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Heavy-to-light form factors in the final hadron large energy limit of QCD

J. Charles,* A. Le Yaouanc, L. Oliver, O. Pe`ne, and J.-C. Raynal
Laboratoire de Physique The´orique, Universite´ de Paris-Sud, Baˆtiment 210, F-91405 Orsay Cedex, France

~Received 15 December 1998; published 17 May 1999!

We argue that the large energy effective theory~LEET!, originally proposed by Dugan and Grinstein, is
applicable to exclusive semileptonic, radiative, and rare heavy-to-light transitions in the region where the
energy releaseE is large compared to the strong interaction scale and to the mass of the final hadron, i.e., for
q2 not close to the zero-recoil point. We derive the effective Lagrangian from the QCD one, and show that in
the limit of heavy massM for the initial hadron and large energyE for the final one, the heavy and light quark
fields behave as two-component spinors. Neglecting QCD short-distance corrections, this implies that there are
only three form factors describing all the pseudoscalar to pseudoscalar or vector weak current matrix elements.
We argue that the dependence of these form factors with respect toM and E should be factorizable, theM
dependence (AM ) being derived from the usual heavy quark expansion while theE dependence is controlled
by the behavior of the light-cone distribution amplitude near the end pointu;1. The usual expectation of the
;(12u) behavior leads to a 1/E2 scaling law, that is a dipole form inq2. We also show explicitly that in the
appropriate limit the light-cone sum rule method satisfies our general relations as well as the scaling laws inM
andE of the form factors, and obtain very compact and simple expressions for the latter. Finally we note that
this formalism gives theoretical support to the quark model-inspired methods existing in the literature.
@S0556-2821~99!02309-7#

PACS number~s!: 13.20.He, 12.39.Hg
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I. INTRODUCTION

Nowadays,uVcbu is the third most accurately measure
Cabibbo-Kobayashi-Maskawa~CKM! matrix element, and is
quoted by the Particle Data Group@1# with less than 5%
relative uncertainty. The Isgur-Wise symmetry@2#, and the
heavy quark effective theory~HQET! description of heavy-
to-heavy semileptonic decays have permitted such a g
success in heavy quark physics. Unfortunately, the HQ
constraints on heavy-to-light decays are quite weak in th
original form, and still do not allow a clean extraction
uVubu from the present and future experimental data. T
latter CKM coupling has currently a relative uncertainty
order 25%, depending on which model is used to evalu
the hadronic matrix elements@1#. It is thus very important to
make theoretical progress in this field.

The peculiar feature of exclusive heavy-to-light tran
tions, the prototype of which isB→p ln l , is the large energy
E given to the daughter by the parent hadron in almost
whole physical phase space except the vicinity of the ze
recoil point:

E5
mB

2 F12
q2

mB
2

1
mp

2

mB
2 G . ~1!

As we shall see, one may assume that such transitions
dominated by soft gluon exchange, i.e., the Feynman me
nism, which is not power suppressed with respect to the h
contribution,1 and does not suffer theas suppression charac

*Email address: Jerome.Charles@th.u-psud.fr
1We neglect in the whole paper Sudakov effects, which are

pected not to induce a large suppression at the physicalmB scale.
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teristic of the latter@3,4#; this has to be contrasted to the ca
of the pion electromagnetic form factor at very largeQ25
2q2. Then in the heavy-to-light case, the final active qua
should carry most of the momentum of the light hadron, a
the fast degrees of freedom become essentially classical.
large energy effective theory~LEET!, originally introduced
by Dugan and Grinstein@5#, should be the correct tool to
study such transitions: it could provide an operator prod
expansion the small parameter of which is 1/E. As for the
initial heavy quark, the assumption of the soft contributi
dominance leads to an expansion in powers of the inve
heavy massM, based on HQET. Our first result is that
leading order in 1/M , 1/E and neglecting short-distanc
QCD corrections, all the weak currentP→P(V) matrix ele-
ments can be expressed in terms of only three universal f
factors. This implies relations between the usual semil
tonic and penguin form factors which resemble the we
known Isgur-Wise relations in heavy-to-heavy transitions

Then an interesting question is what the dependence
these form factors with respect to the large massM and the
large energyE is. From the usual heavy mass expansion
the initial hadron state, we obtain a factorization formu
;AMz(E). The asymptotic expansion ofz(E) is controlled
by the behavior of the light-cone distribution amplitude
the final hadron near the end pointu;1. The usual assump
tion of the;(12u) behavior leads to az(E);1/E2 scaling
law, which implies a;M 23/2/(12q2/M2)2 dipole form for
the three universal form factors.2

A strong support in favor of the HQET-LEET formalism
for heavy-to-light form factors is given by the light-cone su
rules: indeed using the work of several groups@3,6–14# we

- 2Theq2 dependence of the form factors in the standard param
zation is discussed in Sec. V.
©1999 The American Physical Society01-1
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CHARLES, LE YAOUANC, OLIVER, PÈNE, AND RAYNAL PHYSICAL REVIEW D 60 014001
show explicitly that the latter method automatically satisfi
the above relations and scaling laws. In addition we show
another paper@15# that the quark models based on t
Bakamjian-Thomas formalism, which were shown to be
variant and to satisfy the Isgur-Wise relations in the hea
to-heavy case@16#, also become covariant in theM→` and
E→` limit. In agreement with our general results, the
models do predict that there are only three independent f
factors in heavy-to-light transitions, and that they scale
AMz(E).

The paper is organized as follows. In Sec. II, we argue
the validity of LEET for the description of the Feynma
mechanism and derive the correct form of the Lagrangian
there is a subtlety concerning Dirac matrices which w
missed in the literature. In Sec. III we show that the use
the HQET and LEET effective quark fields leads to expr
all the heavy-to-light ground state form factors in terms
only three universal functions. The asymptoticM andE de-
pendence of these functions are discussed, and a;AM /E2

form is shown to be the most plausible. Then in Sec. IV
derive explicitly theM→` andE→` limit of the light-cone
sum rule formulas for the weak current matrix elements a
give the universal form factors in terms ofAM /E2 times
integrals depending on the light-cone distribution amplitud
and the sum rule parameters, in a very simple and com
way. Finally in Sec. V we discuss the relation between
matrix elements parametrized in the standard way and
HQET-LEET universal form factors, and compare our
sults with previous approaches that were based on the
stituent quark model.

II. THE LEET EFFECTIVE THEORY

LEET was introduced by Dugan and Grinstein@5# to
study factorization of non-leptonic matrix elements in deca
such asB→D (* )p, D (* )r, . . . , where the light meson is
emitted by theW boson. In this case, both quarks constit
ing the light energetic meson are fast. However, Aglie
et al. @17# have recently argued that such a situation co
not be described by LEET, as the relative transverse mom
tum of the fast quarks may be hard. They proposed to
instead theLEET effective theory, a variant of LEET which
takes into account hard transverse degrees of freedom.
seems to be similar to the description of the heavy qu
systems: HQET is the appropriate theory for the heavy-li
hadrons, while nonrelativistic QCD~NRQCD! should be
used for the quarkonia. Conversely, Agliettiet al. found that
LEET could be used in semi-inclusive nonleptonic deca
such asB→DXu , where factorization should hold at th
leading order@17#.

Note also that the quark propagator in the LEET limit h
gained further interest with the proposal of the Rome gro
@18# to use it to extract from the lattice the shape function
semileptonic inclusiveB-decays, the structure functions
deep inelastic scattering, and the light-cone distribution a
plitudes for exclusive hard processes.

However, no effort seems to have been devoted up to n
to investigating how LEET could be used in processes wh
01400
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only one quark is fast and the other partons are soft,3 simi-
larly to the HQET description of heavy-to-heavy transition
In this work, we will study amplitudes where an energe
hadron is connected to the decaying heavy hadron by a
rent operator, i.e., exclusive semileptonic, radiative, and r
heavy-to-light decays, such asB→p ln l , B→K* g, and B
→Kl 1l 2. In the large recoiling region, i.e., forq2 suffi-
ciently far away from the zero-recoil point~of course the
physical q2 in radiative decays is exactly zero!, the final
active quark carries a large energy~in the rest frame of the
parent hadron! and interacts mostly with soft degrees
freedom—the spectator quark and the gluons. Thus one
expect that the trajectory of the fast quark suffers only sm
fluctuations around the classical, almost lightlike, world li
of the daughter hadron. Actually there are also hard glu
exchange contributions, through which the large moment
is shared by both the active and spectator quarks. Howe
the perturbative calculation of these diagrams typically le
to very small values compared to the dominant overlap d
gram, due to the hardas suppression@3,4#. We will assume
that these contributions are negligible, and we also neg
other radiative corrections for simplicity.

Let us now define the large energy effective theory in
more systematical way. From now on, we will refer to hig
energy exclusive heavy-to-light decays, and consider o
the ground state mesons. The appropriate kinematical v
ables for such decays are the following.

The four-momentump, massM, and four-velocityv of
the heavy hadron

p[Mv ~2!

The four-vectorn and the scalarE defined by

p8[En, v•n[1, ~3!

where p8 is the four-momentum of the light hadron,p82

5m82. Thus

E5v•p8 ~4!

is just the energy of the light hadron in the rest frame of
heavy hadron.

In the following we will consider the limit of heavy mas
for the initial hadron and large energy for the final one:

~LQCD,m8!!~M ,E! with v and n fixed. ~5!

3A potential problem of the LEET effective theory is the so-call
‘‘instability’’ phenomenon@17,19#: indeed Aglietti argues in Ref.
@19# that the interaction of a LEET quark with amasslesssoft
quark—that constitutes precisely the case that we are intere
in—generates divergences in the forward direction. However,
mass of a quark in a bound state should rather be viewed as aoff
shellnessof order LQCD, and it can easily be checked that th
instability problem in Aglietti’s argument does not occur for a no
vanishing mass of the soft quark@20#.
1-2
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Note that we do not assume anything for the ratiosE/M and
LQCD/m8. As n25m82/E2→0, n becomes lightlike in the
above limit. In the rest frame ofv, with thez direction along
p8, one has simply

v5~1,0,0,0!, n.~1,0,0,1!. ~6!

In a general frame one has the normalization conditions

v251, v•n51, n2.0. ~7!

In a decay such asB→p, not too close fromq25qmax
2

5(mB2mp)2, the final active quark gets a very large ener
and should form with the spectator a hadron of finite ma
Thus, neglecting as said above hard spectator effects,
momentumr of the active quark is close to the momentum
the hadron:

r 5En1k,

with k;LQCD!E as the residual momentum.~8!

Our goal is now to derive the LEET Lagrangian from t
QCD one in the limit~8!. We would like to separate the larg
components of the quark field from the small ones whi
corresponding to the negative energy solutions, should
suppressed by 1/E. To this aim we follow closely the simple
demonstration given in Ref.@21# for the derivation of the
HQET Lagrangian. We define the projectors

P15
n”v”
2

, P25
v”n”

2
~9!

which indeed verify from Eq.~7!

P6
2 5P6 , P6P750, P11P25

$n” ,v” %

2
51. ~10!

From the full, four-component, quark fieldq(x) one may
define two two-component projected fieldsq6(x) by

q6~x![eiEn•xP6q~x!. ~11!

Thus from the projector properties one has

q~x!5e2 iEn•x@q1~x!1q2~x!# ~12!

with

P6q65q6 , P7q650 ~13!

and

q̄6P75q̄6 , q̄6P650. ~14!

It follows immediately that the QCD Lagrangian for th
quark q, LQCD5q̄( iD” 2mq)q can be expressed in terms
the q6 fields:

LQCD5q̄1v” in•Dq11q̄1~ iD” 2mq!q21q̄2~ iD” 2mq!q1

1q̄2v” ~2E12iv•D2 in•D !q2 . ~15!
01400
s.
he
f

,
e

The equation of motion (iD” 2mq)q(x)50, projected by P6 ,
reads

v” in•Dq11@ iD” 2mq2v” ~2iv•D2 in•D !#q250, ~16!

~ iD” 2mq2v” in•D !q11v” ~2E12iv•D2 in•D !q250.
~17!

The latter equation can formally be solved to expressq2 in
terms ofq1 :

q2~x!5~2E12iv•D2 in•D1 i e!21

3v” ~ iD” 2mq2v” in•D !q1~x!. ~18!

Thus the fieldq2(x), corresponding to the negative energ
solutions4 is of order 1/E with respect toq1(x). Physically
this means that the pair creation is suppressed in the effec
theory.

To summarize we have obtained the result:

LQCD5LLEET1O~1/E! ~19!

with

LLEET5q̄nv” in•Dqn , ~20!

where we have definedqn(x)[q1(x) to recall the usual no-
tation hv(x) for the effective field of HQET. In addition the
two-component fieldqn(x) verifies the projection condition

qn~x!5
n”v”
2

qn~x! ~21!

which implies in particularn”qn50. The LEET equation of
motion is just

n•Dqn~x!50. ~22!

Note that in the literature@5,17,19#, the LEET Lagrangian
was quoted without thev” factor: indeed these authors hav
inferred the Lagrangian from the large energy limit of t
QCD quark propagator. However, the limit of the propaga
is not sufficient to define the effective field from the QC
field. We will see that thev” factor and the projection condi
tion ~21! have important consequences on the symmetrie
the effective theory and on the constraints on the form f
tors.

Note also that the assumption of a massless quark, or e
a light quark~compared toLQCD), is not needed to write Eq
~19!. The mass termq̄nmqqn just vanishes because of th

4Since P65
1
2 (16az) in the rest frame ofv. In this frame, the

projectors P6 coincide with the6g3g0/2 projectors that are usefu
for the light-cone formalism@22#. Another possibility is to define
P15g* gl/2 and P25glg* /2 with g* 5n” /n•x andgl5x” : this
makes apparent the resemblance with the light-cone formalism

Ref. @23# and leads to the LagrangianLLEET5q̄n@x” /n•x# in•Dqn .
The latter exhibits the invariance under the collinear conform
group as defined in Ref.@23#.
1-3
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CHARLES, LE YAOUANC, OLIVER, PÈNE, AND RAYNAL PHYSICAL REVIEW D 60 014001
projector~21!. As far as masses are concerned, we only n
mq!E for the quark, andm8!E for the hadron, in order for
n to become a lightlike vector. Of course in phenomenolo
cal applications we will use LEET mainly for the lightu, d,
ands quarks. However, it is worth noting that if theb quark
were much heavier, say;20 GeV, the heavyc quark in the
B→D transition aroundq250 would have to be describe
by LEET rather than by HQET, as the latter theory fails f
w5E/m8 too large@21#.

Let us now discuss the global symmetries of LEET: t
simplest one is the flavor symmetry, as there is no mass t
in the Lagrangian, meaning that mass effects should be s
for energetic particles. It is also immediately apparent t
the LEET Lagrangian~20! as well as the projection conditio
~21! are invariant under the chiral transformation

qn~x!→eiag5/2qn~x!. ~23!

As for massless quarks, it is straightforward to show that
helicity operator of the LEET quark is justg5/2. This feature,
and the fact that there is no dynamical Dirac matrix in t
LEET Lagrangian~coupled to the covariant derivativeDm),
should indicate that the U~1! chiral symmetry can be embed
ded in a larger symmetry group@24#. This is actually what
happens. One defines5 in the rest frame ofv

S1[
1

2
g0S15

1

2
g1g5, S2[

1

2
g0S25

1

2
g2g5,

S3[
1

2
S35

1

2
g5g0g3. ~24!

In a general frame, one defines two four-vectorse1 and e2

transverse to bothv andn and

S15
g5e” 1

2
, S25

g5e” 2

2
, S35

g5

2
~12v”n” !. ~25!

ThusS3qn5g5qn because of the projector, as said above.
the S i generate the SU~2! group, and from@g0,S i #50 and
(g0)251, theSi operators also verify the SU~2! algebra

@Si ,Sj #5 i e i jkSk. ~26!

Finally, it is simple to check that both the Lagrangian~20!
and the projection condition~21! remain invariant under the
transformation generated bySW

qn~x!→eiaW •SWqn~x!. ~27!

Our conclusion is that to leading order, LEET has as mu
global symmetry as HQET, that is a flavor and SU~2!
symmetry.6

Unfortunately, unlike the HQET case, the action of t
generators~25! on the physical statesis not straightforward

5We useSW [(0
sW

sW
0), wheresW are the Pauli matrices.

6Note the important role played by thev” factor in the Lagrangian.
01400
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to find. Indeed, the HQET symmetry group holds whate
the internal kinematical configuration of the heavy hadro7

and this is obviously not the case for LEET. In short, t
physical states are not dominated by the ‘‘objects’’ that
expected to be described by LEET~for example, the LEET
symmetry does not implymr5mp). However, this problem,
which we leave for further investigation, will not prevent u
from finding very significant results by sticking to the qua
current operators and simply replacing the QCD light qu
field by the LEET one wherever it is justified, as we will se
in Sec. III.

As for the space-time symmetry, it can be checked t
while the HQET Lagrangian is invariant under the rotati
group ~more precisely the little group ofv), the LEET La-
grangian~20! is invariant under the group of the collinea
conformal transformations.8 Furthermore, it should be pos
sible to ‘‘make covariant’’ the theory by summing on th
four-vectorn, similarly to Georgi’s procedure@25# concern-
ing HQET. Finally the Feynman rules of the LEET effectiv
theory look similar to the HQET ones@21#,

LEET quark propagator:
iv”

n•k1 i e

n”v”
2

, ~28!

LEET quark-gluon vertex: 2 igv”Tanm. ~29!

III. THE UNIVERSAL FORM FACTORS z„M ,E…, z i„M ,E…,
z'„M ,E… AND THEIR SCALING LAWS

Our purpose in this section is to find the constraints on
heavy-to-light form factors which may follow from LEET
For definiteness, we consider the decay of aB meson, al-
though some of our results may apply forD decays. As for
the final particle,P(V) stands for a light pseudoscalar~vec-
tor! meson. We are interested in the following matrix e
ments:

^PuVmuB&, ^PuTmnuB&, ~30!

^VuVmuB&, ^VuAmuB&, ^VuT5
mnuB&, ~31!

where Vm5q̄gmb, Am5q̄gmg5b, Tmn5q̄smnb and T5
mn

5q̄smng5b are, respectively, the vector, axial, tensor, a
pseudotensor weak currents, withq the appropriate active
light flavor. The matrix elements

^PuT5
mnuB&, ^PuTmnqnuB&, ~32!

^VuTmnuB&, ^VuT~5!
mnqnuB& ~33!

(qm5pm2pm8 5Mvm2Enm is the four-momentum transfer!
can obviously be obtained from Eqs.~30!,~31! by using

7Except for exchange of hard momenta (k*M ), which generates
logarithmic corrections that are calculable in perturbation theor

8These are defined in Ref.@23#, within the context of the quanti-
zation on the light cone.
1-4
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g5smn5( i /2)emnrssrs and/or contracting withqn . Let us
recall the relation betweenq2 andE5v•p8

q25M222ME1m82⇔E5
M

2 S 12
q2

M2
1

m82

M2 D .

~34!

As a starting point, we decompose in all generality t
above matrix elements in terms of Lorentz invariant fo
factors. We adopt a parametrization that is convenien
re

th

he

l

fe

01400
e

to

study theM→` andE→` limit, i.e., we use the variables
(vm,nm,E) rather than (pm,p8m,q2). Some caution is neede
to treat the polarization vectorem of the vector meson: in-
deed whenE→`, one hase'

m5O(1) for a transverse meso
while e i

m5O(E/mV) for a longitudinal one. Thus we decom
pose the matrix elements on the Lorentz structuresvm, nm,
e* m2(e* •v)nm, (mV /E)(e* •v)nm, (mV /E)(e* •v)vm,
and emnrsvnnres* which are finite in the asymptotic limi
M→` andE→`:
^PuVmuB&52E@z~v !~M ,E!nm1z1
~v !~M ,E!vm#, ~35!

^PuTmnuB&5 i2Ez~ t !~M ,E!~nmvn2nnvm!, ~36!

^VuVmuB&5 i2Ez'
~v !~M ,E!emnrsvnnres* , ~37!

^VuAmuB&52Ez'
~a!~M ,E!@e* m2~e* •v !nm#12E

mV

E
~e* •v !@z i

~a!~M ,E!nm1z1i
~a!~M ,E!vm#, ~38!

^VuT5
mnuB&52 i2Ez1'

~ t5!
~M ,E!$@e* m2~e* •v !nm#vn2@e* n2~e* •v !nn#vm%

2 i2Ez
'

~ t5!
~M ,E!~e* mnn2e* nnm!2 i2Ez i

~ t5!
~M ,E!

mV

E
~e* •v !~nmvn2nnvm!. ~39!
tial
e

cts
nte-
of
de-
eld
d
cal

he

n
-

n-
p-
Some additional comments on Eqs.~35!–~39! are in order:9

the 2E overall normalization factor has been chosen to
store the dimensionality and for further convenience@cf. Eq.
~99!#. The superscripts (v), (a), . . . , refer to the Dirac
structure of the current operators. Furthermore it is clear
for a matrix element to a longitudinal~transverse! vector
meson, only the form factors with ai(') subscript contrib-
ute in theM→` and E→` limit. Finally we have made
explicit the dependence of the form factors with respect toM
andE, although they also depend onm85mP or mV .

Let us now expose our argument, in theM→` and E
→` limit. On the one hand we use LEET to describe t

final active quark. Thus the quark fieldq̄(0) in the current

operators will be replaced by the effective LEET fieldq̄n(0),

with q̄nv”n” /25q̄n . To exploit the latter equation, two usefu
Dirac identities are

v”n”

2
gm5

v”n”

2
@nmv”1 i emnrsvnnrgsg5#, ~40!

9We use the usual relativistic normalization of states ande01235
11. Note that our phase convention for the vector mesons dif
by a i factor from the one used in Refs.@7–9,13,26,27#:
uV& this work51 i uV&Ref. @7# .
-

at

v”n”

2
smn5

v”n”

2
@ i ~nmvn2nnvm!2 i ~nmgn2nngm!v”

1emnrsvrnsg5#. ~41!

On the other hand, one may wonder about the ini
heavy quark: should it be described by QCD or HQET? W
have already noticed that to leading order LEET negle
hard spectator effects, and that the hard momenta are ‘‘i
grated out,’’ leaving only soft, nonperturbative degrees
freedom. Thus for consistency one should use HQET to
scribe the initial heavy quark, and replace the quark fi
b(0) by bv(0) with v”bv5bv . This supports the propose
conjecture that HQET may be applied to the whole physi
kinematical range in heavy-to-light semileptonic decays@4#,
and is not restricted to the small recoil region, that is t
Isgur-Wise limit @2#. Note that this HQET-LEET formalism
is not more than asoft contribution dominance assumptio,
that will have short-distanceas corrections, and nonpertur
bative 1/M and 1/E corrections.

Now we are in position to reduce the number of indepe
dent form factors, by simply replacing the quark current o
eratorq̄Gb by the effective oneq̄nGbv , which is finite in the
M→` and E→` limit. From the constraintsv”bv5bv and
n”qn50 and from Eqs.~40!,~41! we find the following rela-
tions between the currents, to leading order in 1/M and 1/E:

q̄nbv5vmq̄ngmbv , ~42!

rs
1-5
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q̄ngmbv5nmq̄nbv1 i emnrsvnnrq̄ngsg5bv , ~43!

q̄ngmg5bv52nmq̄ng5bv1 i emnrsvnnrq̄ngsbv , ~44!

q̄nsmnbv5 i @nmvnq̄nbv2nmq̄ngnbv2~m↔n!#

1emnrsvrnsq̄ng5bv , ~45!

q̄nsmng5bv5 i @nmvnq̄ng5bv1nmq̄ngng5bv2~m↔n!#

1emnrsvrnsq̄nbv . ~46!

Reporting Eqs.~42!–~46! in Eqs.~35!–~39! we find

z1
~v !5z1i

~a!5z1'

~ t5!
50, ~47!

z~v !5z~ t ![z, ~48!

z'
~v !5z'

~a!5z
'

~ t5!
[z' , ~49!

z i
~a!5z i

~ t5!
[z i . ~50!

Thus to leading order in 1/M , 1/E, andas there are only
three independent form factors in heavy-to-lightB→P(V)
transitions, which from now on we will denote byz ~for B
→P), z i and z' ~for B→V). This implies nontrivial rela-
tions between the usual form factorsf 1 , A1, etc. ~see Sec.
V!. Note that among these relations there are the well-kno
Isgur-Wise relations@2# between the penguin and semile
tonic form factors which follow fromv”hv5hv only, while
the relations among the semileptonic form factors stemm
from v”hv5hv and q̄n5q̄nv”n” /2 are new ~they resemble
Stech’s@29# and Soares’s@30# quark model relations, as w
discuss in Sec. V!.

The z(M ,E) functions have a simple dependence w
respect to the large massM. Indeed it is well known that the
following relation between the QCD and HQET eigensta
holds in the heavy mass limit@21#:

uB,pm&QCD5AM uB,vm&HQET, ~51!

whereuB,vm&HQET is independent ofM. Thus the matrix el-
ements~30!,~31! become

^P~V!uq̄GbuB,pm&QCD5AM ^P~V!uq̄nGbvuB,vm&HQET,
~52!

where the only Lorentz scalar arising in the covariant deco
position of the right-hand side matrix element isE5v•p8
~ande* •v in theB→V case!. From Eqs.~52! and~35!–~39!
one has

z~M ,E!5AMFz~0!~E!1 (
k51

`
z~k!~E!

Mk G , ~53!
01400
n

g

s

-

where thez(k)(E)/Mk, k>1, stand for higher order term
stemming from the HQET Lagrangian and from the hea
to-light current operator. Similar 1/M expansion apply forz i
andz' .

In the original Isgur-Wise derivation@2#, M is sent to
infinity while E is kept fixed, and the well-known;AM
scaling is obtained forE!M . Actually whatever the ratio
E/M , we may also takeE→` provided that thez(k)(E), k
>1, are not enhanced by powers ofE with respect to
z(0)(E), which is unlikely. Indeed thez(k)(E) are suppressed
by some power of the large scaleE, which is related to the
suppression of the wave function of the light energetic m
son when one quark carries most of the momentum of
hadron, i.e. for the Feynman variableu;1. This suppression
is universal, belongs to the properties of the final state, a
thus should hold for all the operators contributing to t
expansion~53!. In the end one obtains a factorized scali
law for any ratio E/M :

z~M ,E!5AMz~E!, z i~M ,E!5AMzi~E!,

z'~M ,E!5AMz'~E!. ~54!

We expect that the potential;E/M nonfactorizable correc-
tions to Eq.~54! will be suppressed by an additional pow
of the large scalesM or E, or by as .

The question of the definite asymptoticE dependence is
more involved, because we have no relation for LEET co
parable to Eq.~51!. However, it is now well accepted that a
q250, the Feynman mechanism contribution to the fo
factors should behave as the hard one, that is;M 23/2

@3,7,8,14#, although there is no really rigorous proof of tha
As E;M at q250, it implies that thez(E) functions in Eq.
~54! behave as;1/E2. As already said, this follows from the
behavior of the final state light-cone wave function near
end pointu;1 @3#: it is argued in Ref.@28# that the light-
cone twist-two distribution amplitude, renormalized at a lo
scalem*1 GeV, vanishes linearly atu;1 similar to each
term of its expansion in the Gegenbauer polynomials. In
grating over a region shrunk toDu;1/E, which is the sig-
nature of the Feynman mechanism, one obtains the 1E2

scaling law

z~E!;E
12L/E

1

du~12u!;
1

E2
. ~55!

Should the behavior of the distribution amplitudes nearu
;1 be different from the usual;(12u) expectation, the
power law in 1/E should be changed. We stress again t
the ;1/E2 suppression~or whatever;1/En) should affect
all the z(k) functions in Eq.~53!. We will see in the next
section that this is exactly what the light-cone sum ru
method predicts.

Here we would like to make an important comment: it
sometimes said that because the asymptoticM dependence is
different at the two particular pointsq250 and q25qmax

2

5(M2m8)2, HQET could not be valid in the whole range o
q2. However, the extended HQET scaling prediction~54! is
1-6
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fully compatible with both the Isgur-Wise;AM scaling for
E!M and the Chernyak-Zhitnitsky;M 23/2 scaling atq2

50 providedz(E);1/E2 at largeE. Note also that the di-
pole scaling ofz(E) at largeE does not prevent it to be
polelike at finiteE, according to the idea ofB* meson domi-
nance.

For clarity, we summarize here our results: in theM
→` andE→` limit, the heavy-to-light weak current matri
elements depend on only three independent dimension
form factorsz, z i , andz'

^PuVmuB&52Ez~M ,E!nm, ~56!

^PuTmnuB&5 i2Ez~M ,E!~nmvn2nnvm!, ~57!

^VuVmuB&5 i2Ez'~M ,E!emnrsvnnres* , ~58!

^VuAmuB&52EH z'~M ,E!@e* m2~e* •v !nm#

1z i~M ,E!
mV

E
~e* •v !nmJ , ~59!

^VuT5
mnuB&52 i2Ez'~M ,E!~e* mnn2e* nnm!

2 i2Ez i~M ,E!
mV

E
~e* •v !~nmvn2nnvm!. ~60!

These three universal form factors have aAM dependence

z~M ,E!5AMz~E!, z i~M ,E!5AMzi~E!,

z'~M ,E!5AMz'~E!, ~61!

and we have argued that a 1/E2 dependence is very plausible
thus

z~M ,E!5C
AM

E2
54C

M 23/2

~12q2/M2!2
, ~62!

z i~M ,E!5Ci

AM

E2
54Ci

M 23/2

~12q2/M2!2
, ~63!

z'~M ,E!5C'

AM

E2
54C'

M 23/2

~12q2/M2!2
. ~64!

whereC, Ci , andC' are unknown dimensionful constant

of orderLQCD
3/2 .

Let us repeat, however, that Eqs.~62!–~64! are not on as
solid grounds as Eqs.~56!–~61!. Accepting them neverthe
less, everything but three normalization constants is kno
about the form factors, which may constitute an even m
favorable situation compared to the heavy-to-heavy case
least from the mathematical point of view. Ironically,
model-independent value of the form factors at some part
01400
ss

n
e
at

u-

lar q2 would have been more interesting than theq2 depen-
dence, from the point of view of the extraction ofuVubu.

Before closing this section, we would like to make cle
the expected region of validity of the final hadron large e
ergy limit: from Eq. ~34!, it is not restricted, at least for
mally, to the small values ofq2. Indeed,q2 can even be
O(M2) ~e.g., q25aM2), provided that 12q2/M25O(1)
~that is aÞ1) and thatM is large enough to get from Eq
~34! the conditionsLQCD!E, m8!E. However, the region
near the zero-recoil point,q25M22Mx with x finite, is
outside the LEET domain. Of course, the realistic world
much more complicated, and one may expect sizeable n
LEET effects for physical quark and hadron masses, as
is going from q250 to q25qmax

2 . For B decays, one may
hope that LEET will be valid for 0<q2&10–15 GeV2 al-
though a more precise answer cannot be given withou
careful study of the subleading terms.

In addition, we are aware of the fact that Eqs.~56!–~64!
should receive logarithmic radiative corrections@; ln(M)
and; ln(E)] @5,31#, which might be computed by matchin
QCD onto HQET-LEET. These calculations are beyond
scope of this paper.

IV. LIGHT-CONE SUM RULES IN THE FINAL HADRON
LARGE ENERGY LIMIT

In this section, we shall show that the light-cone sum r
~LCSR! method is fully compatible with the HQET-LEET
formalism that we have discussed above; moreover we
tain below explicit expressions for the three universal fo
factors, that are strikingly simple. Chernyak and Zhitnits
@3# were the first authors to use the LCSR method to cal
late the heavy-to-light form factors in the region where t
energy release is sufficiently large~actually atq250). The
basic idea is to describe the decaying heavy hadron by
interpolating local current and to use the quark-hadron du
ity and the Borel transformation to suppress the contribut
of the excitedB states and of the continuum. On the oth
hand, the light hadron enters the game through the light-c
distribution amplitudes, order by order in the twist expa
sion. Later, the method was developed forq2Þ0 by several
groups who took into account higher-twist and radiative c
rections effects@6–14#. It has to be considered as a QCD
based approximation, although, to our knowledge, there
not a well defined limit of the underlying theory in which th
sum rules are exact.

Our purpose is thus to study theM→` andE→` limit
of the LCSR expressions for the form factors, using mai
the explicit formulas of Refs.@6,9,14#. For simplicity we do
not consider here the tensor form factors, only the vector
axial ones. Thanks to the considerable effort developed
the literature@3,6–14#, our calculation does not pose an
major problem and will not be reported here in detail; ne
ertheless some comments are in order.

The twist expansion does not match the 1/M and 1/E
power expansion. We have checked that the leading o
contributions to theM→` andE→` limit depend not only
on the two-particle twist-two but also on the twist-three d
tribution amplitudes while higher-twist (>4) and multipar-
1-7
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ticle (>3) distribution amplitudes are power suppress
This was already found in Refs.@3,7,8,14# where the heavy
quark expansion was considered at the particular pointq2

50. This is also compatible with the finding of Ref.@12# that
twist-three terms are numerically as important as the tw
two ones, while the twist-four and multiparticle contributio
are much smaller. Actually, for the twist expansion to ma
sense, the number of different twists contributing to a giv
order in 1/M and 1/E should be finite, which seems indeed
be the case.

According to the preceding point, the early calculations
the B→V form factors are not consistent from the point
view of the M→` and E→` limit. Indeed the authors o
Refs. @7–9# have not taken into account the contribution
the two-particle twist-three distribution amplitudeshi

(t)(u)
and hi

(s)(u), as defined in Ref.@26#, which, however, con-
tribute to leading order on the same footing as the one
twist-two. To our knowledge, only in the recent works@13#
have these functions been considered. We calculate the
responding terms below.

The ‘‘surface terms’’ should be kept systematical
These terms come from the integration by parts after
Borel transformation, as discussed in Appendix A of R
@8#. However, for our purpose we have found simpler a
equivalent to perform the integration by partsbefore the
Borel transformation; thus in the calculations below we w
use

E
0

1du

D2
f ~u!5

1

2E0

1du

D

1

q•p1um82

3F m8

q•p1um82
f ~u!2 f 8~u!G , ~65!

where f (u) is a function of u which verifies f (0)5 f (1)
50 and

D5mb
22~q1up8!2. ~66!

Then the Borel transformation is done with respect to
variable (q1p8)2, according to

1

D
→

1

uM 2
expF2

mb
22~12u!q21u~12u!m82

uM 2 G ,

~67!

whereM 2 is the Borel parameter.
In order to find themb→` limit of the LCSR, the sum

rule parameters have to be rescaled. Following R
@3,7,8,14# we write the Borel parameter

M 25mbm0 ~68!

and the continuum threshold

s0
B5~mb1v0!2, ~69!
01400
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where the rescaled parametersm0 and v0 are finite in the
mb→` limit.

Moreover we note@6,9,14# that the integration domain
after the Borel transformation and the continuum subtract
is uP@umin,1#, where

umin5
mb

22q2

s0
B2q2

~ for m8.0!. ~70!

In the mb→` and E→` limit, one has the expansionumin
.12v0 /E, which shows that this is indeed the size ofE
that selects theu;1 region.

We have now all the elements to perform the calculati
We use the standard notation for the decay constantsf B , f P ,
f V , and f V

' and for the distribution amplitudes,10 f, fp ,
fs , f i , hi

(s) , hi
(t) , f' , g'

(v) andg'
(a) . The behavior of these

functions nearu→1 is assumed to be identical to each te
of their conformal expansion in the Gegenbauer polynom
@28#, that is, up to;(12u)ln(12u) terms proportional to
the light quark masses@26#

f;fs;f i;f';hi
~s!;g'

~a!;~12u!, ~71!

fp;hi
~ t !;g'

~v !;Cst. ~72!

For the B→P transitions we simply use the correlato
given by formulas~17! in Ref. @6# and Eq.~14! in Ref. @14#
and perform the Borel transformation after using Eq.~65!.
The standard procedure to subtract the continuum is app
and we find that in the limitmb→` and E→` the B→P
semileptonic matrix element can be written under the fo
~35! with

z~v !~M ,E!5
1

f B

1

2E2 F2 f Pf8~1!I 2~v0 ,m0!

2
f PmP

2

6~mq1
1mq2

!
fs8 ~1!I 1~v0 ,m0!G , ~73!

z1
~v !~M ,E!5

1

f B

1

2E2

f PmP
2

mq1
1mq2

3Ffp~1!1
1

6
fs8 ~1!G I 1~v0 ,m0!. ~74!

Here mq1,2
stand for the masses of the quarks making

light pseudoscalarq1q2 meson, and theI j (v0 ,m0) are func-
tions of the sum rule parameters (v0 ,m0) through

10All these functions are defined and discussed at length in R
@26#.
1-8
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I j~v0 ,m0!5E
0

v0
dv v jexpF 2

m0
~L̄2v!G , j 51,2,

~75!

whereL̄ is the binding energy of the heavy meson,L̄5mB
as

n
f
-

to
s-

we

01400
2mb , which is finite in themb→` limit. For the particular
point q250, Eqs.~73!,~74! agree with Ref.@14# in the mb

→` limit.
For theB→V transitions more work is needed. We ha

recalculated the correlator considered in Ref.@9#
f.
Pm~p8,q!5 i E d4x eiq•x^V,p8uTq̄~x!gm~12g5!b~x!b̄~0!ig5q~0!u0& ~76!

taking into account the contribution of the distribution amplitudeshi
(s)(u) andhi

(t)(u). Using the method and notations of Re
@9#, we find11

Pm~p8,q!52mbf VmVE
0

1du

D Fem* g'
~v !12~q•e* !pm8

1

D
~F i2G'

~v !!G2 i emnrse* np8rqsFmb

2
f VmVE

0

1du

D2
g'

~a!1 f V
'E

0

1

du
f'

D G
2 f V

'E
0

1

du
f'

D
@em* ~p8•q1p82u!2pm~q•e* !#2 f V

'mV
2E

0

1du

D
em* F S 112

mb
2

D D ~H i
~ t !2F'!1

1

2
hi

~s!G
12 f V

'mV
2E

0

1du

D2
~q•e* !~qm1upm8 !S H i

~ t !2F'2
1

2
hi

~s!D , ~77!
m

at
the uppercase notation meaning the primitive of a lower-c
function

F~u!52E
0

u

dv f ~v !. ~78!

Compared to Eq.~19! of Ref. @9#, the last two terms of the
above equation are new.12

In taking the Borel transformation of Eq.~77!, a subtlety
emerges: the standard procedure considers the Lore
invariant decomposition ofPm , that is the coefficients o
em* , (q•e* )pm8 and (q•e* )qm , and performs the Borel trans
formation on the variable (p81q)2 with p825mV

2 and q2

fixed to their physical value. This amounts in particular
consideringq•e* as a constant. While this is true for tran
verse mesons, for whichq•e'

* 50, it is clearly not possible
for longitudinal mesons. Thus for longitudinal mesons
simplify the correlatorPm by expressingq•e i* in terms of
p8•q andq2 before Borel transforming on (p81q)2:

q•e i* 5S p8•q

mV
1mVDA12

mV
2

E2
. ~79!

11Recall our conventions, footnote No. 10.
12They are taken into account in Ref.@13#, together with twist-

four and radiative corrections.
e

tz-

In the limit mb→` and E→` the B→V semileptonic
matrix elements can finally be written under the for
~37!,~38! with

z i
~a!~M ,E!5

1

f B

1

2E2
@2 f Vf i8~1!I 2~v0 ,m0!

1 f V
'mVhi

~ t !~1!I 1~v0 ,m0!#, ~80!

z1i
~a!~M ,E!L5

1

f B

f V
'mV

2E2 Fhi
~ t !~1!1

1

2
hi

~s!8~1!G I 1~v0 ,m0!,

~81!

z'
~a!~M ,E!5

1

f B

1

2E2
@2 f V

'f'8 ~1!I 2~v0 ,m0!

1 f VmVg'
~v !~1!I 1~v0 ,m0!#, ~82!

z'
~v !~M ,E!5

1

f B

1

2E2 F2 f V
'f'8 ~1!I 2~v0 ,m0!

2
1

4
f VmVg'

~a!8~1!I 1~v0 ,m0!G . ~83!

As for the transverse form factors at the particular pointq2

50, Eqs.~82!,~83! agree with Ref.@8# in the mb→` limit.
Let us now discuss our results, Eqs.~73!,~74! and ~80!–

~83!. First, as f BAmB;Cst @2#, the factorized scaling law
;AM /E2 is clearly seen, as anticipated in Sec. III. Note th
1-9
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the 1/E2 dependence holds despite the fact thatfp , g'
(v) , and

hi
(t) do not vanish atu50,1, which is a hint that this scalin

law may be independent of the LCSR calculation. Secon
still seems that we have six independent form factors to
scribe the semileptonicB→P(V) transitions. However, us
ing the results of Refs.@7,23,26# based on the conforma
expansion of the distribution amplitudes and the equation
motion, the following relations hold exactly in QCD:

fp~1!1
1

6
fs8 ~1!50, ~84!

hi
~ t !~1!1

1

2
hi

~s!8~1!50, ~85!

g'
~v !~1!1

1

4
g'

~a!8~1!50. ~86!

Reporting the above relation in Eqs.~73!,~74! and~80!–~83!
we obtainz15z1i50 and that the semileptonicB→P(V)
matrix elements can finally be written under the form~56!–
~60! with
-
e

be

fo

m
SR
law
s

he
e
ve

01400
it
e-

of

z~M ,E!5
1

f B

1

2E2 F2 f Pf8~1!I 2~v0 ,m0!

1
f PmP

2

mq1
1mq2

fp~1!I 1~v0 ,m0!G , ~87!

z i~M ,E!5
1

f B

1

2E2
@2 f Vf i8~1!I 2~v0 ,m0!

1 f V
'mVhi

~ t !~1!I 1~v0 ,m0!#, ~88!

z'~M ,E!5
1

f B

1

2E2
@2 f V

'f'8 ~1!I 2~v0 ,m0!

1 f VmVg'
~v !~1!I 1~v0 ,m0!#. ~89!

It is interesting to note that Eqs.~84!–~86! can be derived
simply using the LEET projection condition~21!. Indeed the
functions fp(u) and fs(u) are defined by@with fs(0)
5fs(1)50]
f PmP
2

mq1
1mq2

fp~u!5E En•dx

2p
e2 iuEn•x^Puq̄1~x!ig5A~xu0!q2~0!u0&, ~90!

2 f PmP
2

6~mq1
1mq2

!
fs8 ~u!nm5E En•dx

2p
e2 iuEn•x^Puq̄1~x!smng5nnA~xu0!q2~0!u0& ~91!
.
n.
an

it

the
e

the
,

he

ac-

ith
gical
s:
with pm8 5Enm the hadron four-momentum,u the momentum
fraction of the quarkq1, andA the path-ordered gluon op
erator ensuring the gauge invariance of the above matrix
ements

A~xu0!5P expH igE
0

1

dw xmAm~wx!J . ~92!

For u51 one may replace in Eqs.~90!,~91! q1(x) by the
effective LEET fieldq1n(x) with n”q1n(x)50. Using smn

5 i (gmn2gngm) one immediately gets Eq.~84!. Eqs.
~85!,~86! can be obtained similarly. Furthermore it can
checked than 1/E corrections to LEET generates 12u cor-
rections in the distribution amplitudes and thus vanish
u51.

We would like to make here a last comment, of pheno
enological interest. While we have shown that the LC
approach satisfies the general relations and scaling
among the form factors, the same approach also allows u
calculate some of the deviations to the asymptotic limitM
→` and E→`. As a first test, we have checked using t
most recent calculations@13# that the relations between th
form factors are quite robust, i.e., they are well satisfied e
in the nonasymptotic regime. However, the;AM /E2 scal-
l-

r

-

s
to

n

ing law seems to be affected by large corrections~at q250,
this is discussed in Ref.@7#!, which may appear surprising
We leave this interesting question for further investigatio

To conclude the light-cone sum rule method provides
explicit realization of the HQET-LEET formalism, that is
satisfies the predictions~56!–~64! exactly in the limit of
heavy mass for the initial meson and large energy for
final one. This is a remarkable nontrivial result, and w
would like to insist on the extreme simplicity of Eqs.~87!–
~89!.

In addition we show in Ref.@15# that the quark models
based on the Bakamjian-Thomas formalism also verify
HQET-LEET relations~56!–~60! between the form factors
as well as theAMz(E) scaling law of Eq.~61!. This is an-
other hint that the LEET formalism is well adapted to t
description of heavy-to-light transitions.

V. PHENOMENOLOGICAL DISCUSSION

Here our purpose is to write down the standard form f
tors f 1 , A1, etc., in terms of the three universal functionsz,
z i , and z' , a convenient way to compare our results w
previous approaches, and to discuss some phenomenolo
applications. The former form factors are defined as follow
1-10
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^PuVmuB&5 f 1~q2!F pm1p8m2
M22mP

2

q2
qmG1 f 0~q2!

M22mP
2

q2
qm, ~93!

^PuTmnqnuB&5 i
f T~q2!

M1mP
@q2~pm1p8m!2~M22mP

2 !qm#, ~94!

^VuVmuB&5 i
2V~q2!

M1mV
emnrspnp8re* s, ~95!

^VuAmuB&52mVA0~q2!
e* •q

q2
qm1~M1mV!A1~q2!F e* m2

e* •q

q2
qmG2A2~q2!

e* •q

M1mV
F pm1p8m2

M22mV
2

q2
qmG ,

~96!

^VuTmnqnuB&522T1~q2!emnrspnp8re* s, ~97!

^VuT5
mnqnuB&52 iT2~q2!@~M22mV

2 !e* m2~e* •q!~pm1p8m!#2 iT3~q2!~e* •q!Fqm2
q2

M22mV
2 ~pm1p8m!G . ~98!
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Now we consider the matrix elements as given by th
asymptotic expression~56!–~60! with (vm,nm,E) unambigu-
ously defined in Eqs.~2!–~4!; then we identify in these equa
tions the coefficients ofnn, vm, e* m2(e* •v)nm, etc., with
the corresponding ones in the standard parametrization~93!–
~98!, keeping all the light mass terms although, stric
speaking, they are subdominant in the final hadron large
ergy limit. The point is that these kinematical mass corr
tions could be numerically very large, and thus should no
thrown away; for example,MK* /MD50.48 and MK* /MB

50.17. Although it has a certain degree of arbitrariness
introduces some model-dependence, this procedure amo
to assume that the matrix elements are well approximate
their asymptotic value~56!–~60!, while the form factorsf 1 ,
A1, etc., are not, because of the light mass terms which
pear in their definition. This was already postulated in R
@32#, and this is in rough agreement with Ref.@27#, where it
is found that the main light meson mass corrections
purely kinematical.

We find, with the notationEP(EV) for the value ofE
obtained by puttingm85mP(mV) in Eq. ~34!,

f 1~q2!5z~M ,EP!, ~99!

f 0~q2!5S 12
q2

M22mP
2 D z~M ,EP!, ~100!

f T~q2!5S 11
mP

M D z~M ,EP!, ~101!
01400
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A0~q2!5S 12
mV

2

MEV
D z i~M ,EV!1

mV

M
z'~M ,EV!,

~102!

A1~q2!5
2EV

M1mV
z'~M ,EV!, ~103!

A2~q2!5S 11
mV

M D Fz'~M ,EV!2
mV

EV
z i~M ,EV!G ,

~104!

V~q2!5S 11
mV

M D z'~M ,EV!, ~105!

T1~q2!5z'~M ,EV!, ~106!

T2~q2!5S 12
q2

M22mV
2 D z'~M ,EV!, ~107!

T3~q2!5z'~M ,EV!2
mV

E S 12
mV

2

M2D z i~M ,EV!.

~108!

Equations ~99!–~108! make apparent the fact that th
form factors f 0 , A1, and T2 have a ‘‘kinematical pole’’
;(12q2/M2) with respect to the others, which is a findin
that was described in Ref.@32# as being essentially a relativ
istic effect. In addition, the;1/E2 dependence of thez form
factors, as discussed in Sec. III, imply a dipole behavior
1-11
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f 1 , f T , A0 , A2 , V, T1, andT3 and a pole one forf 0 , A1
and T2 with the heavy mass as the pole mass. This po
dipole description of the form factors was a phenomenolo
cal ansatz made in Ref.@32#. Also Ref.@32# needed to intro-
duce some unknown normalization constants, which we m
now interpret as the constantsC, Ci and C' of Eqs. ~62!–
~64!.

Moreover, it becomes clear from Eqs.~99!,~108! that the
HQET-LEET predictions are close to the relations obtain
by Stech@29# and Soares@30# who have used a constituen
quark model approach. Except some ambiguities in the s
leading terms ;m8/M or m8/E, our general relations
~99!,~108! coincide with Stech’s and Soares’s ones, if w
imposez'5z i . Note that we have found no general reas
for z'5z i , and it seems incompatible with the LCSR e
plicit expressions~88!,~89!, where the ratioz' /z i , although
constant, depends nontrivially on the sum rule paramet
the decay constants and the light-cone distribution am
tudes, i.e., on the dynamics. Similarly, in the explicit a
covariant expressions for the form factors that we have
tained in Ref. @15# using the Bakamjian-Thomas qua
model approach, it does not seem possible to havez'5z i
without any assumption on the quark-quark potential. N
ertheless, the similarities between Stech’s and Soares’s
dictions and ours is quite remarkable, and give strong s
port to these findings.

An interesting phenomenological discussion is done
Ref. @33#, where some tests of the form factor relations, o
tained by Stech and Soares, are performed or propo
Moreover, these relations seem to agree quite well with
tice data, as the study of Ref.@34# shows. However, some o
these applications are not possible in our case, for exam
the study of the longitudinal polarization of the light daug
ter meson, because the ratioz' /z i is not known from our
formalism.13 Thus we consider here only theV/A1 ratio,
leaving other possible applications for further investigatio
From Eqs.~103! and ~105!, this ratio is given by

V~q2!

A1~q2!
5

~M1mV!2

M21mV
22q2

. ~109!

The knowledge of this ratio has important consequences
the one hand, it is measured atq250 in the decaysD
→K* ln l andDs→f ln l @1#; on the other hand it provides th
ratio G1 /G2 of the width to the helicity eigenstatesl5
61. The latter is also measured inD→K* ln l @1#, as well as
in B→K* J/c @35# where it can be estimated if the facto
ization of the nonleptonic matrix elements is assum
@32,36#.

13With z'5z i , Soares finds a good agreement between his
diction and the data forGL /G tot in B→K* J/c. We feel that in the
LCSR expressions~88!,~89!, the numerical value of the ratio
C' /Ci is accidentally close to 1, because the decay constants
the distribution amplitudes are not very different for the transve
and the vector meson.
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For the semileptonic decay the ratioG1 /G2 reads, thanks
to Eq. ~109!,

G1

G2
5F E

mV

EmaxUA12mV
2/E221U2

dEG Y
F E

mV

EmaxUA12mV
2/E211U2

dE, ~110!

with

Emax5
M

2 S 11
mV

2

M2D , ~111!

while for the nonleptonic decayB→V1V2 in the factoriza-
tion assumption, after simplification by Eq.~109!, it is given
by @36#

G1

G2
5

u12A121/x21mV1
/~xmV2

!u2

u11A121/x21mV1
/~xmV2

!u2
~112!

with

x5
M22mV1

2 2mV2

2

2mV1
mV2

. ~113!

Note that in the strictM→` andE→` limit ~that imply x
→`), one hasG150 in both cases, which is reminiscent o
the fact that an ultrarelativistic quark produced by theV-A
current is purely left handed@33#; the HQET-LEET relation
~109! implies that the naive picture at the quark level s
holds at the hadron level.

The predictions~110! and ~112! are compared with ex-
perimental data in Table I. The agreement is striking; as
the ratio G1 /G2 in D→K* , this might be accidental be
cause the nonzero value of this ratio is obtained from
large, although formally subleading, kinematical terms
mV , the reliability of which is not clear, as stressed abo
Moreover the decayD→K* is naively quite far from the
M→` and E→` limit, and the relation~109! is assumed
quite arbitrarily to hold in the whole range ofq2, otherwise
the integration in Eq.~110! could not be performed. Never
theless these results are encouraging and appeal to inv
gate further the applications of the HQET-LEET formalis
in heavy-to-light decays. Finally, let us stress that the gen
relations that we have found among the form factors co
be very useful for extracting the CKM matrix elements.
has already been shown that the Isgur-Wise relations
tween the penguin and semileptonic form factors may all
the extraction ofuVubu @4#, by looking atB→K* g and B
→r ln l . Here we have much more constraints on the fo

e-

nd
e
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factors, as only one function describe all theB→V' transi-
tions. Therefore, a reanalysis of the phenomenological m
ods already proposed in the literature to extract the CK
couplings could be very interesting in this respect.

TABLE I. Predictions of HQET-LEET for the ratioV/A1 and
the ratioG1 /G2 of the width to the helicity eigenstatesl561 in
various decays. The second column quotes the strictM→` andE
→` limit, obtained by puttingmV50 in Eqs. ~109!–~113!; the
third is the result which incorporates themVÞ0 kinematical mass
corrections@Eqs.~110! or ~112!#, as explained in the text. As for th
nonleptonic decays, naive factorization is assumed, along the lin
Refs.@32,36#.

Observable mV50 Eq. ~110! or ~112! Exp. data

D→r ln l

V/A1 at q250 1 1.70
G1 /G2 0 0.11

D→K* ln l

V/A1 at q250 1 1.78 1.8560.12 @1#

G1 /G2 0 0.15 0.1660.04 @1#

Ds→f ln l

V/A1 at q250 1 1.82 1.560.5 @1#

G1 /G2 0 0.18
B→r ln l

V/A1 at q250 1 1.29 -
G1 /G2 0 0.02 -

Bs→K* ln l

V/A1 at q250 1 1.32
G1 /G2 0 0.02

B→K* J/c ~factorization!
G1 /G2 0 0.005 0.0360.08 @35#

Bs→fJ/c ~factorization!
G1 /G2 0 0.007
.

,

01400
h-

VI. CONCLUSION

We have argued that the HQET-LEET formalism see
to be well adapted to the description of heavy-to-light tra
sitions in the large recoil region. In the asymptotic limit
heavy massM for the initial meson and large energyE for
the final one, there are only three independent form fac
describing all the ground state heavy-to-light weak curr
matrix elements. Moreover, a factorization formu
;AMz(E) is obtained, and a dipole scaling law;1/E2

should come from the usual expectation of the;(12u) be-
havior for the suppression of the Feynman mechanism.
have checked explicitly that the light-cone sum rule meth
verifies these constraints, and predicts very simple analyt
expressions for the form factors. Finally, there is a fi
agreement with available experimental data, although m
observables are needed to make definite conclusions.

It is clear that there is a lot of work to do in this field
From the theoretical point of view, one should establish
HQET-LEET formalism more firmly than we have done.
particular, the radiative corrections should be handled. So
interesting questions also concern the relations between
LEET Lagrangian and the light-cone quantization.

From the phenomenological point of view, one may lo
at some observables that are fully predictable in the fi
hadron large energy limit. The question of how to treat t
main corrections is open. Finally it is tempting to search
new methods which would allow us to extract the CK
matrix elements, with the possibility of controlling the the
retical uncertainties thanks to the general constraints on
form factors.
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