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Heavy to light meson exclusive semileptonic decays in effective field theory of heavy quarks
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We present a general study of exclusive semileptonic decays of heavy (B,D,Bs) to light (p,r,K,K* )
mesons in the framework of the effective field theory of heavy quarks. The transition matrix elements of these
decays can be systematically characterized by a set of wave functions which are independent of the heavy
quark mass except for the implicit scale dependence. Form factors for all these decays are calculated consis-
tently within the effective theory framework using the light cone sum rule method at the leading order of the
1/mQ expansion. The branching ratios of these decays are evaluated, and the heavy and light flavor symmetry
breaking effects are investigated. We also give a comparison of our results and the predictions from other
approaches, among which are the relations proposed recently in the framework of large energy effective theory.
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I. INTRODUCTION

Heavy meson decays, both inclusive and exclusive, h
long been an interesting subject in both experimental
theoretical studies. These decays play their special rol
extracting the Cabibbo-Kabayashi-Maskawa~CKM! matrix
elements and probing new physics beyond the stand
model. The inclusive decays of heavy mesons are more
ficult to measure but theoretically cleaner than exclusive
cays. On the other hand, exclusive decays are cleaner in
perimental measurements but more difficult in theoreti
calculations as they require the knowledge of form facto
which contain long distance ingredients and have to be e
mated via nonperturbative methods such as sum rules, la
simulations, or phenomenological models.

The heavy to light exclusive decays can be grouped
semileptonic decays and rare decays. In addition to us
lattice calculations@1–7# and quark models@8–12#, these
decays have been analyzed by using sum rules in full Q
@13–21#. Since the heavy mesonB(s) or D (s) contains one
heavy quark and one light quark, it is expected that the he
quark symmetry~HQS! and the effective field theory o
heavy quarks may help to improve our understanding
heavy to light decays. Recently, some work has been don
this direction@22–25#. In particular, in Refs.@24#, @25# the
B→p(r) ln decays were investigated within the framewo
of heavy quark effective field theory~HQEFT! @26–28#, and
the relevant form factors were calculated at the leading o
of heavy quark expansion, from whichuVubu was extracted.
We note that HQEFT differs from the usual heavy qua
effective theory~HQET! because of the explicit conside
ation of the antiquark contributions in the HQEFT Lagran
ian. Since these antiquark effects contribute only to 1/mQ
corrections in heavy quark expansion~HQE!, at the leading
order of the 1/mQ expansion HQEFT should be complete
equivalent to the usual HQET.

This paper will provide a more general discussion of e
clusive heavy to light decays within the framework of effe
tive theory. We shall apply heavy quark expansion and li
0556-2821/2003/67~1!/014024~14!/$20.00 67 0140
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cone sum rule~LCSR! techniques to more heavy (B,D,Bs)
to light (p,r,K,K* ) exclusive semileptonic decays; name
we extend the study toD decays, and also extend it to deca
into kaon mesons. We know that the reliability of HQE
different for B and D mesons, and that SU~3! symmetry
breaking effects arise in the kaon systems. So, throug
consistent study of the decays of both bottom and cha
mesons with the final mesons including both nonstrange
strange ones, we aim at a general view of the applicability
the combination of HQEFT and LCSR methods in studyi
heavy to light semileptonic decays.

The paper is organized as follows. In Sec. II, we fi
formulate the heavy to light transition matrix elements in t
framework of HQEFT, and then present the light cone s
rules for the heavy flavor independent wave functions. So
of the analytic formulas are found to be similar to tho
presented in Refs.@24#, @25# and so have a general meanin
In reviewing them, we pay our main attention to the relatio
and differences among different decay channels. Section
contains our numerical analysis of the heavy to light tran
tion form factors. The numerical results are compared w
data from other approaches. Based on the results of Sec
branching ratios are evaluated and discussed in Sec. IV
nally, a short summary is presented in Sec. V.

II. WAVE FUNCTIONS AND LIGHT CONE SUM RULES

For convenience of discussion, we denote in this paper
light pseudoscalar and vector mesons asP and V, respec-
tively, and useM to represent the heavy mesonsB, Bs , and
D. Then the decay matrix elements and form factors can
written in a general form as follows:

^P~p!uq̄gmQuM ~p1q!&

52 f 1~q2!pm1@ f 1~q2!1 f 2~q2!#qm, ~2.1!
©2003 The American Physical Society24-1
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^V~p,e* !uq̄gm~12g5!QuM ~p1q!&

52 i ~mM1mV!A1~q2!e* m

1 i
A2~q2!

mM1mV
@e* •~p1q!#3~2p1q!m

1 i
A3~q2!

mM1mV
@e* •~p1q!#qm

1
2V~q2!

mM1mV
emabgea* ~p1q!bpg , ~2.2!

whereq in the currents~not to be confused with the lepto
pair momentum! represents light quarks~u,d, or s!, and Q
denotes any heavy quark~b or c!. mM ,mP(V) are the heavy
and light pseudoscalar~vector! meson masses, respective
In HQEFT, the leading order matrix elements in the 1/mQ
expansion can be simply expressed as the following tr
formulas@22–25#:

^P~p!uq̄GQv
1uM v&52Tr@p~v,p!GMv#, ~2.3!

^V~p,e* !uq̄GQv
1uM v&52 iTr@V~v,p!GMv#,

~2.4!

with

p~v,p!5g5@A~v•p!1p”̂B~v•p!#, ~2.5!

V~v,p!5L1~v•p!e”* 1L2~v•p!~v•e* !1@L3~v•p!e”*

1L4~v•p!~v•e* !# p̂” , ~2.6!

wherep̂m5pm/v•p. Qv
1 in Eqs.~2.3!, ~2.4! is the effective

heavy quark field variable introduced in HQEFT@26,27#,
which carries only the residual momentumkm5pQ

m2mQvm

with vm the heavy meson’s velocity. Correspondingly,M v is
the effective heavy meson state. It is related to the he
meson stateM in Eqs.~2.1! and~2.2! by the normalization of
the hadronic matrix elements@27#:

1

AmM

^p~r!uq̄GQuM &5
1

AL̄M

$^p~r!uq̄GQv
1uM v&

1O~1/mQ!% ~2.7!

with L̄M5mM2mQ . Mv in Eqs.~2.3!, ~2.4! is the heavy
pseudoscalar spin wave function in HQEFT@27#,

Mv52AL̄
11v”

2
g5, ~2.8!

which exhibits a manifest heavy flavor symmetry. HereL̄

5 limMQ→`
L̄M is the heavy flavor independent binding e

ergy. Generally the functionsA, B, andLi ( i 51,2,3,4) also
depend on the energy scalem, but for simplicity here we do
not write this explicitly. Them dependence will be consid
ered in the numerical analysis in Sec. III.
01402
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The relations between the form factors defined in E
~2.1!, ~2.2! and the universal wave functions defined in Eq
~2.3!–~2.6! can be derived straightforwardly. One has

f 6~q2!5
1

mM

AmML̄/L̄MH A~v•p!6B~v•p!
mM

v•pJ 1¯ ,

~2.9!

A1~q2!5
2

mM1mV

AmML̄/L̄M$L1~v•p!1L3~v•p!%

1¯ , ~2.10!

A2~q2!52~mM1mV!AmML̄/L̄M

3H L2~v•p!

2mM
2 1

L3~v•p!2L4~v•p!

2mM~v•p! J 1¯ ,

~2.11!

A3~q2!52~mM1mV!AmML̄/L̄M

3H L2~v•p!

2mM
2 2

L3~v•p!2L4~v•p!

2mM~v•p! J 1¯ ,

~2.12!

V~q2!5AmML̄/L̄M

mM1mV

mM~v•p!
L3~v•p!1¯ .

~2.13!

The ellipses in Eqs.~2.9!–~2.13! denote higher order contri
butions. Since all considerations in this paper are made a
leading order of HQE, it is also reasonable to omit the ov

all factorAL̄/L̄M in Eqs.~2.9!–~2.13!.
Note that the form factors introduced in Eqs.~2.1!, ~2.2!

are heavy flavor dependent. But the functionsA, B, andLi
( i 51,2,3,4) in Eqs.~2.5!, ~2.6! are leading order wave func
tions in the 1/mQ expansion, so they should be~at least ex-
plicitly ! independent of the heavy quark mass. An advant
of using the effective field theory of heavy quarks is that
enables one to formulate wave functions conveniently
such a heavy quark mass independent way. When the w
functionsA, B, andLi ( i 51,2,3) are estimated to a relative
precise extent, then the form factorsf 1 , f 2 , Ai ( i
51,2,3), andV for different decay channels can be eas
obtained by adopting the relevant parameters such as
masses and binding energies of the mesons. In other wo
Eqs.~2.9!–~2.13! show the relations among different decay
From this point of view, considering the whole group
heavy to light semileptonic decays, one can say that t
certain order of the 1/mQ expansion, the HQS and HQE sim
plify the theoretical analysis and reduce the number of in
pendent functions, although it is well known that for an i
dividual decay the number of independent functions does
decrease.

In light cone sum rule analysis, the wave functions a
explored from the study of appropriate two point correlati
functions. For example, for decays into pseudoscalar
4-2
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vector light mesons, using the interpolating currentQ̄ig5q
for the pseudoscalar heavy mesons, one may conside
functions

Pm~p,q!5 i E d4x eiq•x^P~p!uT$q̄~x!gmQ~x!,Q̄~0!

3 ig5q~0!%u0&, ~2.14!

Vm~p,q!5 i E d4x e2 ipM•x^V~p,e* !uT$q̄~0!

3gm~12g5!Q~0!,Q̄~x!ig5q~x!%u0&.

~2.15!

In applying the sum rule method, from phenomenologi
considerations, a complete set of states with heavy me
quantum numbers are inserted into the above two point fu
tions, i.e., between the two currents. For insertion of
ground states of heavy mesons, one obtains meson pole
tributions, while for insertion of higher resonances, the
sults are generally written in the form of integrals ov
physical densitiesrP(v•p,s) and rV(v•p,s). In the result-
ing formulas, the matrix elements can be expanded in pow
of 1/mQ in the effective theory. In this paper we consid
only the leading order contributions in the heavy quark
pansion. As in Refs.@24#, @25#, we have

Pm~p,q!52iF
Avm1Bp̂m

2L̄M22v•k
1E

s0

`

ds
rP~v•p,s!

s22v•k

1subtractions, ~2.16!

Vm~p,q!5
2F

2L̄M22v•k
H ~L11L3!e* m2L2vm~e* •v !

2~L32L4!pm
e* •v

v•p
2 i

L3

v•p
emnaben* pavbJ

1E
s0

`

ds
rV~v•p,s!

s22v•k
1subtractions, ~2.17!

whereF is the scaled decay constant of the heavy meso
the leading order of 1/mQ @28#.

Note that when studying theB→r decay in Ref.@25#

there is an overall factormBL̄/mbLB multiplying the meson
pole contribution. Although such a factor can be obtained
the effective field theory, it can be written in the form
1O(1/mQ). Since we want Eqs.~2.16! and ~2.17! to repre-
sent only the leading order contribution in heavy quark
pansion, it is consistent to leave out the factormML̄/mQLM
here. This change may enlarge theB→r ln decay form fac-
tors obtained in@25# by the same ratio, as can be seen in
next section.
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Heavy quark expansion can be performed on the corr
tors ~2.14!,~2.15! in the frame-work of the effective theory
after which the field variables and meson states can be
placed by their counterparts in the effective theory, and th
correlators turn into

Pm~p,q!5 i E d4x ei ~q2mQv !•x^P~p!uTq̄~x!gmQv
1~x!,

Q̄v
1~0!ig5q~0!u0&1O~1/mQ!, ~2.18!

Vm~p,q!5 i E d4x e2 ipM•x1 imQv•x^V~p,e* !u

3T$q̄~0!gm~12g5!Qv
1~0!,

Q̄v
1~x!ig5q~x!%u0&1O~1/mQ!. ~2.19!

We will include for light pseudoscalar and vector meso
the distribution amplitudes up to the same order as in R
@24#, @25#. In other words, we consider thep meson distri-
bution amplitudes up to twist 4 andr meson distribution
amplitudes up to twist 2. Thesep, r distribution amplitudes
are defined by

^p~p!uū~x!gmg5d~0!u0&

52 ipm f pE
0

1

du eiup•x@fp~u!1x2g1~u!#

1 f pS xm2
x2pm

x•p D E
0

1

du eiup•xg2~u!,

^p~p!uū~x!ig5d~0!u0&

5
f pmp

2

mu1md
E

0

1

du eiup•xfp~u!,

^p~p!uū~x!smng5d~0!u0&

5 i ~pmxn2pnxm!
f pmp

2

6~mu1md!
E

0

1

du eiup•xfs~u!,

^r~p,e* !uū~0!smnd~x!u0&

52 i f r
'~em* pn2en* pm!E

0

1

du eiup•xf'~u!,

^r~p,e* !uū~0!gmd~x!u0&

5 f rmrpm

e* •x

p•x E
0

1

du eiup•xf i~u!

1 f rmrS em* 2pm

e* •x

p•x D E
0

1

du eiup•xg'
~v !~u!,
4-3
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^r~p,e* !uū~0!gmg5d~x!u0&

5
1

4
f rmremnabe* npaxbE

0

1

du eiup•xg'
~a!~u!.

~2.20!

For K and K* mesons, we need only replace thep and r
mesons andd quark in the left-hand side~LHS! of the above
equations byK and K* mesons and ans quark, and at the
same time change the quantities and distribution amplitu
related top and r mesons to those related toK and K*
mesons in the RHS of the equations. For decays into k
mesons, the light flavor SU~3! breaking effects may show u
via both the light meson related quantities and the kaon
son distribution amplitudes.

The standard procedure of the light cone sum rule met
is to calculate the correlation functions in the deep Euclid
region by using QCD or effective theories, and then equ
the results with the phenomenological representations
searching for reasonable and stable results, the quark-ha
duality and Borel transformation are generally applied
both sides of the equations. Unlike the previous LCSR an
sis in the QCD framework@13–16#, in the current study, we
instead calculate the correlation functions in HQEFT, i.e.,
adopt the Feynman rules in effective theory. In particular,
use@(11v)/2#*0

` dt d(x2y2vt) for the contraction of the

effective heavy quark fieldsQ̄v
1(x) andQv

1(y). As one can
see in Refs.@24#, @25#, the theoretical calculations can ofte
become simpler in the framework of the effective theory th
in QCD. Adopting procedures similar to those in Refs.@24#,
@25#, we get

A~y!52
f p~K !

4F E
0

s0
ds e~2L̄M2s/T!F 1

y2

]

]u
g2~u!

2
mp~K !

y
fp~u!2

mp~K !

6y

]

]u
fs~u!G

u512s/2y

,

~2.21!

B~y!52
f p~K !

4F E
0

s0
ds e~2L̄M2s!/TF2fp~K !~u!

1
1

y2

]2

]u2 g1~u!2
1

y2

]

]u
g2~u!

1
mp~K !

6j

]

]u
fs~u!G

u512s/2y

, ~2.22!

L1~y!5
1

4F E
0

s0
ds e~2L̄M2s!/T

1

y
f VmVFg'

~v !~u!

2
1

4 S ]

]u
g'

~a!~u! D G
u5s/2y

, ~2.23!

L2~y!50, ~2.24!
01402
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L3~y!5
1

4F E
0

s0
ds e~2L̄M2s!/TF 1

4y
f VmVS ]

]u
g'

~a!~u! D
1 f V

'f'~u!G
u5s/2y

, ~2.25!

L4~y!5
1

4F E
0

s0
ds e~2L̄M2s!/T

1

y
f VmVFf i~u!2g'

~v !~u!

1
1

4 S ]

]u
g'

~a!~u! D G
u5s/2y

. ~2.26!

L2(y) equals zero in the present approximation since
twist 2 distribution amplitudes contribute to it. As a cons
quence, one can see from Eqs.~2.11!, ~2.12! that A2 andA3
have the same absolute value but opposite signs at the
ing order.

Before proceeding, we would like to address that,
though the formulas~2.21!–~2.26! are explicitly independen
of the heavy quark mass, it does not mean that the value
these functions for decays of different heavy mesons are
essarily the same. This is because one needs to take
account different energy scales for different heavy meson
calculating the corresponding functions. It is this differen
that makes the distribution amplitudes and other light me
parameters change their values for decays of different he

mesons. There is also an exponente2L̄M /T in each formula,
which indicates the dependence on the binding energy of
heavy meson. SinceL̄B2L̄D is small, this exponent only
introduces a slight difference among the wave functions
B and D decays. On the other hand, there are light me
distribution amplitudes, light meson masses, and other l
meson parameters in Eqs.~2.21!–~2.26!. Consequently, the
resulting numerical values for the universal wave functio
may be different for different light mesons. These heavy a
light flavor symmetry breaking effects will be explored n
merically in the following sections.

III. NUMERICAL ANALYSIS OF THE FORM FACTORS

The light cone distribution amplitudes embody the no
perturbative contributions, and they are of crucial importan
for the precision that light cone sum rules can reach. T
study of these distribution amplitudes constitutes an imp
tant and difficult project. They have been studied by seve
groups. The asymptotic form and the scale dependenc
these functions are given by perturbative QCD@29,30#.

For light pseudoscalar mesons, the leading twist distri
tion amplitude is generally written as an expansion in ter
of the Gegenbauer polynomialsCn

3/2(x) as follows:

fp~K !~u,m!56u~12u!F11 (
n51

4

an
p~K !~m!Cn

3/2~2u21!G .

~3.1!

One should perform the sum rule analysis at an appropr
energy scalem. In the processes ofB(s) and D decays, the
scales can be set by the typical virtualities of the hea
4-4
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quarks, for example,mb5AmB
22mb

2'2.4 GeV and mc

5AmD
2 2mc

2'1.3 GeV, respectively@31#.
For thep meson, we use@31#

a2
p~mc!50.41, a4

p~mc!50.23, a1
p5a3

p50, ~3.2!

while for the kaon distribution amplitudefK , when the light
flavor SU~3! breaking effects are considered, we may u
@16#

a1
K~mc!50.17, a2

K~mc!50.21, a3
K~mc!50.07,

a4
K~mc!50.08, ~3.3!

where the nonvanishing values of the coefficientsa1 ,a3 im-
ply asymmetric momentum distributions for thes and u,d
quarks inside theK meson. Since the Gegenbauer mome
ai renormalize multiplicatively, the values ofai(mb) can be
obtained from Eqs.~3.2! and ~3.3! through the renormaliza
tion group evolution.

We neglect the SU~3! breaking effects in the twist 3 and
distribution amplitudes included in this paper. This is jus
fied by the analysis in Ref.@32#, which indicates that thes
breaking effects would influence the light cone sum ru
very slightly. Therefore we take for bothp andK the follow-
ing twist 3 and 4 distribution amplitudes@15,31,33#:

fp~u!511
1

2
B2@3~2u21!221#1

1

8
B4@35~2u21!4

230~2u21!213#,

fs~u!56u~12u!H 11
3

2
C2@5~2u21!221#

1
15

8
C4@21~2u21!4214~2u21!211#J ,

g1~u!5
5

2
d2u2~12u!21

1

2
ed2H u~12u!

3F2113u~12u!110u3 loguS 223u1
6

5
u2D G

110~12u!3 logF ~12u!S 223~12u!

1
6

5
~12u!2D G J ,

g2~u!5
10

3
d2u~12u!~2u21!, ~3.4!

where

B2~mb!50.29, B4~mb!50.58, B2~mc!50.41,

B4~mc!50.925,

C2~mb!50.059, C4~mb!50.034,
01402
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C2~mc!50.087, C4~mc!50.054,

d2~mb!50.17 GeV2, d2~mc!50.19 GeV2,

e~mb!50.36, e~mc!50.45. ~3.5!

In addition to in these distribution amplitudes, the SU~3!
breaking effects also emerge in the light meson constant
the coefficients of the distribution amplitudes. We takef p

50.132 GeV, f K50.16 GeV, andmp5mp
2 /(mu1md) with

mp(1 GeV)51.65 GeV. FormK5mK
2 /(ms1mu,d), we use

the advocation in Ref.@32# to rely on chiral perturbation
theory in the SU~3! limit and so usemK5mp . For the quan-
tities relevant to heavy hadrons, here we use the data ev
ated in Ref.@28#. In particular, there we obtainedL̄50.53
60.08 GeV;F50.3060.06 GeV3/2.

For decays into light vector mesons, the leading twist d
tribution functionsf' andf i can also be expanded in Ge
genbauer polynomialsCn

3/2(x) with the coefficients running
with the scale and described by the renormalization gro
method. Explicitly we have

f'~ i !~u,m!56u~12u!F11 (
n52,4,...

an
'~ i !~m!Cn

3/2~2u21!G ,
an

'~ i !~m!5an
'~ i !~m0!S as~m!

as~m0! D
~gn

'~ i !
2g0

'~ i !
!/~2b0!

,

~3.6!

whereb05112(2/3)nf , andr n
' , r n

i are the one loop anoma
lous dimensions@34,35#. The coefficientsan

' ,an
i have been

studied extensively in Ref.@13#. Here we use the values forr
and K* mesons presented in that paper, where the SU~3!
breaking effects are included forK* meson.

The functionsg'
(v) andg'

(a) describe the transverse pola
izations of quarks in the longitudinally polarized meson
They receive contributions from both twist 2 and twist 3.
this paper we will include only the twist 2 contribution
which are related to the longitudinal distributionf i(u,m) by
Wandzura-Wilczek type relations@36,37#:

g'
~v !,twist 2~u,m!5

1

2 F E
0

u

dv
f i~v,m!

12v
1E

u

1

dv
f i~v,m!

v G ,
g'

~a!,twist 2~u,m!52F ~12u!E
0

u

dv
f i~v,m!

12v

1uE
u

1

dv
f i~v,m!

v G . ~3.7!

The quatitiesf r and f K* are the decay constants of vect
mesons, andf r

' and f K*
' are couplings defined via

^0uūsmnquV~p,e!&5 i ~empn2enpn! f V
' ~3.8!

with the light quarkq5d or s corresponding to the vecto
mesonV5r or K* . In the calculations, we use for thes
couplings@13,36,38,39#
4-5
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FIG. 1. The form factorsA1
D→r ~a! andA1

D→K* ~b! as functions of the Borel parameterT for different values of the continuum thresho
s0 . The dashed, solid, and dotted curves correspond tos051.5, 2, and 2.5 GeV, respectively. The case considered here is at the mom
transferq250 GeV2.
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f r519567 MeV, f r
'5160610 MeV,

f K* 5226628 MeV, f K*
'

5185610 MeV.
~3.9!

From Eqs.~2.9!–~2.13! and ~2.21!–~2.26!, the data for
form factors can be obtained by using the distribution am
tudes and meson quantities presented above. As an exa

Fig. 1 shows the variation ofA1
D→r andA1

D→K* with respect
to the Borel parameterT at the fixed values ofs051.5, 2, and
2.5 GeV. According to the light cone sum rule criterion th
both the higher resonance contributions and the contribut
from higher twist distribution amplitudes should not be t
large~say, larger than 30%!, our interesting regions ofT are
aroundT52 GeV forB(s) decays, and aroundT51 GeV for
D decays. We studied the variations of form factors in all
decays studied with respect to the Borel parameterT. Ac-
cording to our detailed study, for all form factors there ex
reliable regions ofs0 andT that well satisfy the requiremen
of stability in the sum rule analysis. We note that in t
original calculation~the first reference in@25#! we used a
wrong sign for the contribution ofg'

(a) . In later study~the
second reference in@25#, or an Erratum to be published! it
was found that the correction of this sign greatly enlarges
value ofV, and at the same time also improves the stabi
of the V(T) curves in the sum rule window. The thresho
energies for all form factors in these decays are found to v
from 0.4 to 3.5 GeV. With the ranges ofT ands0 determined,
all the form factors as functions of the momentum transferq2

can be derived from Eqs.~2.9!–~2.13! and ~2.21!–~2.26!.

TABLE I. Results for the form factorf 1 of heavy to light pseu-
doscalar meson decays.s0 is the threshold at which the paramete
F(0),aF ,bF are fitted.

F(0) aF bF s0 ~GeV!

B→p ln f 1 0.3560.06 1.3160.15 0.3560.18 2.360.6
Bs→Kln f 1 0.4760.09 1.1260.25 0.3460.19 2.760.8
D→p ln f 1 0.6760.19 1.3060.30 0.6860.38 0.860.4
D→Kln f 1 0.6760.20 1.6560.43 1.2860.52 0.860.4
01402
i-
ple,

t
ns

e

t

e
y

ry

It is known that when the final mesons are light pseud
scalars, the light cone expansion and the sum rule met
will break down at large momentum transfer~numerically as
q2 approachesmb

2) @15#. As a result, the curves of wav
functions calculated from light cone sum rules may beco
unstable in the largeq2 region. Thus in this region we hav
to rely on other approximations such as the single or dou
pole approximation. Here we use for theB→p transition

f 1~q2!5
f B* gB* Bp

2mB* ~12q2/mB*
2

!
~3.10!

for the largeq2 regions ofB decays into light pseudoscala
mesons. Similar monopole approximation formulas are
plied to other heavy mesons decaying into light pseudosc
mesons. In our numerical calculations, we takef B* 50.16

TABLE II. Results for the form factors of heavy to light vecto
meson decays.s0 is the threshold at which the paramete
F(0),aF ,bF are fitted.

F(0) aF bF s0 ~GeV!

B→r ln A1 0.2960.05 0.3560.15 20.2460.12 2.160.6
A2 0.2860.04 1.0960.13 0.2060.18
A3 20.2860.04 1.0960.13 0.2060.18
V 0.3560.06 1.3260.12 0.4660.10

Bs→K* ln A1 0.2860.05 0.8260.06 0.0560.14 2.560.5
A2 0.2860.04 1.4860.05 0.6260.08
A3 20.2860.04 1.4860.05 0.6260.08
V 0.3560.05 1.7360.02 0.9560.35

D→r ln A1 0.5760.08 0.6060.20 0.5161.32 2.060.5
A2 0.5260.07 0.6660.20 22.0361.52
A3 20.5260.07 0.6660.20 22.0361.52
V 0.7260.10 0.9560.06 2.6063.62

D→K* ln A1 0.5960.10 0.5860.12 0.1160.28 2.060.5
A2 0.5560.08 0.8460.31 21.2961.12
A3 20.5560.08 0.8460.31 21.2961.12
V 0.8060.10 0.8660.65 2.7161.83
4-6
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HEAVY TO LIGHT MESON EXCLUSIVE SEMILEPTONIC . . . PHYSICAL REVIEW D 67, 014024 ~2003!
60.03 GeV,gB* Bp52963 @15#, f D* gD* Dp52.760.8 GeV,
f D

s*
gD

s* DK53.160.6 GeV @16#, and f B* gB* BsK
53.88

60.31 GeV@40#.
As a good approximation, for the behavior of the for

factors in the whole kinematically accessible region, we
the parametrization

F~q2!5
F~0!

12aFq2/mB
21bF~q2/mB

2 !2 , ~3.11!

whereF(q2) can be any of the form factorsf 1 , f 2 , Ai ( i
51,2,3), andV. Thus each form factor will be parametrize
by three parametersF(0), aF , andbF that need to be fitted
For the form factorf 1 , as mentioned above, since the lig
cone sum rules are most suitable for describing the lowq2

region of the form factors and the very highq2 region is hard
to reach by this approach, we shall use the light cone s
rule results in the smallq2 region and the monopole approx
mation ~3.10! in the largeq2 region to fit the three param
eters in Eq.~3.11!. For decays into vector mesons, we u
only the light cone sum rule predictions in fitting these p
rameters. This is because the kinematically allowed range
B for vector meson decays are small compared with
ranges ofB for pseudoscalar meson decays, and therefore
01402
e

m

-
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he

sum rules are expected to yield reasonable values for m
allowed regions ofq2 in the vector meson cases.

At certain values of a suitable thresholds0 , we can fix the
parameters for each form factor. Our numerical results
those parameters are presented in Table I and II. For the f
factor f 2 , since it is irrelevant to the decay rates when t
lepton masses are neglected, we do not present value
these tables. In this paper we calculate them directly fr
sum rules, and the results at large recoil regions are use
the next section in comparing with the form factor relatio
derived based on the large mass and large energy expan

The values ofF(0) for B→r decay presented in Table I
are slightly different from those given in Ref.@25#. The rea-
son is that the overall factormbL̄B /mBL̄ in Eq. ~3.13! of
@25# is missed in the current calculation, as mentioned in
previous section. Uncertainties in the form factors cou
arise from the meson constants, the light cone distribut
amplitudes, and the variation of thresholdss0 . We notice that
the latter comprises the largest uncertainty, which may
15% or so. Variations of other imput parameters within th
allowed ranges which we have discussed would increase
uncertainties to about 20%. So, including uncertainties fr
higher twist amplitudes and other systematic uncertaintie
light cone sum rule method, we quote an uncertainty of ab
25%.
data

TABLE III. Comparison of the results for semileptonic decay form factors~at q250) from different

approaches~QM, quark model; Lat, lattice calculation; SR, sum rules in QCD framework; E791,
extracted from experimental measurements!.

Reference f 1(0) A1(0) A2(0) V(0)

B→p(r) ln This work 0.3560.06 0.2960.05 0.2860.04 0.3560.06
QM @8# 0.29 0.26 0.24 0.31
QM @9# 0.27 0.26 0.24 0.35
Lat @2# 0.50(14)25

17 0.16(4)216
122 0.72(35)27

110 0.61(23)26
19

Lat @5# 0.2860.04
SR @17,18# 0.305 0.2660.04 0.2260.03 0.3460.05

SR @19# 0.2860.05
Bs→K(K* ) ln This work 0.4760.09 0.2860.05 0.2860.04 0.3560.05

QM @8# 0.31 0.29 0.26 0.38
D→p(r) ln This work 0.6760.19 0.5760.08 0.5260.07 0.7260.10

QM @8# 0.69 0.59 0.49 0.90
QM @9# 0.67 0.58 0.42 0.93
QM @10# 0.69 0.78 0.92 1.23
Lat @2# 0.68(13)27

110 0.59(7)26
18 0.83(20)28

112 1.31(25)213
118

Lat @5# 0.64(5)207
100

Lat @6# 0.6560.10 0.6560.07 0.5560.10 1.160.2
SR @19# 0.6560.11
SR @21# 0.5060.15 0.560.2 0.460.2 1.060.2

D→K(K* ) ln This work 0.6760.20 0.5960.10 0.5560.08 0.8060.10
E791 @42# 0.5860.03 0.4160.06 1.0660.09
QM @8# 0.78 0.66 0.49 1.03
QM @9# 0.78 0.66 0.43 1.04
Lat @2# 0.71(12)27

110 0.61(6)27
19 0.83(20)28

112 1.34(24)214
119

Lat @6# 0.7360.07 0.7060.07 0.660.1 1.260.2
SR @19# 0.7660.03
SR @21# 0.6060.15 0.5060.15 0.6060.15 1.1060.25
4-7
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FIG. 2. Results for the heavy to light decay form factors from light cone sum rule study. The solid, dashed, dot-dashed, and dott
correspond toB→p(r), Bs→K(K* ), D→p(r), and D→K(K* ) decays, respectively.A3(q2) is not shown here as one hasA3(q2)5
2A2(q2) at the leading order considered.
014024-8
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HEAVY TO LIGHT MESON EXCLUSIVE SEMILEPTONIC . . . PHYSICAL REVIEW D 67, 014024 ~2003!
In addition to the SU~3! symmetry breaking effects aris
ing from relevant light meson parameters, it is found in o
investigation that SU~3! symmetry breaking effects consid
ered in the Gegenbauer polynomial momentsai ( i
51,2,3,4) cause changes ofF(0) by no more than 15%.

The form factors as functions ofq2 are shown in Fig. 2.
Table III is a comparison of the form factor values atq2

50 obtained in this work and those obtained from other
proaches, including quark models, lattice calculations,
also sum rules in the QCD framework.

The form factor ratios RV[V(0)/A1(0), R2
[A2(0)/A1(0) for D→K* ln decay have been measured
several groups. We present in Table IV a comparison of
results for these ratios with the measurements. Our resul
RV agrees well with the latest measurement@41# but is

TABLE IV. Comparison of measurements and theoretical p
dictions for form factor ratios andA1(0).

RV R2 A1(0)

This work 1.3660.39 0.9360.29 0.5960.10
BEATRICE @41# 1.4560.2360.07 1.0060.1560.03

E791 @42# 1.8460.1160.08 0.7160.0860.09 0.5860.03
E687 @43# 1.7460.2760.28 0.7860.1860.10
E653 @44# 2.0020.32

10.3460.16 0.8220.23
10.2260.11

E691 @45# 2.060.660.3 0.060.560.2
01402
r

-
d

r
or

smaller than other measurements.R2 obtained in this work
is also in good agreement with the BEATRICE measurem
@41#.

With the consideration that in heavy to light decays t
final light meson usually carries a large recoil momentu
the large energy effective theory~LEET! @46–50# has been
proposed to study heavy to light transitions in the region
large energy release. In that framework and neglecting Q
short distance corrections, it is quoted that there are o
three form factors needed to describe all the pseudoscal
pseudoscalar or vector transition matrix elements in the le
ing order of the heavy quark mass and large energy exp
sion. In particular, taking into account contributions of se
ond order in the ratio of the light meson mass to the la
recoil energy, a recent work@50# derived interesting relations
concerning form factors for semileptonicB decays to light
pseudoscalar and vector mesons:

f 1~q2!5
mM

2EF
S 11

mP
2

mM
2 D f 0~q2!, ~3.12!

mM

mM1mV

AEF
22mV

2

EF
V~q2!

5
mM1mV

2EF
A1~q2!

-

FIG. 3. Results for the ratiof 1(q2)/ f 0(q2). ~a!, ~b!, ~c!, and~d! are forB→p ln, Bs→Kln, D→p ln, andD→Kln, respectively. Solid
lines are our sum rule results, while the dashed lines are produced from the LEET relation~3.17!.
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FIG. 4. Results for the ratioV(q2)/A1(q2). ~a!, ~b!, ~c!, and~d! are forB→r ln, Bs→K* ln, D→r ln, andD→K* ln, respectively. Solid
lines are our sum rule results, while the dashed lines are produced from the LEET relation~3.18!.
f
ors
5

mM

mM1mV
S 12

2mV
2

mM
2 DA2~q2!

1
mV

EF
A0~q2!, ~3.13!

whereEF is the on-shell energy of the final light meson:

EF5
mM

2 1mP~V!
2 2q2

2mM
. ~3.14!
01402
f 0(q2) and A0(q2) are form factors defined in the way o
Ref. @50#, and they can be represented by the form fact
defined in this paper as follows:

f 0~q2!5
q2

mM
2 2mP

2 f 2~q2!1 f 1~q2!, ~3.15!
TABLE V. Decay widthsG ~in units of uVqQu2 ps21) and branching ratios~BR! for heavy to light meson
decays. In deriving the branching ratios we useduVubu50.0037,uVcdu50.22,uVcsu50.97 and the lifetimes of
heavy measonstB051.5660.06 ps,tD050.412660.0028 ps,tBS

51.49360.062 ps.

G (uVqQu2 ps21) BR BR~measurements!

B→p ln 10.261.5 (2.160.5)31024 (1.860.6)31024

Bs→Kln 14.362.8 (2.960.7)31024

B→r ln 15.264.2 (3.261.0)31024 (2.620.7
10.6)31024

Bs→K* ln 20.264.3 (4.161.0)31024

D→p ln 0.15260.042 (3.060.9)31023 (3.760.6)31023

D→Kln 0.10160.030 (3.961.2)31022 (3.4760.17)31022

D→r ln 0.07160.015 (1.460.3)31023

D→K* ln 0.05060.014 (2.060.5)31022 (2.0260.33)31022
4-10
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FIG. 5. Results for the ratioA2(q2)/A3(q2). ~a!, ~b!, ~c!, and ~d! are forB→r ln, Bs→K* ln, D→r ln, andD→K* ln, respectively.
Solid lines are our sum rule results, while the dashed lines are produced from the LEET relation~3.19!.
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A0~q2!5
1

2mV
F ~mM1mV!A1~q2!2~mM2mV!A2~q2!

2
q2

mM1mV
A3~q2!G . ~3.16!

As a result, the relations~3.12!, ~3.13! lead to

f 1~q2!5
mM

2 1mP
2

mM
2 1mP

2 2q2 f 0~q2!, ~3.17!

V~q2!5
~mM1mV!2

2mMAEF
22mV

2
A1~q2!,

~3.18!

A2~q2!5
mM

2

2mV
22mM

2 A3~q2!, ~3.19!

where in Eq.~3.19! terms containingmV
4 have been discarde

because they can be attributed to higher order contribut
in LEET. Note that Eq.~3.19! implies the relationA2(q2)
52A3(q2) at the leading order of LEET, which is consiste
with our result in this work~see Sec. II!.

One can now make a numerical comparison between
results for form factors and the LEET predictions. In Fig
3–5, we show the form factor ratiosf 1(q2)/ f 0(q2),
V(q2)/A1(q2), and A2(q2)/A3(q2) derived from our sum
rule calculations and from the relations~3.17!–~3.19!. In Fig.
01402
ns

ur
.

3, the ratiof 1(q2)/ f 0(q2) from our calculation and that from
the LEET relation~3.17! are close to each other in region
near the maximum recoil point, but they quickly split fro
each other asq2 increases. Similar variations can be o
served for theB(s) decay ratioV(q2)/A1(q2) in Figs. 4~a!
and 4~b!. For D decays to light vector mesons, however,
Figs. 4~c! and 4~d! a large difference exists between our r
sults and the predictions of relation~3.18!. In Figs. 5~a! and
5~b! ~i.e., for B(s) decays!, the ratiosA2(q2)/A3(q2) of our
results and the LEET prediction are compatible in the wh
kinematically allowed region. In Figs. 5~c! and 5~d!, our re-
sults for theD decay ratioA2(q2)/A3(q3) and the prediction
of relation ~3.19! are again incompatible.

As a general view, our results are compatible with t
relations ~3.17!–~3.19! in appropriate regions forB(s) de-
cays. On the other hand, discrepancies occur in the caseD
decays between our results and the predictions of relat
~3.17!–~3.19!. Nevertheless, this is not unexpected due to
not very large mass of the charm quark. As mentioned
Ref. @48#, the D→K (* ) decay is quite far from themM→`
and E→` limit. Thus one cannot expect relations~3.17!–
~3.19! to be valid forD decays.

IV. BRANCHING RATIOS

With the form factors derived in the previous section
one can extract the values of relevant CKM matrix eleme
from the experimental measurements of branching ratios
Refs. @24# and @25#, uVubu is extracted in this way fromB
4-11
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TABLE VI. Theoretical predictions and measurements of the ratiosGL /GT ,G1 /G2 and the decay ratesG
~in units of uVqQu2 ps21). The data from BEATRICE, E687, E653, E691, and WA82 are experimental m
surements.

GL /GT G1 /G2 G/uVqQu2 (ps21) Reference

B→r ln 0.8560.09 0.0460.02 15.264.2 This work
0.82 19.1 QM@9#

0.8860.08 15.862.3 QM @11#

13612 Lat @4#

0.8020.03
10.04 16.522.3

13.5 Lat @7#

0.5260.08 13.564.0 SR@20#

0.0660.02 0.00760.004 1264 SR @21#

Bs→K* ln 0.7960.08 0.0760.02 20.264.3 This work
D→r ln 1.1760.09 0.2960.13 0.07160.015 This work

1.16 0.087 QM@8#

0.67 0.025 QM@12#

0.12260.041 Lat@1#

0.10260.047 Lat@4#

1.3160.11 0.2460.03 0.02460.007 SR@21#

D→K* ln 1.1560.10 0.3260.13 0.05060.014 This work
1.0960.1060.02 0.2860.0560.02 BEATRICE@41#

1.2060.1360.13 E687@43#

1.1860.1860.08 E653@44#

1.820.4
10.660.3 E691 @45#

0.660.320.1
10.3 WA82 @52#

1.28 0.063 QM@8#

1.33 0.058 QM@9#

1.260.3 0.07360.019 Lat@1#

1.160.2 0.06320.017
10.008 Lat @3#

0.8660.06 3.861.5 SR@21#
nt

tio
w
th
u

→p(r)ln decays using the branching ratio measureme
The results obtained there wereuVubu5(3.460.560.5)
31023 and uVubu5(3.760.660.7)31023 via the two de-
cays, respectively, where the first~second! errors correspond
to the experimental~theoretical! uncertainties.

On the other hand, the decay widths and branching ra
of exclusive semileptonic decays can be predicted if
know the values of relevant CKM matrix elements. When
lepton masses are neglected, we have for decays to pse
scalar mesons
01402
s.

s
e
e
do-

dG

dq2 5
GF

2 uVqQu2

24p3 F S mM
2 1mP

2 2q2

2mM
D 2

2mP
2 G3/2

@ f 1~q2!#2,

~4.1!

and for decays to vector mesons

dG

dq2 5
GF

2 uVqQu2

192p3mM
3 l1/2q2~H0

21H1
2 1H2

2 ! ~4.2!
rent
TABLE VII. Rates in unit uVqQu2 ps21 for semileptonic decays to pseudoscalar mesons from diffe
approaches.

Reference B→p ln Bs→Kln D→p ln D→Kln

This work 10.261.5 14.362.8 0.15260.042 0.10160.030
QM @8# 0.196 0.102
QM @9# 10.0 0.165 0.101
Lat @1# 864 0.16260.041 0.09660.021
Lat @4# 1268 0.11460.073 0.07260.036
Lat @7# 8.521.4

13.3

SR @19# 7.362.5 0.1360.05 0.09460.036
SR @21# 5.161.1 0.08060.017 0.06860.014
4-12
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with l[(mM
2 1mV

22q2)224mM
2 mV

2 and the helicity ampli-
tudes defined as

H65~mM1mV!A1~q2!7
l1/2

mM1mV
V~q2!,

H05
1

2mVAq2 H ~mM
2 2mV

22q2!~mM1mV!A1~q2!

2
l

mM1mV
A2~q2!J . ~4.3!

In this paper we would like to predict the branching rati
from the values of the CKM matrix elements:uVubu
50.0037,uVcdu50.22,uVcsu50.97. Finishing the integration
over q2, we obtain the widths and branching ratios in Tab
V. In that table we also list the experimental measureme
of branching ratios given by Ref.@51#.

The largest uncertainty for the branching ratios in Table
is about 30%. So the precision of heavy meson decay m
surements expected in the newB factories cannot be wel
matched unless these theoretical uncertainties can be
duced. This reduction may be reached by consideration
both higher twist contributions and better determination
the meson constants and the higher order contributions in
heavy quark expansion, which should be discussed in fu
work.

Table VI is a comparison of the results for the rati
GL /GT ,G1 /G2 and the total decay ratesG for heavy to light
vector decays, whereGL (GT) andG1 (/G2) represent par-
tial widths for longitudinal ~transverse! polarization and
positive ~negative! helicity, respectively. These widths an
ratios have been predicted via other approaches. In par
lar, the ratios forD→K* ln decay are available from recen
experiments.

Similarly, Table VII presents a comparison of results f
heavy to light pseudoscalar decay rates.

V. SUMMARY

In summary, we have studied the exclusive semilepto
decays of heavy to light mesons. The form factors for
decaysB(D,Bs)→p(r,K,K* ) ln have been consistently ca
z,

gy

-

01402
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culated by using the light cone sum rule method in the
fective field theory of heavy quarks. The HQS leads to si
plification in studying heavy to light transitions as to
certain order of the 1/mQ expansion the decays of differen
heavy hadrons such asB andD can be characterized by th
same set of wave functions which are explicitly independ
of the heavy quark mass, although the HQS does not red
the number of independent form factors needed for an in
vidual decay. In such calculations, the uncertainties for
form factors are generally about 25%, which, together w
the meson constants, may give the branching ratios wit
total uncertainty up to 30%. We have also estimated the li
flavor SU~3! symmetry breaking effects in these semile
tonic decays and found that those effects may influence
form factors up to a total amount of 15%. Our results we
compared with data from experiments and from other th
retical approaches. In particular, we checked the compat
ity between our results and the form factor relations deriv
in Ref. @50# using the heavy quark and large recoil expa
sion. We conclude that the form factors and branching ra
of those heavy to light meson semileptonic decays can
calculated consistently based on the light cone sum rule
proach within the framework of HQEFT. Nevertheless,
order to match the expected more precise experimental m
surements atB factories in the near future, more accura
calculations for the exclusive heavy to light meson semil
tonic decays and needed. The 1/mQ corrections may be im-
portant, especially in charm meson decays. This should
investigated in future work.

In this paper we have only considered semileptonic he
to light decays, but what we used here is a general appro
and similar procedures could be applied straightforwardly
heavy to light rare decays such asB→Kll , B→K* l l , and
B→K* g. For such rare decays, this framework becom
more interesting because it reduces the number of form
tors for an individual decay. We will discuss that in anoth
paper.
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