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Exclusive semileptonic and rareB meson decays in QCD
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We present the first complete results for the semileptonic and rare radiative form factors of theB meson’s
weak decay into a light vector meson (r,v,K* ,f) in the light-cone sum rule approach. The calculation
includes radiative corrections, higher twist corrections, and SU~3! breaking effects. The theoretical uncertainty
is investigated in detail. A simple parametrization of the form factors is given in terms of three parameters
each. We find that the form factors observe several relations inspired by heavy quark symmetry.
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I. INTRODUCTION

The challenge to understand the physics ofCP violation
related to the structure of the Cabibbo-Kobayashi-Maska
~CKM! mixing matrix in ~and beyond! the standard model is
fueling an impressive experimental program for the study
B decays, both exclusive and inclusive. Abundant data
various exclusive channels are expected to arrive within
next few years from the dedicatedB factories BaBar and
Belle, and their potential impact on our understanding ofCP
violation at the electroweak scale will depend crucially
our possibility to control the effects of strong interaction
For exclusive decays with only one hadron in the final st
the task is to calculate various transition form factors; it h
already attracted significant attention in the literature.

In this paper we present the first complete results for
exclusive semileptonic and rare radiativeB decays to light
vector mesons in the light-cone sum rule approach. Ex
sive decays which are the principal concern of this work c
be grouped as semileptonic decaysBu,d→ren, Bs→K* en,
rare decays corresponding tob→s transitions which we term
CKM-allowed, Bu,d→K* 1g, Bu,d→K* 1 l 1l 2, Bs→f
1g, Bs→f1 l 1l 2, and b→d transitions which we call
CKM suppressed,Bd→(r,v)1g, Bd→(r,v)1 l 1l 2, Bu
→r1g, Bu→r1 l 1l 2, Bs→K* 1g, Bs→K* 1 l 1l 2.

Let V be a vector meson, i.e.,r, v, K* , or f and letpm,
em* , andmV be its momentum, polarization vector, and ma
respectively. LetpB (mB) be the momentum~mass! of theB
meson. We definesemileptonic form factors by (q5pB
2p)

^V~p!u~V2A!muB~pB!&

52 i em* ~mB1mV!A1
V~q2!

1 i ~pB1p!m~e* pB!
A2

V~q2!

mB1mV

*On leave of absence from St. Petersburg Nuclear Physics I
tute, 188350 Gatchina, Russia.
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1 iqm~e* pB!
2mV

q2
@A3

V~q2!2A0
V~q2!#

1emnrse* npB
r ps

2VV~q2!

mB1mV
. ~1.1!

Note the exact relations

A3
V~q2!5

mB1mV

2mV
A1

V~q2!2
mB2mV

2mV
A2

V~q2!,

A0
V~0!5A3

V~0!, ~1.2!

^Vu]mAmuB&52mV~e* pB!A0
V~q2!.

The second relation in Eq.~1.2! ensures that there is no k
nematical singularity in the matrix element atq250.

Rare decays are described by the above semileptonic f
factors and the followingpenguinform factors:

^Vuc̄smnqn~11g5!buB~pB!&

5 i emnrse* npB
r ps 2T1~q2!

1T2~q2!$em* ~mB
22mV

2 !2~e* pB! ~pB1p!m%

1T3~q2!~e* pB!H qm2
q2

mB
22mV

2 ~pB1p!mJ ~1.3!

with

T1~0!5T2~0!. ~1.4!

Herec5s,d. All signs are defined in such a way as to re
der the form factors positive. The physical range ofq2 ex-
tends fromqmin

2 50 to qmax
2 5(mB2mV)2 for three-body de-

cays andq2[0 for two-body decays.
The method of light-cone sum rules was first sugges

for the study of weak baryon decays in Ref.@1# and later
extended to heavy meson decays in Ref.@2#. It is a nonper-
turbative approach which combines ideas of QCD sum ru

ti-
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@3# with the twist expansion characteristic for hard exclus
processes in QCD@4# and makes explicit use of the larg
energy of the final state vector meson at small values of
momentum transfer to leptonsq2. In this respect, the light-
cone sum rule approach is complementary to lattice calc
tions @5# which are mainly restricted to form factors at sm
recoil ~large values ofq2). Of course, the light-cone sum
rules lack the rigour of the lattice approach. Neverthele
they prove to provide a powerful nonperturbative mod
which is explicitly consistent with perturbative QCD and t
heavy quark limit.

Early studies of exclusiveB decays in the light cone sum
rule approach were restricted to contributions of lead
twist and did not take into account radiative corrections,
Refs. @6,7# for a review and references to original public
tions. Very recently, these corrections have been calcul
for the semileptonicB→p,Ken decays@8#. In this work we
calculate radiative and higher twist corrections to all fo
factors involving vector mesons, see above, making us
new results on distribution amplitudes of vector mesons,
ported in Refs.@9–11#. We find that the corrections in ques
tion are fairly small in all cases.

The presentation is organized as follows. In Sec. II
remind the reader of the basic ideas of the light-cone s
rule approach and derive radiative and higher-twist corr
tions to the form factors in question in a compact form. S
tion III presents our main results and includes a discussio
input parameters as well as error estimates. In Sec. IV
discuss relations between semileptonic and penguin f
factors in the heavy quark limit. Section V is reserved to
summary and conclusions. The paper has two appendixe
Appendix A we collect the relevant loop integrals for th
calculation of radiative corrections. Appendix B contains
summary of the results of Refs.@9–11# on vector meson
distribution amplitudes.

II. METHOD AND CALCULATION

A. General framework

Consider semileptonic Bd→ren and rare Bd
→K* l 1l 2 decays as representative examples. We cho
a B meson ‘‘interpolating current’’j B5d̄ig5b, so that

^0u j BuB~pB!&5
f BmB

2

mb
, ~2.1!

where f B is the usualB decay constant andmb the b quark
mass. In order to obtain information on the form factors,
study the set of suitable correlation functions1

1In this work we define invariant functions with respect to t
Lorentz-structuree* q/pq instead ofe* q @12# in order to remove a
kinematical singularity forp→0.
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i E d4ye2 ipBy^r~p!uT~V2A!m~0! j B
†~y!u0&

52 iG0~pB
2 ,q2!em* 1 iG1~pB

2 ,q2!
e* q

pq
~q12p!m

1 iG2~pB
2 ,q2!

e* q

pq
qm1GV~pB

2 ,q2!em
abgea* qbpg ,

~2.2!

i E d4ye2 ipBy^K* ~p!uT@ s̄smng5b#~0! j B
†~y!u0&

5A~pB
2 ,q2!$em* ~2p1q!n2en* ~2p1q!m%2B~pB

2 ,q2!

3$em* qn2en* qm%22C~pB
2 ,q2!

e* q

pq
$pmqn2qmpn%.

~2.3!

The Lorentz-invariant functionsG0,6,V,A,B,C can be calcu-
lated in QCD for large EuclidianpB

2 . More precisely, if
mb

22pB
2!0, then the correlation functions in Eqs.~2.2!, ~2.3!

are dominated by the region of smally2 and can systemati
cally be expanded in powers of the deviation from the lig
cone y250. The light-cone expansion presents a modific
tion of the usual Wilson operator product expansion, su
that relevant operators are nonlocal and are classified
terms of twist rather than dimension. Matrix elements
nonlocal light-cone operators between the vacuum and
vector meson state define mesondistribution amplitudes@4#
which describe the partition of the meson momentum
tween the constituents in the infinite momentum frame.
particular, there exist two leading twist distribution amp
tudes for vector mesons, see Appendix B, correspondin
longitudinal and transverse polarizations, respectively:

^ruū~0!gmd~z!u0&5 f rmrpm

e* z

pz E0

1

du eiūpzf i~u,m!,

~2.4!

^ruū~0!smnd~z!u0&52 i f r
T~m!~em* pn2pmen* !

3E
0

1

du eiūpzf'~u,m!, ~2.5!

and similarly forK* andf. Herez is an auxiliary lightlike
vector, u is the momentum fraction carried by the valen
quark, and the decay constantsf r , f r

T are defined in Appen-
dix B. m specifies the scale: Extraction of the leadi
asymptotic behavior in field theories invariably produces s
gularities which reflect themselves in the scale depende
of distribution amplitudes. As always, this scale depende
cancels in physical quantities by a corresponding depende
of coefficient functions.

The invariant amplitudes in Eqs.~2.2!, ~2.3! can be cal-
culated in terms of meson distribution amplitudes in co
plete analogy with the calculation of structure functions
deep inelastic lepton-nucleon scattering in terms of nucl
6-2
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EXCLUSIVE SEMILEPTONIC AND RAREB MESON . . . PHYSICAL REVIEW D58 094016
parton distributions: The off-shellnessmb
22pB

2 plays the role
of photon virtualityQ2. As an illustration, consider the tree
level leading-twist result forG0, adapted from Ref.@12#,

G0~pB
2 ,q2!5E

0

1

du
1

mb
22upB

22ūq2
f V

Tf'~u!
mb

22q2

2u
.

~2.6!

We want to emphasize that the procedure is rigorous at
point: all corrections can~in principle! be included in a sys-
tematic way and their evaluation is precisely what makes
subject of this work.

The subtle part concerns the extraction of theB meson
contribution to the invariant amplitudes. The exact amplitu
G0 ~in nature! has a pole atpB

25mB
2 corresponding to the

intermediateB meson state, and this contribution can
written in terms of the form factorA1

B→r defined in Eq.~1.1!:

GB meson
0 5~mB1mr!A1

B→r~q2!
1

mB
22pB

2

mB
2 f B

mb
. ~2.7!

On the other hand, the QCD calculation atpB
2!mb

2 is only
approximate and, continued analytically to ‘‘Minkowskian
pB

2.mb
2 , produces a smooth imaginary part with no sign o

pole behavior. To proceed, we invoke the concept ofduality,
assuming that exact spectral density and the one calculat
QCD coincideon the average, that is integrated over a suf
ficient region of energies. In particular, we assume that thB
meson contribution is obtained by the integral of the QC
spectral density over theduality region

GB meson
0 5

1

2p i Emb
2

s0 ds

s2pB
2
Discp

B
2GQCD

0 ~s,q2!. ~2.8!

The parameters0'(34235) GeV2 is called the ‘‘con-
tinuum threshold’’ and is fixed from QCD sum rules forf B ,
see, e.g., Ref.@13#. Equating the two above representation
one obtains alight-cone sum rulefor the form factorA1 .
Sum rules for the other form factors are constructed in p
cisely the same manner.

While the accuracy of the QCD calculation can be co
trolled ~and improved!, the duality approximation introduce
an irreducible uncertainty in predictions for the form facto
which is usually believed to be of order~10–15! %. Practical
calculations in the sum rule framework involve some tech
cal tricks to reduce this uncertainty, e.g., Borel transform
tion which we will not discuss here. These techniques
well established and their detailed description in the parti
lar context of light-cone sum rules can be found, e.g.,
Refs. @7,12#. Reference@12# also contains a detailed com
parison of the light-cone sum rule approach to traditio
QCD sum rules and can serve as introduction for the m
theoretically minded reader.

B. Radiative corrections

Radiative corrections to the sum rules correspond to o
loop corrections to the coefficient functions in front of lea
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ing twist distribution amplitudes and are given by the d
grams shown in Fig. 1. The calculation is done
dimensional regularization and it is sufficient to consider m
trix elements over on-shell massless quark and antiquark
rying momentum fractionup and ūp, respectively. The
transversely polarized and longitudinally polarized mes
states are projected onto by

^V'~p!uūa~0!db~x!u0&

52
i

4
f V

T@smn#bae* mpnE du eiūpxf'~u! ~2.9!

[2
1

8
f V

T@smng5#baemnrse* rpsE du eiūpxf'~u!,

~2.10!

^Vi~p!uūa~0!db~x!u0&

[
1

4
f VmV@p” #ba

e* x

px E du eiūpxf i~u!

→
mV

2→0
1

4
f V@p” #baE du eiūpxf i~u!, ~2.11!

wherea,b are spinor indices, respectively. In the last line
Eq. ~2.11! we made use of the fact that for ultrarelativist
longitudinal vector mesonsem→pm /mV up to O(mV

2/upW u2)
corrections. This is a justified approximation for the calcu
tion of radiative corrections to leading twist accuracy

FIG. 1. The leading order diagram~a! and one-loop radiative
corrections~b!–~f!.
6-3
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PATRICIA BALL AND V. M. BRAUN PHYSICAL REVIEW D 58 094016
which end the meson mass can be neglected throughout
further use we introduce notations for the projection ope
tors,

Pi5
1

4
f Vp” ,

P'52
i

4
f V

Tsabe* apb or ~2.12!

P'
~5!52

1

8
f V

Tsabg5eabrser* ps .

These will be treated asD-dimensional objects in what fol
lows.

The calculation in question is in principle straightforwa
and similar to the existing calculations of next leading ord
~NLO! corrections to hard exclusive processes@14–17#. One
has to consider one-loop diagrams with a heavy quark
two different kinematic invariantsq2 and pB

2 , which makes
formulas rather cumbersome, however. The specific requ
ment is to organize the expressions in a form suitable fo
dispersion representation inpB

2 , cf. Eq. ~2.8!, so that con-
tinuum subtraction can be made.

Analytic expressions are available since recently forB
decays to light pseudoscalar mesonsp,K @8#. For vector
mesons the number of form factors is so large that work
out ~relatively! compact analytic expressions is not worth t
effort. In this work we prefer to give the formulas in terms
traces and general momentum integrals~see below and Ap-
pendix A! which can be compiled and evaluated numerica
usingMATHEMATICA programing language.2

A usual subtlety concerns the treatment ofg5 . The results
for the form factors given below are obtained using ‘‘nai
dimensional regularization’’~NDR! and the same schem
has to be applied to the calculation of Wilson coefficients
penguin operators.

There are two form factors in whose calculation one
counters an odd number ofg5 in traces, which could caus
ambiguities:V andT1 . Only transverse mesons contribute
these form factors. In both cases, a possible ambiguity co
solely from theB vertex correction in Fig. 1~d!, whereas in
all other diagrams contraction ofg matrices overg5 can be
avoided. There are several ways out:~a! use a ’t Hooft-
Veltman prescription forg5 and apply a finite renormaliza
tion to restore the Ward identities as in Ref.@18#; ~b! instead
of the ‘‘natural’’ projection ~2.9!, use Eq.~2.10! which in-
troduces a secondg5 and thus eliminates the problem;~c!
modify the definition of the form factors~1.3! to

2The computer code is available from P.B. upon request.
09401
or
-

r

d

e-
a

g

r

-

es

^Vus̄smng5buB&

5A~q2!$em* ~pB1p!n2~pB1p!men* %

2B~q2!$em* qn2qmen* %

2C~q2!
e* pB

mB
22mV

2 $~pB1p!mqn2qm~pB1p!n%.

~2.13!

Using

smng552
i

2
emnrs srs

and contracting withqn, one finds

A~q2!5T1~q2!,

B~q2!5
mB

22mV
2

q2
@T1~q2!2T2~q2!#, ~2.14!

C~q2!5T3~q2!2
mB

22mV
2

q2

3@T1~q2!2T2~q2!#,

from which the relation~1.4! follows. It is thus sufficient to
calculateA, B, andC instead ofTi with the premium to avoid
any g5 problem. We have checked that all of the above p
scriptions yield identical results.

After these preliminary remarks, we are now in the po
tion to calculate the diagrams in Fig. 1. The tree-level co
tribution of Fig. 1~a! equals

T~0!5
i

s
Tr@G~p” B2ūp”1mb!g5P#, ~2.15!

whereG is the Dirac structure of the weak vertex,P is one of
the projection operators defined in Eqs.~2.12!, and

s5mb
22upB

22ūq2.

It proves convenient to replace in Eq.~2.15! the running
modified minimal subtraction schemeMS b quark mass by
the one-loop pole mass, which is given by

mpole5mMSH 11CF

g2

4p2S 12
3

4
ln

m2

m2D J . ~2.16!

This replacement induces the radiative correction
6-4
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Tpole52i
mb

2

s2
CF

g2

4p2 S 12
3

4
ln

mb
2

m2D
3Tr@PG~p” B2ūp”1mb!g5#

2
i

s
mbCF

g2

4p2S 12
3

4
ln

mb
2

m2D Tr@PG~p” B2ūp” !g5#.

~2.17!

The general strategy is to simplify the traces as much
possible, but to keepP andG arbitrary. Also contraction ofg
matrices overg5 is only allowed in theB vertex correction.

It turns out that all one-loop diagrams can be expresse
terms of the following traces:

Tr15Tr~PGq”g5![Tr~PGp” Bg5!,

Tr25Tr~PGg5!,
~2.18!

Tr35Tr~Pq”Gg5![Tr~Pp” BGg5!,

Tr45Tr~Pq”Gq”g5!.

Let us also introduce

aPP:5gaPga, aGG:5gaGga. ~2.19!

The b quark self-energy diagram in Fig. 1~b! is

Tb
SE52

g2CF

s2
„$4mb

2@Y1~12e!Z#

12s~12e!~Y2Z!%~Tr11mbTr2!

22mbs@Y1~12e!Z#Tr2…, ~2.20!

where D5422e and the expressions for momentum int
grals Y,Z are given in Appendix A. The self-energy inse
tions in external light quark legs in Fig. 1~c! only contribute
logarithmic terms in dimensional regularization,

Tl
SE5

g2CF

s
~Tr11mbTr2!S ln

mb
2

mUV
2

2 ln
mb

2

m IR
2 D , ~2.21!

where we distinguish between the ultraviolet scalemUV ,
which is to be identified with the renormalization scale of t
current j B and the penguin operators, and the infrared ren
malization scalem IR corresponding to the factorization sca
in meson distribution amplitudes.

For theB vertex correction in Fig. 1~d!, one obtains

TB52
g2CF

s
$@28C̄~12e!212mb

2B̄1ū~pB
22q2!Ā#

3~Tr11mbTr2!2mbsB̄Tr2%. ~2.22!

For the weak vertex in Fig. 1~e! we find
09401
s

in

r-

TW52
g2CF

s
$aG

2C~Tr11mbTr2!1aG D~q2Tr31mbTr4!

1~pB
22q2!uaGE Tr312~pB

22q2!uA~Tr11mbTr2!

1mbB@2~mbTr11q2Tr2!2aG~mbTr31Tr4!#%.

~2.23!

Finally, the box diagram in Fig. 1~f! can be written as

Tbox52g2CFaP$aPH~Tr11mbTr2!

1I @2mbTr41~s2mb
2!Tr3#1Bu51Tr3%,

~2.24!

whereBu51 is the limiting value ofB for u→1. Definitions
and explicit expressions for the one-loop integralsA, B, C,
etc., are given in Appendix A.

C. Higher twist contributions

Higher twist terms generically refer to contributions to t
light-cone expansion of the correlation functions~2.2! and
~2.3! which are suppressed by powers of 1/(mb

22pB
2). In the

sum rules, such corrections are suppressed by powers o
Borel parameter. Higher twist corrections are usually divid
into ‘‘kinematical,’’ originating from nonzero mass of th
vector meson, and ‘‘dynamical,’’ related to contributions
higher Fock states and transverse quark motion. In this pa
we take into account both effects to twist 4 accuracy, mak
use of the new results on distribution amplitudes of vec
mesons reported in Refs.@10,11# and summarized in Appen
dix B.

The calculation is most conveniently done using the ba
ground field approach of Ref.@19#. Diagrams of the type
shown in Fig. 2~a! are taken into account within this metho
by the expansion of the nonlocal quark-antiquark operato
powers of the deviation from the light cone and give rise
contributions of two-particle distribution amplitudes o
higher twist, see Eqs.~B12! and ~B27!. The contribution of
the gluon emission from heavy quark is calculated using
light-cone expansion of the quark propagator@19,20#

FIG. 2. The higher-twist contributions.
6-5
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^0uT$b~x!b̄~0!%u0&5 iSb~x!2 igE d4k

~2p!4
e2 ikx

3E
0

1

dvF1

2

k”1mb

~mb
22k2!2

Gmn~vx!smn1
v

mb
22k2

xmGmn~vx!gnG , ~2.25!

whereSb(x) is the free quark propagator. As in the case of radiative corrections, our strategy in this work is to derive th
general expression for all form factors in question, suitable for implementation in analytical or numerical calculation
MATHEMATICA . We obtain

CF5
1

4E0

1

duH i f VmVF S F i
~ i !~u!ea*

]

]Qa
1

e* q

pq

1

16
mV

2A~u!
]2

]Qr]QrD Tr@GSb~Q!g5p” #

2g'
~v !~u!Tr@GSb~Q!g5e”* #2

e* q

pq

1

2
mV

2C~ i !~u!
]

]Qa
Tr@GSb~Q!g5ga#

2
i

4
eabgde* bpgg'

~a!~u!
]

]Qd
Tr@GSb~Q!ga#G2 f V

TF S f'~u!2
1

16
mV

2AT~u!
]2

]Qr]QrD
3Tr@GSb~Q!g5sab#e* apb2

e* q

pq
mV

2BT
~ i !~u!pa

]

]Qb
Tr@GSb~Q!g5sab#

2
i

2 S 12
mq1mq̄

mV

f V

f V
TD mV

2hi
~s!~u!e* a

]

]Qa
Tr@GSb~Q!g5#2

1

2
mV

2CT
~ i !~u!e* a

]

]Qb
Tr@GSb~Q!g5sab#G J

1
i

4
f VmVE

0

1

dvE Da$mb
22@q1~a11va3!p#2%22F2v~pq!@A~a!1V~a!#Tr~Ge”* p”g5!

1mV
2 e* q

pq
@2F~a!1C~a!22F̃~a!2C̃~a!#Tr@G~q”1mb!p”g5#

14mV
2v~e* q!@F̃~a!2F~a!#Tr~Gg5!2mV

2v
e* q

pq
C~a!Tr~Gq” p”g5!G

1
i

4
f V

TmV
2E

0

1

dvE Da$mb
22@q1~a11va3!p#2%22$22v~e* q!T~a!Tr~Gp”g5!

1@S~a!2S̃~a!1T1
~4!~a!2T2

~4!~a!1T3
~4!~a!2T4

~4!~a!#Tr@G~q”1mb!e”* p”g5#

12v@T2
~4!~a!2T4

~4!~a!2S~a!2S̃~a!#@~e* q!Tr~Gp”g5!2~pq!Tr~Ge”* g5!#

12v@T3
~4!~a!2T4

~4!~a!2S̃~a!#Tr~Gq” p” e”* g5!%, ~2.26!
e
- es-

rs
ar tic
whereQ5q1ūp and CFP$G0,6,V,A,B,C%. Definitions and
explicit expressions for the numerous distribution amplitud
are collected in Appendix B.3 In addition, we use the nota
tion

3Despite appearance, the number of nonperturbative paramete
the description of higher-twist distributions is small since they
related by exact equations of motion, see Refs.@10,11# and Appen-
dix B.
09401
s
F i

~ i !~u!5E
0

u

dv @f i~v !2g'
~v !~v !#. ~2.27!

To leading twist accuracy, our result agrees with the expr
sions available in the literature, see Refs.@21,12,22#.4

in
e

4The sum rule forT1 given in Refs.@21,22# misses a contribution
of F i ; this term can formally be viewed as part of the kinema
higher twist correction which is included in Refs.@21,22# only par-
tially.
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III. RESULTS

In this section we present results of the numerical anal
of the light-cone sum rules for the form factors defined
Eqs. ~1.1! and ~1.3! for B and Bs decays. The sum rule
depend on several parameters, those needed to describeB
meson on the one hand and those describing the vector
son on the other hand. The former ones are essent
f B ( f Bs

), the leptonic decay constant defined in Eq.~2.1!,

theb quark massmb , the continuum thresholds0 introduced
in Eq. ~2.8!, and the Borel parameterM2 mentioned in Sec.
II A. Lacking experimental determination off B and f Bs

, we
determine their values from two-point QCD sum rules
O(as) accuracy~see, e.g., Ref.@13#!, which fixess0 depend-
ing on mb and also the ‘‘window’’ inM2, in which the sum
rules are evaluated. We then use the same values formb , s0
andM2 in both the QCD sum rule forf B and the light-cone
sum rules for the form factors,5 which helps to reduce the
systematic uncertainty of the approach. The correspond
parameter sets and results for the decay constants are
in Table I. The question of the value of theb quark mass has
attracted considerable attention recently; following these
velopments@23#, we use the valuemb5(4.860.1) GeV.
Our results forf B agree well with new lattice determination
@24#.

The parameters of light mesons are collected in Appen
B, Tables VI and VII. These parameters are evaluated at
factorization scalem IR

2 5mB
22mb

254.8 GeV2, which is the
typical virtuality of the virtualb quark in the process. Th
penguin form factors also depend on the ultraviolet ren
malization scale of the effective weak Hamiltonian, f
which we choosemUV5mb . Using the central values of a
parameters, we obtain the form factors plotted in Figs. 3
4. For their representation in algebraic form, a parametr
tion in terms of three parameters proves convenient:

F~q2!5
F~0!

12aFq2/mB
21bF~q2/mB

2 !2
, ~3.1!

with the fit parametersF(0), aF , and bF . Here mB is the

5To be precise, the expansion parameter of the light-cone cor
tion function isuM2 rather thanM2. Because of this, in the light
cone sum rules we use an ‘‘effective’’ Borel parameterMeff

2 defined
by ^u&Meff

2 [M2pt
2 , M2pt

2 being the Borel parameter used in th
QCD sum rules forf B .

TABLE I. Values for f B and f Bs
from QCD sum rules in depen

dence on theb quark mass. The Borel parameter window isM2

5(428) GeV2.

mb @GeV# 4.7 4.8 4.9

s0 @GeV2# 34.560.5 33.560.5 32.560.5
f B @MeV# 17765 15065 12365
s0 @GeV2# 35.560.5 34.560.5 33.560.5
f Bs

@MeV# 19165 16265 13565
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mass of the relevantB meson, i.e.,mBu,d
for Bu,d decays and

mBs
for Bs decays. The fit parameters for all form factors a

collected in Tables II and III. This parametrization describ
all 28 form factors to an accuracy of 1.8% or better for
<q2<17 GeV2.

Let us now discuss the dependence of the results on
input parameters and approximations involved. First we n
that the net impact of radiative corrections is very small
small q2 and at most 5% atq250. Their effect increases
however, at largeq2 and leads to a decrease of the for
factorsA2 and T3 at q2517 GeV2 by 20% with respect to
their tree-level values; the impact on the other form fact
stays in the 5% range. The small effect of radiative corr
tions was anticipated in the tree-level analysis of Ref.@12#
and also observed in the calculation ofO(as) corrections for
B→pseudoscalar decays@8#. It is due to the fact that the
biggest contribution to radiative corrections~in Feynman
gauge! comes from theB vertex correction diagram, which
enters both the calculation off B and the light-cone correla
tion functions and cancels in the ratio that gives the fo
factors. Although literally we only calculated radiative co
rections to the leading twist contribution to the light-co
expansion, it is unlikely that yet unknown corrections to t
higher-twist terms could change this pattern dramatica
We thus believe that radiative corrections are under g
control.

The next question concerns the convergence of the lig
cone expansion. The higher-twist terms have several sour
some depend on the intrinsic properties of the multiparti
Fock-states of the vector meson and some appear as m
mass corrections to the two-particle valence state. The la
ones, described in terms of the same parameters as the
ing twist distribution amplitudes, turn out to be numerica
dominant, which is very welcome as the matrix eleme
describing the multiparticle states are only poorly known.
be specific, putting all intrinsic higher-twist parametersz of
Table VII to zero, the form factors change by at most 3
Hence, we conclude that the light-cone expansion is un
good control as well.

The dependence of form factors on the sum rule para
eters is small, too. Changingmb by 6100 MeV makes a 5%
effect at most and is most pronounced at largeq2; at q2

50 it is a 0.8% effect. This result means that, as for radiat
corrections, there is a strong cancellation ofmb dependence
in the ratio of the light-cone correlation function andf B . The
same statement holds for the dependence on the contin
threshold within the limits specified in Table I. For the d
pendence on the Borel parameter we find an;7% effect,
increasing withq2, which again reminds us of the fact tha
the light-cone sum rules become less reliable for largeq2.

Overall normalization of the form factors depends on t
vector meson decay constantsf V and f V

T , the former one
determined experimentally, the latter one calculated fr
QCD sum rules~see Table VI!. The corresponding uncer
tainty is at most 3%. Adding up all the errors in quadratu
we obtain an uncertainty of the form factors of around 11

The shape of leading twist distribution amplitudes, ch
acterized by the Gegenbauer momentsa2,r

i ,' for the r and
a1,K*

i ,' , a2,K*
i ,' for the K* , affects most significantly the slop

la-
6-7
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FIG. 3. Light-cone sum rule results forBu,d

→vector meson form factors. The renormaliz
tion scale forTi is m5mb54.8 GeV. Further
parameters aremb54.8 GeV, s0533.5 GeV2,
M256 GeV2.
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of the form factors and is illustrated in Fig. 5 on two e

amples:A1
r and A1

K* . The curves labeled asymptotic desi
nate the form factors as obtained by putting theai to zero in
Eqs.~B15! and ~B30!; the corresponding meson distributio
amplitudes are completely model independent and dicta
by perturbative QCD. The curves labeledai show correc-
tions to this limit which take into account nonperturbati
corrections to the distribution amplitudes. For illustration w
assumed in this figure the valuea4,r

' 5a4,r
i 50.1 at m

51 GeV as a ball-park estimate for potential higher-ord
terms; this contribution is not included in the final resul
The curves labeled twist 3 and 4 terms show the contribu
induced by thez ’s in Table VII and for theK* also contain
terms explicitly proportional to the strange quark mass. I
obvious that the ‘‘asymptotic’’ contribution grossly dom
nates, and the remaining terms only add marginal cor
tions. It is also obvious that the twist 3 and 4 terms do
have much overall influence, whereas the contribution ina2
09401
d

r
.
n

s

c-
t

~for A1
r) anda1 ~for A1

K* ) tend to slow down the increase o
the form factors as functions ofq2. All involved parameters
~except for the couplingsf V and f V

T) come with considerable
theoretical uncertainty. However, the only important error
that in a2,r and a1,K* . Taken together, they contribute o
order 10% to the uncertainty in our predictions. Adding th
number ~in quadrature! to the ;11% error from other
sources, we end up with a total uncertainty of light-cone s
rule productions of order;15%, which is our final error
estimate. An improvement is to be expected if future latt
calculations achieve an accuracy better than that quote
Table VI.

A few remarks are in order on the pattern of SU~3! sym-
metry breaking. It enters our calculation at the followin
places: difference in decay constants,f K* / f r' f K*

T / f r
T

51.14, f Bs
/ f B51.08; different meson masses and co

tinuum thresholdss0 ~Table I!; different vector meson distri-
bution amplitudes~Table VI!. Figure 5 also illustrates the
a-

FIG. 4. Light-cone sum rule results forBs

→vector meson form factors. The renormaliz
tion scale forTi is m5mb54.8 GeV. Further
parameters aremb54.8 GeV, s0534.5 GeV2,
M256 GeV2.
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EXCLUSIVE SEMILEPTONIC AND RAREB MESON . . . PHYSICAL REVIEW D58 094016
relative size of these effects: the difference between
asymptotic curves is almost exclusively due to the differe
in f r and f K* and makes a 17% effect. ForK* , the a2 are
small, whereas thea1 are large and thus increase the for
factor. ForBs→K̄* decays, the sign ina1 is negative andf Bs

is larger thanf B , so that we observe considerably smal
form factors, see Table III. The total SU~3! breaking correc-
tions amount to'35%, half of which comes from the deca
constants and half from the bigger momentum carried by
s quark in the strange hadron. Specifically, forBu,d decay
form factors atq250 we obtain the values given in Tab
IV.

In Fig. 6 we present a comparison of our results forB
→r semileptonic and rare radiative form factors with t
lattice calculations by the UKQCD Collaboration@25,26#.
The agreement is very good. We wish to emphasize that
light-cone sum rule approach is theoretically more sound
small values ofq2, and in this sense is complementary
lattice techniques which work best in the largeq2 region. A
similar comparison forB→K* decays is presented in Fig. 7
The agreement is somewhat worse in this case; the la
data favor smaller SU~3! breaking effects. This question de
serves further study. Finally, in Table V we present a co
parison of the results of this work for the form factor valu
at q250 with earlier sum rule calculations and the latti
results obtained using the light-cone sum rule constraint

IV. THE HEAVY QUARK LIMIT

The behavior ofB decay form factors in the limitmb
→` is interesting for various reasons. This limit was alrea

TABLE II. Bu,d decay form factors in a three parameter fit. T
renormalization scale forTi is m5mb54.8 GeV. The theoretica
uncertainty is estimated as 15%.

F(0) aF bF F(0) aF bF

A1
r 0.261 0.29 20.415 0.337 0.60 20.023 A1

K*

A2
r 0.223 0.93 20.092 0.283 1.18 0.281 A2

K*

A0
r 0.372 1.40 0.437 0.470 1.55 0.680 A0

K*

Vr 0.338 1.37 0.315 0.458 1.55 0.575 VK*

T1
r 0.285 1.41 0.361 0.379 1.59 0.615 T1

K*

T2
r 0.285 0.28 20.500 0.379 0.49 20.241 T2

K*

T3
r 0.202 1.06 20.076 0.261 1.20 0.098 T3

K*
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discussed in some detail in Refs.@21,12,8# so that in this
paper we only summarize the main points.

The first question concerns the scaling behavior of fo
factors as functions of theb quark mass. The behavior de
pends on the momentum transfer and is different for sm
and large recoil. Forq2→0 or, more precisely, formb

22q2

;O(mb
2), all form factors in question scale as;1/mb

3/2.
This behavior can be proven in perturbative QCD taking in
account Sudakov suppression of large transverse distan
but is not restricted to this regime and extends to ‘‘sof
terms as well@12,6#. For mb

22q2;O(mb), on the other
hand, the form factors obtained from light-cone sum ru
satisfy the scaling behavior predicted by heavy quark eff
tive theory~HQET! @28#. For realistic values of theb quark
mass, these two regimes are not well separated one f
another; therefore large corrections to asymptotic scaling
to be expected. Some estimates of preasymptotic correct
are presented in Refs.@21,12#. They have to be considered a
indicative only. We do not attempt to further quantify prea
ymptotic corrections in this work.

The second question concerns possible relations betw
different form factors in the heavy quark limit. Heavy qua
symmetry implies exact relations between semileptonic
penguin form factors at small recoil and renormalizati
scalem5mb @28#, which can conveniently be written usin
the penguin form factor definitions in Eq.~2.13!:

A~q2!1B~q2!5
2mB

mB1mV
V~q2!, ~4.1!

TABLE III. Bs decay form factors in a three parameter fit. T
renormalization scale forTi is m5mb54.8 GeV. The theoretica
uncertainty is estimated as 15%.

F(0) aF bF F(0) aF bF

A1
K* 0.190 1.02 20.037 0.296 0.87 20.061 A1

f

A2
K* 0.164 1.77 0.729 0.255 1.55 0.513 A2

f

A0
K* 0.254 1.87 0.887 0.382 1.77 0.856 A0

f

VK* 0.262 1.89 0.846 0.433 1.75 0.736 Vf

T1
K* 0.219 1.93 0.904 0.348 1.82 0.825 T1

f

T2
K* 0.219 0.85 20.271 0.348 0.70 20.315 T2

f

T3
K* 0.161 1.69 0.579 0.254 1.52 0.377 T3

f

m
FIG. 5. Separate contributions to the for

factorsA1
r andA1

K* .
6-9
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TABLE IV. Size of SU~3! breaking forBu,d decays intor or K* .

F A1 A2 V T1 T3

FK* (0)/Fr(0) 1.3060.13 1.2860.13 1.3660.14 1.3360.13 1.2960.13
n
es

e

E

ns

ate
A~q2!2B~q2!5
~mB1mV!

mB
A1~q2!

2
mB

22q21mV
2

mB

V~q2!

mB1mV
, ~4.2!

C~q2!52
mB2mV

mB
V~q2!1

mV~mB
22mV

2 !

mBq2

3@A0~q2!2A3~q2!#

1
mB2mV

2mB
A2~q2!. ~4.3!

Writing the relations in this form emphasizes their differe
behavior in the heavy quark limit: At small recoil both sid
of Eqs. ~4.1! and ~4.3! are of orderAmb, while Eq. ~4.2!
relates combinations of form factors, which are of ord
1/Amb. The numerical comparison forB→r transitions is
presented in Fig. 8. We note that~a! Eq. ~4.1! is satisfied
with high accuracy and~b! the relation ~4.2! is violated.
However, both sides are numerically small compared to
09401
t

r

q.

~4.1!, in agreement with the expected 1/mb suppression.~c!
The relation~4.3! is satisfied very well atq2→0 and holds
with 20% accuracy at largeq2; both sides turn out to be
small at large recoil, which implies significant cancellatio
between the terms on the right-hand side.

For phenomenological applications it is more appropri
to rewrite the Isgur-Wise relations~4.1!–~4.3! in terms of the
form factors defined in Eq.~1.3!:

T1~q2!5
mB

21q22mV
2

2mB

V~q2!

mB1mV
1

mB1mV

2mB
A1~q2!,

~4.4!

mB
22mV

2

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

5
3mB

22q21mV
2

2mB

V~q2!

mB1mV
2

mB1mV

2mB
A1~q2!,

~4.5!
%

FIG. 6. Comparison of the light-cone sum
rule predictions for theB→r form factors with
lattice calculations@25,26#. Lattice errors are sta-
tistical only. The dashed curves show the 15
uncertainty range.
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FIG. 7. Comparison of the light-cone sum
rule predictions for theB→K* form factors with
lattice calculations@25,26#. Lattice errors are sta-
tistical only. The dashed curves show the 15
uncertainty range.
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T3~q2!5
mB

22q213mV
2

2mB

V~q2!

mB1mV
1

mB
22mV

2

mBq2
mVA0~q2!

2
mB

21q22mV
2

2mBq2
@~mB1mV!A1~q2!

2~mB2mV!A2~q2!#. ~4.6!

Note that such a rewriting mixes terms of different order
1/mb in the small recoil region, and in this sense is not fu
consistent with the derivation in Ref.@28#. It can be justified,
09401
however, by observing that the hierarchy of contributions
different at large recoil and all the terms become formally
the same order. The numerical comparison forB→r transi-
tions is presented in Fig. 9. The accuracy proves to be ex
lent for the relation~4.4!, which is observed to within 3%
accuracy, and good for Eq.~4.5! with deviations of at most
8%. Relation ~4.6!, however, is violated by 20% forq2

.15 GeV2. Since fidelity of the sum rules worsens in th
high-q2 region, it is not clear whether this disagreement
dicates a genuine 1/mb correction or is an artifact. Our re
sults reinforce an earlier observation in Ref.@21# that the
relation in Eq. ~4.4! is satisfied within'(5 –7) % in the
TABLE V. Comparison of results from different works on form factors atq250.

This work @21,12# @22# @26# @27#

~LCSR! ~LCSR! ~LCSR! ~lattice 1LCSR! (3pt SR!

A1
r(0) 0.2660.04 0.2760.05 0.3060.05 0.2720.04

10.05 0.560.1
A2

r(0) 0.2260.03 0.2860.05 0.3360.05 0.2620.03
10.05 0.460.2

V(0)r 0.3460.05 0.3560.07 0.3760.07 0.3520.05
10.06 0.660.2

T1
r(0) 0.2960.04 0.2460.07 0.3060.10

T3
r(0) 0.2060.03 0.2060.10

A1
K* (0) 0.3460.05 0.3260.06 0.3660.05 0.2920.03

10.04 0.3760.03

A2
K* (0) 0.2860.04 0.4060.05 0.4060.03

VK* (0) 0.4660.07 0.3860.08 0.4560.08 0.4760.03

T1
K* (0) 0.3860.06 0.3260.05 0.3460.10 0.3220.02

10.04 0.3860.06

T3
K* (0) 0.2660.04 0.2660.10 0.6
6-11
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PATRICIA BALL AND V. M. BRAUN PHYSICAL REVIEW D 58 094016
whole region ofq2 to leading-twist accuracy in the light
cone sum rule approach, and strongly support the conjec
of Ref. @29# about the validity of heavy quark symmetr
relations in the region of smallq2 in heavy-to-light transi-
tions.

V. CONCLUSIONS

We have given a complete analysis ofB decay form fac-
tors to light vector mesons in the light-cone sum rule a
proach. The principal new contributions of this work are
diative corrections and higher-twist corrections to the s
rules, which are calculated for the first time. We observe t
the light-cone sum rules turn out to be very robust aga
corrections in the light-cone expansion, whose numerical
pact proves to be minimal. Radiative corrections seem to
well under control. In cases where higher-twist correctio
are important, they are dominated by meson mass eff
which do not involve free parameters. The theoretical ac
racy of the approach is thus restricted entirely by the dua
approximation for the extraction of theB meson state from
the continuum and contributions of higher resonances.
usual ‘‘educated guess’’ is that accuracy of such an ext
tion is of order 10% which provides an irreducible erro
Effects of yet higher radiative corrections and yet high
twists are likely to be much less; therefore, the sum ru
derived in this work cannot be improved significantly. T
numerical analysis, however, can and should eventually
updated, once estimates for the meson distributions am
tudes,b quark mass, andf B become more precise. In particu

FIG. 8. Isgur-Wise relations~4.1!–~4.3! for B→r transitions.
Renormalization scale ism5mb . Solid and dashed curves corre
spond to expressions appearing on the LHS and RHS, respecti
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lar, lattice calculations of the tensor couplingsf V
T and the

parametersa1,2
i , a1,2

' for meson distribution amplitude
would be most welcome.
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APPENDIX A: ONE-LOOP INTEGRALS

For the calculation of radiative corrections, we need
following integrals:

E dDk

~2p!D

ka

~k1up!2k2@~q2k!22m2#
5Aupa1Bqa ,

~A1!

E dDk

~2p!D

ka~q2k!b

~k1up!2k2@~q2k!22m2#

5Cgab1Dqaqb1Eqaupb1Fupaqb1 . . . , ~A2!

E dDk

~2p!D

kakb

k2~k2up!2~k1ūp!2@~up1q2k!22m2#

5Hgab1Iqaqb1 . . . , ~A3!

ly.

FIG. 9. Isgur-Wise relations~4.4!–~4.6! for B→r transitions.
Renormalization scale ism5mb . Solid and dashed curves corre
spond to expressions appearing on the LHS and RHS, respecti
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E dDk

~2p!D

1

k2@~up1q2k!22m2#
5Y, ~A4!

E dDk

~2p!D

ka

k2@~up1q2k!22m2#
5Z~q1up!a , ~A5!

where the ellipses stand for terms which are irrelevant for
present calculation. The functionsĀ, B̄, C̄ are obtained from
A, B, andC by the replacement

u→ū, q→2pB . ~A6!
09401
e

We shall use the notation

s[m22upB
22ūq2,

1

ê
5

1

e
2gE1 ln 4p ~A7!

with D5422e. In order to perform Borel transformatio
and continuum subtraction, the following spectral repres
tations for the above integrals prove the most convenien
A5
i

~4p!2E
m2

` dt

t2j

1

~ t2q2!2H ~m22q2!F2
1

ê
211 log

~ t2m2!2

m2t G1t2q22
q2~m22t !

t J ,

u~pB
22q2!A5

i

~4p!2H 1

ê
122 log

s

m21E
m2

` dt

t2j

1

t2q2F ~m22q2!S 2
1

ê
211 log

~m22t !2

m2t D 2
q2

t
~m22t !G J ,

ū~q22pB
2 !Ā5

i

~4p!2H 1

ê
122 log

s

m21E
m2

` dt

t2jF S 11
m22t

t2pB
2 D S 2

1

ê
211 log

~m22t !2

m2t D 1S 1

t
2

1

t2pB
2 D ~m22t !G J ,

B5
i

~4p!2E
m2

` dt

t2j

m22t

t~ t2q2!

B̄5
i

~4p!2

1

ū
E

m2

` dt~m22t !

t~ t2q2! S 1

t2pB
2 2

u

t2j D ,

C5
i

~4p!2

1

4H 2
1

ê
231 log

m22j

m2 1E
m2

` dt

t2j

~2m22q2!t2m4

t~ t2q2! J ,

C̄5
i

~4p!2

1

4H 2
1

ê
231 log

s

m2 1E
m2

`

dtF 1

t2j
2

1

ū

~m22t !2

t~ t2q2! S 1

t2pB
2 2

u

t2j D G J ,

D5
i

~4p!2

1

2Em2

` dt

t2j

m42t2

t2~ t2q2!
,

E5
i

~4p!2

1

2u~pB
22q2!

1
1

u~pB
22q2!

~m2B2q2D !,

F5A1E,

H5
i

~4p!2

1

2Em2

`

dtH 1

t2jF1

ê
122 log

~ t2m2!2

tm2 G Fu~m22q2!

~ t2q2!2 1
ū~m22t !

~ t2pB
2 !2 1

ū

t2pB
2 G2

1

~ t2pB
2 !~ t2q2!

t1m2

t J ,

I 5
i

~4p!2E
m2

`

dtH m22t

~ t2j!tF u

~ t2q2!2 1
ū

~ t2pB
2 !2G1

m2

t2~ t2pB
2 !~ t2q2!

J ,

Y5
i

~4p!2S 1

ê
2 ln

s

m2
122

m2

m22s
ln

m2

s D ,

Z5
1

2

i

~4p!2S 1

ê
2 ln

m2

m2
2

m2

m22s
122

s2

~m22s!2
ln

s

m2D . ~A8!
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APPENDIX B: SUMMARY OF MESON
DISTRIBUTION AMPLITUDES

The expressions collected in this appendix are princip
the result of recent studies reported in Refs.@9–11#. We use
a simplified version of the set of twist 4 distributions@11#
taking into account contributions of the lowest conform
partial waves only, and for consistency discard contributio
of higher partial waves in twist 3 distributions in cases th
they enter physical amplitudes multiplied by additional po
ers ofmr . The SU~3! breaking effects are taken into accou
in leading twist distributions and partially for twist 3, bu
neglected for twist 4. Explicit expressions are given bel
for a ~charged! r meson. Distribution amplitudes for othe
vector mesons are obtained by trivial substitutions.

Throughout this appendix we denote the meson mom
tum Pm and introduce the lightlike vectorsp andz such that

pm5Pm2
1

2
zm

mr
2

pz
. ~B1!

The meson polarization vectorem
(l) is decomposed in projec

tions onto the two lightlike vectors and the orthogonal pla
as

em
~l!5

~e~l!z!

pz S pm2
mr

2

2pz
zmD 1e'm

~l! . ~B2!

1. Chiral-even distributions

Two-particle quark-antiquark distribution amplitudes a
defined as matrix elements of nonlocal operators on the l
cone@10#

^0uū~z!gmd~2z!ur2~P,l!&

5 f rmrF pm

e~l!z

pz E
0

1

du ei jpzf i~u,m2!

1e'm
~l!E

0

1

du ei jpzg'
~v !~u,m2!

2
1

2
zm

e~l!z

~pz!2
mr

2E
0

1

du ei jpzg3~u,m2!G ~B3!

and

^0uū~z!gmg5d~2z!ur2~P,l!&

5
1

2S f r2 f r
Tmu1md

mr
D

3mrem
nabe'n

~l!pazbE
0

1

du ei jpzg'
~a!~u,m2!. ~B4!

For brevity, here and below we do not show the gauge f
tors in between the quark and the antiquark field and use
shorthand notation
09401
y

l
s
t
-

n-

e

ht

c-
he

j5u2~12u!52u21.

The vector and tensor decay constantsf r and f r
T are defined

as usual as

^0uū~0!gmd~0!ur2~P,l!&5 f rmrem
~l! , ~B5!

^0uū~0!smnd~0!ur2~P,l!&5 i f r
T~em

~l!Pn

2en
~l!Pm!. ~B6!

The distribution amplitudef i is of twist 2,g'
(v) andg'

(a) are
twist 3 and g3 is twist 4. All four functions f
5$f i ,g'

(v) ,g'
(a) ,g3% are normalized as

E
0

1

du f~u!51, ~B7!

which can be checked by comparing both sides of the de
ing equations in the limitzm→0 and using the equations o
motion. We keep the~tiny! corrections proportional to theu
andd quark massesmu andmd to indicate the SU~3! break-
ing corrections forK* andf mesons.

In addition, we have to define three-particle distributio

^0uū~z!gG̃mngag5d~2z!ur2~P,l!&

5 f rmrpa@pne'm
~l!2pme'n

~l!#A~v,pz!

1 f rmr
3 e~l!z

pz
@pmgan

' 2pngam
' #F̃~v,pz!

1 f rmr
3 e~l!z

~pz!2
pa@pmzn2pnzm#C̃~v,pz!, ~B8!

^0uū~z!gGmnigad~2z!ur2~P!&

5 f rmrpa@pne'm
~l!2pme'n

~l!#V~v,pz!

1 f rmr
3 e~l!z

pz
@pmgan

' 2pngam
' #F~v,pz!

1 f rmr
3 e~l!z

~pz!2
pa@pmzn2pnzm#C~v,pz!, ~B9!

where

A~v,pz!5E Dae2 ipz~au2ad1vag!A~a!, ~B10!

etc., and a is the set of three momentum fractionsa
5$ad ,au ,ag%. The integration measure is defined as

E Da[E
0

1

dadE
0

1

dauE
0

1

dag dS 12( a i D .

~B11!
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The distribution amplitudesV andA are of twist 3 while the
rest is twist 4 and we have not shown further Lorentz str
tures corresponding to twist 5 contributions.6

Calculation of exclusive amplitudes involving a large m
mentum transfer reduces to evaluation of meson-to-vacu
transition matrix elements of nonlocal operators which c
be expanded in powers of the deviation from the light co
~see text!. To twist 4 accuracy one can use the expression
the axial-vector matrix element in Eq.~B4! as it stands, re-
placing the light-cone vectorzm by the actual quark-
antiquark separationxm . For the vector operator, the ligh
cone expansion to the twist 4 accuracy reads

^0uū~x!gmd~2x!ur2~P,l!&

5 f rmrH e~l!x

Px E
0

1

du ei jPxFf i~u,m!1
mr

2x2

4
A~u,m!G

1S em
~l!2Pm

e~l!x

Px D E
0

1

du ei jPx g'
~v !~u,m!

2
1

2
xm

e~l!x

~Px!2
mr

2E
0

1

du ei jPxC~u,m!J , ~B12!

where

C~u!5g3~u!1f i~u!22g'
~v !~u! ~B13!

andA(u) can be related to integrals of three-particle dis
butions using equations of motion. All distribution function
in Eq. ~B12! are assumed to be normalized at the scalem2

;x22 ~to leading logarithmic accuracy!. In practical calcu-
lations it is sometimes convenient to use integrated distr
tions

C~ i !~u!52E
0

u

dv C~v !, C~ i i !~u!52E
0

u

dv C~ i !~v !.

~B14!

For the leading twist 2 distribution amplitudef i we use

f i~u!56uūF113a1
i j1a2

i 3

2
~5j221!G ~B15!

with parameter values as specified in Table VI. The expr
sions for higher-twist distributions given below correspo
to the simplest self-consistent approximation which satis
the QCD equations of motion@10,11#.

Three-particle distributions of twist 3:

V~a!5540z3v3
V~ad2au!adauag

2 , ~B16!

A~a!5360z3adauag
2F11v3

A 1

2
~7ag23!G .

~B17!

6We use a different normalization of three-particle twist 3 dis
butions compared to Ref.@10#.
09401
-

m
n
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-

s-
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Two-particle distributions of twist 3:

g'
~a!~u!56uūF11a1

i j1H 1

4
a2

i 1
5

3
z3S 12

3

16
v3

A

1
9

16
v3

VD J ~5j221!G
16d̃1 ~3u ū1ū ln ū1u ln u!16d̃2 ~ ū ln ū

2u ln u!, ~B18!

g'
~v !~u!5

3

4
~11j2!1a1

i 3

2
j31S 3

7
a2

i 15z3D ~3j221!

1F 9

112
a2

i 1
15

64
z3~3v3

V2v3
A!G

3~3230j2135j4!1
3

2
d̃1 ~21 ln u1 ln ū!

1
3

2
d̃2 ~2j1 ln ū2 ln u!. ~B19!

Three-particle distributions of twist 4:

F̃~a!5F2
1

3
z31

1

3
z4G30~12ag!ag

2 ,

F~a!5F2
1

3
z31

1

3
z4G30~au2ad!ag

2 ,

~B20!

C̃~a!5F2

3
z31

1

3
z4G120auadag ,

C~a!50.

Two-particle distributions of twist 4:

A~u!5F4

5
1

20

9
z41

8

9
z3G30u2~12u!2,

g3~u!56u~12u!1F10

3
z42

20

3
z3G~123j2!,

~B21!

C~u!5F3

2
1

10

3
z41

10

3
z3G~123j2!,

C~ i i !~u!5F3

2
1

10

3
z41

10

3
z3Gu2~12u!2,

where the dimensionless couplingsz3 andz4 are defined as
local matrix elements
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^0uūgG̃mngag5dur2~P,l!&

5 f rmrz3Fem
~l!S PaPn2

1

3
mr

2 ganD
2en

~l!S PaPm2
1

3
mr

2 gamD G
1

1

3
f rmr

3z4@em
~l!gan2en

~l!gam# ~B22!

and have been estimated from QCD sum rules@30,31#. The
09401
terms ind6 andd̃6 specify quark-mass corrections in twist
distributions induced by the equations of motion. The n
merical values of these and other coefficients are listed
Tables VI and VII.7 Note that we neglect SU~3! breaking
effects in twist 4 distributions and in gluonic parts of twist
distributions.

2. Chiral-odd distributions

There exist four different two-particle chiral-odd distribu
tions @10# defined as
^0uū~z!smnd~2z!ur2~P,l!&5 i f r
TF ~e'm

~l!pn2e'n
~l!pm!E

0

1

du ei jpzf'~u,m2!1~pmzn2pnzm!
e~l!z

~pz!2
mr

2E
0

1

du ei jpzhi
~ t !~u,m2!

1
1

2
~e'm

~l!zn2e'n
~l!zm!

mr
2

pzE0

1

du ei jpzh3~u,m2!G , ~B23!

^0uū~z!d~2z!ur2~P,l!&52 i S f r
T2 f r

mu1md

mr
D ~e~l!z!mr

2E
0

1

du ei jpzhi
~s!~u,m2!. ~B24!

The distribution amplitudef' is twist 2, hi
(s) and hi

(t) are twist 3, andh3 is twist 4. All four functions f
5$f' ,hi

(s) ,hi
(t) ,h3% are normalized to*0

1du f(u)51.
Three-particle chiral-odd distributions are defined to twist 4 accuracy as

^0uū~z!sabgGmn~vz!d~2z!ur2~P,l!&5 f r
Tmr

3 e~l!z

2~pz!
@papmgbn

' 2pbpmgan
' 2papngbm

' 1pbpngam
' #T~v,pz!

1 f r
Tmr

2@pae'm
~l!gbn

' 2pbe'm
~l!gan

' 2pae'n
~l!gbm

' 1pbe'n
~l!gam

' #T1
~4!~v,pz!

1 f r
Tmr

2@pme'a
~l!gbn

' 2pme'b
~l!gan

' 2pne'a
~l!gbm

' 1pne'b
~l!gam

' #T2
~4!~v,pz!

1
f r

Tmr
2

pz
@papme'b

~l!zn2pbpme'a
~l!zn2papne'b

~l!zm1pbpne'a
~l!zm#T3

~4!~v,pz!

1
f r

Tmr
2

pz
@papme'n

~l!zb2pbpme'n
~l!za2papne'm

~l!zb1pbpne'm
~l!za#T4

~4!~v,pz!

1••• ~B25!

and

^0uū~z!gGmn~vz!d~2z!ur2~P,l!&5 i f r
Tmr

2@e'm
~l!pn2e'n

~l!pm#S~v,pz!,

^0uū~z!igG̃mn~vz!g5d~2z!ur2~P,l!&5 i f r
Tmr

2@e'm
~l!pn2e'n

~l!pm#S̃~v,pz!. ~B26!

7In the notation of Ref.@10#, v1,0
A [v3

A , z3
A[z3 , andz3

V[(3/28)z3v3
V .
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Of these seven amplitudes,T is twist 3 and the other six ar
twist 4.

The light-cone expansion of the nonlocal tensor opera
can be written to twist 4 accuracy as

^0uū~x!smnd~2x!ur2~P,l!&

5 i f r
TF ~em

~l!Pn2en
~l!Pm!

3E
0

1

du ei jPxFf'~u!1
mr

2x2

4
AT~u!G

1~Pmxn2Pnxm!
e~l!x

~Px!2
mr

2E
0

1

du ei jPxBT~u!

1
1

2
~em

~l!xn2en
~l!xm!

mr
2

PxE0

1

du ei jPxCT~u!G , ~B27!

whereBT andCT are expressed in terms of the distributio
amplitudes defined above as

BT~u!5hi
~ t !~u!2

1

2
f'~u!2

1

2
h3~u!,

~B28!
CT~u!5h3~u!2f'~u!,

andAT can be related to integrals of three-particle distrib
tion functions using the equations of motion.

TABLE VI. Masses and couplings of vector meson distributi
amplitudes including SU~3! breaking. In cases that two values a
given, the upper one corresponds to the scalem251 GeV2 and the
lower one to m25mB

22mb
254.8 GeV2, respectively. We use

ms(1 GeV)5150 MeV and put theu andd quark mass zero.

V r6 Ku,d* K̄u,d* f

f V@MeV# 19867 226628 226628 25463
f V

T@MeV# 160610 185610 185610 215615
15269 17569 17569 204614

a1
i 0 0.1960.05 20.1960.05 0

0.1760.04 20.1760.04
a2

i 0.1860.10 0.0660.06 0.0660.06 060.1
0.1660.09 0.0560.05 0.0560.05

a1
' 0 0.2060.05 20.2060.05 0

0.1860.05 20.1860.05
a2

' 0.2060.10 0.0460.04 0.0460.04 060.1
0.1760.09 0.0360.03 0.0360.03

d1 0 0.24 0.24 0.46
0.22 0.22 0.41

d2 0 20.24 0.24 0
20.22 0.22

d̃1
0 0.16 0.16 0.33

0.13 0.13 0.27

d̃2
0 20.16 0.16 0

20.13 0.13
09401
r

-

We introduce notations similar to Eq.~B14!:

BT
~ i !~u!52E

0

u

dv BT~v !,

CT
~ i !~u!52E

0

u

dv CT~v !. ~B29!

For the leading twist 2 distribution amplitudef' we use

f'~u!56uūF113a1
' j1a2

'
3

2
~5j221!G ~B30!

with parameter values as specified in Table VI. The expr
sions for higher-twist distributions given below correspo
to the simplest self-consistent approximation which satis
all QCD equations of motion@10,11#.

Three-particle distribution of twist 3:

T~a!5540z3v3
T~ad2au!adauag

2 . ~B31!

Two-particle distributions of twist 3:

hi
~s!~u!56uūF11a1

'j1S 1

4
a2

'1
5

8
z3v3

TD ~5j221!G
13d1~3uū1ū ln ū1u ln u!

13d2~ ū ln ū2u ln u!, ~B32!

hi
~ t !~u!53j21

3

2
a1

' j~3j221!1
3

2
a2

' j2 ~5j223!

1
15

16
z3v3

T~3230j2135j4!

1
3

2
d1 ~11j ln ū/u!1

3

2
d2 j ~21 ln u1 ln ū!.

~B33!

Three-particle distributions of twist 4:

T1
~4!~a!5T3

~4!~a!50,

T2
~4!~a!530z̃4

T~ad2au!ag
2 ,

T4
~4!~a!5230z4

T~ad2au!ag
2 ,

~B34!

S~a!530z4
T~12ag!ag

2 ,

S̃~a!530z̃4
T~12ag!ag

2 .

TABLE VII. Couplings for twist 3 and 4 distribution amplitude
for which we do not include SU~3! breaking. Renormalization scal
as in previous table.

z3 v3
A v3

V v3
T z4 z4

T
z̃4

T

V 0.032 22.1 3.8 7.0 0.15 0.10 20.10
0.023 21.8 3.7 7.5 0.13 0.07 20.07
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Two-particle distributions of twist 4:

h3~u!56u~12u!15@z4
T1 z̃4

T#~123j2!,
~B35!

AT~u!530u2~12u!2F2

5
1

4

3
z4

T2
8

3
z̃4

TG .
The constantsz4

T and z̃4
T are defined as

^0uūgGmndur2~P,l!&5 i f r
Tmr

3z4
T~em

~l!Pn2en
~l!Pm!,

~B36!
^0uūgG̃mnig5dur2~P,l!&5 i f r

Tmr
3z̃4

T~em
~l!Pn2en

~l!Pm!
l.

l.

,

-

,

n
rt
en

88
2.

,

09401
and have been estimated in Ref.@1# from QCD sum rules:

z4
T.2 z̃4

T.0.10. ~B37!

Other parameters are given in Table VI.8 As in the chiral-
even case, we neglect SU~3! breaking corrections in twist 4
distributions.

8In the notations of Ref.@10# z3
T[(3/28)z3v3

T .
J.

v,

,
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