1/A2)2:(1/A2)2, while the PQCD results for the rate
are K̄0r0,K2r1,K̄0r2,K2r052.5,5.4,3.0,2.2(31026) @9#.

In conclusion, we have calculated the contributions a
ing from three-parton Fock states of mesons inB decays. We
find that the contributions could give significant correctio
to decays with anv or h (8) in the final states. Our main
d
c

II
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results for g'(60–110)° are vp2,vK2,vK̄0

'6.0,(6 –5),5.1, respectively, in units of 1026, while the
previous QCDF global fit toVP modes and the pQCD re
sults gave smallervK BRs of order&331026 @9,10#. We
predict thatK̄0r0;vK and K̄0r0/K2r0'3. Including the
corrections, we obtaina2(J/cK)'0.2710.05i , which is
well consistent with the data. The sign of Re(a2) turns out to
be positive. Without resorting to the unknown singlet an
hilation effects, three-parton Fock state contributions can
hanceKh8 to a level above 531025.
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FIG. 5. ~a! Solid, dashed, dot-dashed, and dotted lines

B̄→K̄0r0,K2r1,K̄0r2, andK2r0; ~b! solid, dot-dashed, dashed

and dotted lines forB̄→K* 2p1,K̄* 0p0,r2h andr2h8. BRs are
in units of 1026.
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