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Weak form factors for heavy meson decays: An update
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~Received 18 January 2000; published 18 May 2000!

We calculate the form factors for weak decays ofB(s) and D (s) mesons to light pseudoscalar and vector
mesons. To reveal the intimate connection between different decay modes and to be able to perform the
calculations in the full physicalq2 region we use a relativistic dispersion approach based on the constituent
quark picture. This approach gives the form factors as relativistic double spectral representations in terms of
the wave functions of the initial and final mesons. The form factors have the correct analytical properties and
satisfy general requirements of nonperturbative QCD in the heavy quark limit. The disadvantages of quark
models related to ill-defined effective quark masses and not precisely known meson wave functions are
reduced by fitting the quark model parameters to lattice QCD results for theB→r transition form factors at
large momentum transfers and to the measured totalD→(K,K* ) ln decay rates. This allows us to predict
numerous form factors for all kinematically accessibleq2 values.

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

The knowledge of the weak transition form factors
heavy mesons is crucial for a proper extraction of the qu
mixing parameters, for the analysis of non-leptonic dec
and CP violating effects and, related to it, for a search
new physics.

Theoretical approaches for calculating these form fac
are quark models@1–8#, QCD sum rules@9–12#, and lattice
QCD @13–16#. Although in recent years considerab
progress has been made, the theoretical uncertainties are
uncomfortably large. An accuracy better than 15% has
been attained. Moreover each of the above methods has
a limited range of applicability, namely:

QCD sum rules are suitable for describing the lowq2

region of the form factors. The higherq2 region is hard to
get and higher order calculations are not likely to give r
progress because of the appearance of many new param
The accuracy of the method cannot be arbitrarily improv
because of the necessity to isolate the contribution of
states of interest from others.

Lattice QCD gives good results for the highq2 region.
But because of the many numerical extrapolations invol
this method does not provide for a full picture of the for
factors and for the relations between the various decay c
nels.

Quark models do provide such relations and give the fo
factors in the fullq2 range. However, quark models are n
closely related to the QCD Lagrangian~or at least this rela-
tionship is not well understood yet! and therefore have inpu
parameters which are not directly measurable and may no
of fundamental significance.

In this situation it becomes evident that a combination
various methods will be fruitful. It is the purpose of th
paper to obtain this way reliable predictions for many dec
form factors in their fullq2 ranges.

To achieve this goal, one needs a general frame for
description of the large variety of processes. This can be o
a suitable quark model, because only a quark model
connect different processes through the soft wave funct
0556-2821/2000/62~1!/014006~13!/$15.00 62 0140
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of the mesons and describes the fullq2 range of the form
factors.1 The predictions of this model will be much im
proved by incorporating the results from the more fundam
tal QCD based methods.

Historically, constituent quark models have been first
analyze the meson transition form factors. Although a rig
ous derivation of this approach as an effective theory
QCD in the nonperturbative regime has not been obtain
relativistic quark models work surprisingly well for the de
scription of the meson spectra and form factors. Moreov
constituent quark models provide so far the only operat
method for dealing with excited states.

1. The physical picture

Constituent quark models are based on the following p
nomena expected from QCD:

~i! chiral symmetry breaking in the low-energy regio
provides for the masses of the constituent quarks;

~ii ! the strong peaking of the soft~nonperturbative! had-
ronic wave functions in terms of the quark momenta with
width of the order of the confinement scale; and

~iii ! the dominance of Fock states with the minimal nu
ber of constituents, i.e. aqq̄ composition of mesons.

An important shortcoming of previous quark model pr
dictions was a strong dependence of the results on the sp
form of the quark model and on the parameter values.

The goal of this paper is to demonstrate that once~a! a
proper relativistic formalism is used for the description of t
transition form factors and~b! the numerical parameters o
the model are chosen properly~we discuss criteria for such
proper choice below!, the quark model yields results in fu
agreement with existing experimental data and in acc

1One of the first steps in combining various approaches in orde
obtain predictions for the form factors for allq2 has been done in
@14# where a simple lattice-constrained parametrization based
the constituent quark picture of Ref.@17# and pole dominance ha
been proposed.
©2000 The American Physical Society06-1
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with the predictions of more fundamental theoretical a
proaches. In addition, our quark model allows to pred
many other form factors which have not yet been measu

2. The formalism

For the description of the transition form factors in the
full q2 range and for various initial and final mesons, a fu
relativistic treatment is necessary. We therefore choose a
mulation of the quark model which is based on the relativ
tic dispersion approach@18# and thus guarantees the corre
spectral and analytic properties.

Within this model, the transition form factors are given
relativistic double spectral representations through the w
functions of the initial and final mesons both in the scatter
and the decay regions. These spectral representations
rigorous constraints from QCD on the structure of the lon
distance corrections in the heavy quark limit. Namely,
form factors of the dispersion quark model have the corr
heavy-quark expansion at leading and next-to-leading 1mQ
orders in accordance with QCD for transitions betwe
heavy quarks@19,20#. For the heavy-to-light transition th
dispersion quark model satisfies the relations between
form factors of vector, axial-vector, and tensor currents va
at small recoil@21#. In the limit of the heavy-to-light transi-
tions at smallq2 the form factors obey the lowest order 1/mQ
and 1/E relations of the large energy effective theory@22#
and provide the pattern of higher-order symmetry-violat
effects.

Another important advantage of the dispersion formu
tion of the quark model is the fact that one directly obta
the form factors in the physical decay regionq2.0. No nu-
merical extrapolation from space-like values is required.

3. Parameters of the model

In previous applications of quark models the transiti
form factors turned out to be sensitive to the numerical
rameters, such as the quark masses and the slopes o
meson wave functions. As proposed in Ref.@23#, the way to
control these parameters is to use the results of lattice ca
lations at largeq2 as ‘‘experimental’’ inputs. In@24# the b
andu constituent quark masses and slope parameters o
B, p, andr wave functions have been obtained through t
procedure.

We now consider in addition the charm and strange m
sons. To determine the slope parameters for the charm
strange meson wave functions and the effective mass va
mc andms we use here as input the measured total rates
the decaysD→(K,K* ) ln. By fixing the parameters in this
way we overcome important uncertainties inherent in qu
model calculations. Indeed, with these few inputs we c
give numerous predictions for the form factors for the tra
sitions of the heavy and strange heavy mesonsD, Ds , B, and
01400
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Bs into light mesons which nicely agree at places where d
are available.

The paper is organized as follows. Section II briefly pr
sents the main features of the double spectral representa
of the form factors. In Sec. III we determine the numeric
parameters of the model and give the predictions of the fo
factors. Section IV contains our conclusions.

II. MESON TRANSITION FORM FACTORS

The long-distance contribution to meson decays is c
tained in the relativistic invariant transition form factors
the vector, axial-vector and tensor currents. The amplitu
of the M1→M2 transition induced by the weakq2→q1

quark transition through the vectorVm5q̄1gmq2, axial-
vector Am5q̄1gmg5q2, tensorTmn5q̄1smnq2, and pseudot-
ensorTmn

5 5q̄1smng5q2 currents, have the following covari
ant structure@21#:

^P~M2 ,p2!uVm~0!uP~M1 ,p1!&5 f 1~q2!Pm1 f 2~q2!qm ,

^V~M2 ,p2 ,e!uVm~0!uP~M1 ,p1!&52g~q2!emnabe* np1
ap2

b ,

^V~M2 ,p2 ,e!uAm~0!uP~M1 ,p1!&

5 i e* a@ f ~q2!gma1a1~q2!p1aPm1a2~q2!p1aqm#,

~1!

^P~M2 ,p2!uTmn~0!uP~M1 ,p1!&

522is~q2!~p1mp2n2p1nup2m!,

^V~M2 ,p2 ,e!uTmn~0!uP~M1 ,p1!&

5 i e* a@g1~q2!emnabPb1g2~q2!emnabqb

1g0~q2!p1aemnbgp1
bp2

g#,

whereq5p12p2 , P5p11p2. The following notations are
used: g55 ig0g1g2g3, smn5( i /2)@gm ,gn#, e0123521,
g5smn52( i /2)emnabsab, and Sp(g5gmgngagb)
54i emnab. We study the form factors within the dispersio
formulation of the quark model@18#. We start by considering

FIG. 1. One-loop graph for a meson decay.
0.45
TABLE I. Constituent quark masses and slope parameters of the exponential wave function~in GeV!.

mu ms mc mb bp bK bD bB bhs
bDs

bBs
br bK* bD* bf

0.23 0.35 1.45 4.85 0.36 0.42 0.46 0.54 0.45 0.48 0.56 0.31 0.42 0.46
6-2
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the regionq2,0 where the form factors may be represen
as double spectral representations in the invariant mass
the initial and finalqq̄ pairs. The form factors correspondin
to the decay regionq2.0 are then derived by performing th
analytical continuation.

The transition of the initial mesonq(m2)q̄(m3) with the
massM1 to the final mesonq(m1)q̄(m3) with the massM2
induced by the quark transitionq(m2)→q(m1) through the
currentq̄(m1)Omq(m2) is described by the diagram of Fig
1. For constructing the double spectral representation
must consider a double-cut graph where all intermediate
ticles go on mass shell but the initial and final mesons h
the off–shell momentap̃1 and andp̃2 such thatp̃1

25s1 and

p̃2
25s2 with ( p̃12 p̃2)25q2 kept fixed.
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-
n
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The quark structure of the initial and final mesons is giv
in terms of the verticesG1 andG2, respectively. The initial
pseudoscalar meson vertex has the spinorial structureG1

5 ig5G1 /ANc; the final meson vertex has the structureG2

5 ig5G2 /ANc for a pseudoscalar state and the struct
G2m5@Agm1B(k12k3)m#G2 /ANc, A521, B51/(As2

1m11m3) for an S-wave vector meson.

The double spectral densitiesf̃ of the form factors are
obtained by calculating the relevant traces and isolating

Lorentz structures depending onp̃1 and p̃2. These invariant

factors f̃ account for the two-particle singularities in th
Feynman graph.

For q2,0 the spectral representations of the form fact
have the form@18#
f i~q2!5
1

16p2E(m11m3)2

`

ds2w2~s2!E
s1

2(s2 ,q2)

s1
1(s2 ,q2)

ds1w1~s1!
f̃ i~s1 ,s2 ,q2!

l1/2~s1 ,s2 ,q2!
, ~2!

where the wave functionw i(si)5Gi(si)/(si2Mi
2) and

s1
6~s2 ,q2!5

s2~m1
21m2

22q2!1q2~m1
21m3

2!2~m1
22m2

2!~m1
22m3

2!

2m1
2

6
l1/2~s2 ,m3

2 ,m1
2!l1/2~q2,m1

2 ,m2
2!

2m1
2

l

-
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f
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n
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e-
and l(s1 ,s2 ,s3)5(s11s22s3)224s1s2 is the triangle
function.2 The analytical continuation of the expression~2!
to the region q2.0 gives the form factor atq2<(m2
2m1)2. Explicit expressions of the double spectral densit
of all the form factors in Eq.~1! and more details can b
found in @18#.3

The soft wave function of a mesonM @q(mq)q̄(mq̄)# can
be written as follows:

w~s!5
p

A2

As22~mq
22mq̄

2
!2

As2~mq2mq̄!2

w~k2!

s3/4
~3!

2The spectral densitiesf̃ include proper subtraction terms. The
subtraction terms have been determined in@18# by matching the
structure of the heavy quark expansion in the quark model to
structure of the heavy-quark expansion in QCD.

3The spectral representations~2! take into account the long
distance contributions connected with the structure of initial a
final mesons. To describe additional long distance effects, Eq~2!
should be multiplied by the constituent quark form fact
f q2→q1

(q2) which contributes to the resonance structure in theq2

channel. However, in the region of calculationq2,(m22m1)2, the
wave functions provide already for a rise of the form factors w
q2, which is well compatible with a properly located meson po
Thus, an additional quark form factor is not needed there, but
will use a proper extrapolation formula when considering the vic
ity of the poles@see Eq.~9! below#.
s

with k25l(s,mq
2 ,mq̄

2)/4s. Here the ground-state radia
S-wave functionw(k2) is normalized as*w2(k2)k2dk51.

As demonstrated in@18# the form factors develop the cor
rect structure of the long-distance corrections in accorda
with QCD in the leading and next-to-leading 1/mQ orders, if
the radial wave functionsw(k2) are localized in a region o
the order of the confinement scale,k2&L2. We assume a
simple Gaussian parametrization of the radial wave funct

w~k2!}exp~2k2/2b2!, ~4!

which satisfies the localization requirement forb.LQCD .
The leptonic decay constant of the pseudoscalar mesof P

is given in terms of its wave function by the spectral rep
sentation@18#

f P5ANc~mq1mq̄!E dsw~s!
l1/2~s,mq

2 ,mq̄
2
!

8p2s

3
s2~mq2mq̄!2

s
. ~5!

e

d

.
e
-

TABLE II. Leptonic decay constants of the pseudoscalar m
sons in MeV calculated via 5 with the parameters of Table I.

f p f K f D f B f hs
f Ds

f Bs

132 160 200 180 183 220 200
6-3
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TABLE III. Meson masses in GeV from PDG@31#.

Mp MK Mh Mh8 MD MDs
MB MBs

M r MK* Mf MD* MD
s*

0.14 0.49 0.547 0.958 1.87 1.97 5.27 5.37 0.77 0.89 1.02 2.01 2
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III. PARAMETERS OF THE MODEL
AND NUMERICAL RESULTS

A. Parameters of the model

We consider the slope parameterb of the meson wave
function ~4! and the constituent quark masses as fit para
eters. The relevant values for theB, r, andp mesons have
already been determined in@24# from a fit to the lattice re-
sults on the form factorsT2(q2) and A1(q2) @see Eq.~7!
below# at q2519.6 and 17.6 GeV2 @14#. Thereby, use has
been made of the spectral representation of the leptonic
cay constant~5!, and the double spectral representations~2!
of the form factors. The values obtained formb , mu , and
bB , br , bp are displayed in Table I.

A few comments on these numbers are in order:
The quark model double spectral representations take

account long-range QCD effects but not the short-range
turbative corrections. However, by fitting the wave functio
and masses to reproduce the lattice points, these correc
are effectively taken care of: Corrections to the quark pro
gators correspond to the appearance of the effective q
masses. Corrections to the vertices at the relevant value
the recoil variablev5(MB

21mp
2 2q2)/2MBMp should be

small as found in form factors of other meson transitio
@26#.

The value obtained for theb-quark massmb54.85 GeV is
close to the one-loop pole mass which in fact is the relev
mass for quark model calculations.

We now need to fix the parameters describing the stra
and charmed mesons. The charm quark mass can be d
mined from the well-known 1/mQ expansion of the heavy
meson mass in terms of the heavy quark mass and the
ronic parametersL̄, l1 andl2. Using the recent estimates o
these parameters@27# one finds

mb2mc.3.4 GeV. ~6!

This provides mc.1.45 GeV. For ms one expectsms
.350– 370 MeV taking into account thatmu5230 MeV.

TABLE IV. The D→K,K* transition form factors.MV5MD
s*

52.11 GeV; M P5MDs
51.97 GeV. For the form factors

F1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the other form
factors, Eq.~10!.

D→K D→K*

F1 F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.78 0.78 0.75 1.03 0.76 0.66 0.49 0.78 0.78 0
s1 0.24 0.38 0.27 0.27 0.17 0.30 0.67 0.25 0.02 1.
s2 0.46 0.20 0.16 1.80 0.34
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A stringent way to constrain the parametersms , bK ,
bK* , andbD is provided by the measured integrated rates
the semileptonic decaysD→(K,K* ) ln. In addition we apply
the relation~5! which connectsbK with ms by using the
known value of theK-meson leptonic decay constantf K
5160 MeV. The parameter values found this way are d
played in Table I.4 The corresponding form factors and d
cay rates are given in Tables IV and VI.

The polarization of theK* in the D→K* ln decays turns
out to be in good agreement with the experimental res
~Table VI!, and the calculatedD meson decay constantf D
5200 MeV corresponds to the expectation for the magnitu
of this quantity.

The parameterbD* cannot be found this way, but i
should be close tobD because of the heavy quark symmet
requirements. We therefore setbD* 5bD .

Also listed in Table I are the parameters which descr
strange heavy mesons~see also Tables II and III!. They are
discussed in subsection D.

The knowledge of the wave functions and the qua
masses allows the calculation of the form factors in Eq.~1!.
It is however more convenient to present our results in te
of the dimensionless form factorsF1 , F0 , f T , V, A0 , A1 ,
A2 , T1 , T2 , T3 @1# which are the following linear combina
tions of the form factors given in Eq.~1!:

F15 f 1 , F05 f 11
q2

Pq
f 2 , FT52~M11M2!s,

V5~M11M2!g, A15
1

M11M2
f , ~7!

4In @25# a different set of the parameters was used which a
provided a good description of the available experimental data
semileptonicB and D decays. However, the corresponding for
factors have a rather flatq2-dependence and do not match the latti
results at largeq2.

TABLE V. Comparison of the results of different approach
for the semileptonicD→K,K* form factors atq250.

Ref. F1(0) FT(0) V(0) A1(0) A2(0)

This work 0.78 0.75 1.03 0.66 0.49
WSB @1# 0.76 2 1.3 0.88 1.2
Jaus’96@4# 0.78 2 1.04 0.66 0.43
SR @9# 0.60~15! 2 1.10~25! 0.50~15! 0.60~15!

Lat~average! @13# 0.73~7! 2 1.2~2! 0.70~7! 0.6~1!

Lat @15# 0.71~3! 0.66~5! 2 2 2

Exp @29# 0.76~3! 2 1.07~9! 0.58~3! 0.41~5!
6-4
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A252~M11M2!a1 , A05
1

2M2
~ f 1q2

•a21Pq•a1!,

T152g1 , T252g12
q2

Pq
g2 , T35g22

Pq

2
g0 .

The form factors~7! are defined such that they involve on
contributions of resonances in theq2 channel with the same
spin, whereas some of the form factors defined by the Eq~1!
contain contributions of resonances with different spins. T
form factors F1 , FT , V, T1 contain a pole atq25MV

2

[M12
2 andA0 contains a pole atq25MB[M02

2 ~more de-
tails are given in the Appendix!.

The remaining form factors,F0 , A1 , A2 , T2 andT3, do
not contain contributions of the lowest lying negative par
states~for instance,F0 contains a contribution of the 01

state, andA1 contains that of the 11 which have consider-
ably higher masses!. As a result they have a rather flatq2

behavior in the decay region, whereas the form factorsF1 ,
FT , V, T1 , A0 are rising more steeply.

From the spectral representations~2! together with the
parameter values of Table I the form factors are obtai
numerically. For the applications it is convenient, howev
to represent our results by simple fit formulas which interp
late these numerical values within a 1% accuracy for allq2

values in the region 0,q2,(m22m1)2. Also, they should
be appropriate for a simple extrapolation to the resona
region.

Let us start with the form factorsF1 , FT , V, T1 , A0. If
we interpolate the results of the calculation with the sim
three-parameter fit formula

f ~q2!5
f ~0!

~12q2/M2!„12q2/~aM !2
…

, ~8!

TABLE VI. The D→(K,K* ) ln decay rates in 1010 s21 ob-
tained within different approaches,uVcsu50.975.

Ref. G(D→K) G(D→K* ) G(K* )/G(K) GL /GT

This work 9.7 6.0 0.63 1.28
Jaus’96@4# 9.6 5.5 0.57 1.33
SR @9# 6.5~1.5! 3.8~1.5! 0.50~15! 0.86~6!

Exp @30# 9.3~4! 5.7~7! 0.61~7! 1.23~13! @31#

TABLE VII. The calculatedD→p,r transition form factors.
MV5MD* 52.01 GeV;M P5MD51.87 GeV. For the form factors
F1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the other form
factors, Eq.~10!.

D→p D→r

F1 F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.69 0.69 0.60 0.90 0.66 0.59 0.49 0.66 0.66 0
s1 0.30 0.54 0.34 0.46 0.36 0.50 0.89 0.44 0.38 1.
s2 0.32 0.50 0.17
01400
e

d
,
-

e

e

the least-x2 interpolation procedure leads in all cases to
value of the parameterM which is within 3% equal to the
lowest resonance mass. We consider this fact to be an
portant indication for the proper choice of the quark-mod
parameters and for the reliability of our calculations. W
therefore prefer to fix the pole massM to its physical value.
The fit functions~8! represent the results now with an acc
racy of less than 2%. To achieve the accuracy of less t
1% in all cases we take the form@24#

f ~q2!5
f ~0!

~12q2/M2!@12s1q2/M21s2q4/M4#
, ~9!

whereM5M P for the form factorA0 and M5MV for the
form factorsF1 , FT , V, T1. In the tables below we quote
numerical values ofs2 only if an accuracy of better than 1%
cannot be achieved withs250, and takes250 if this accu-
racy can already be achieved with the two parametersf (0)
ands1. A two-parameter fit was discussed in@28#.

For the heavy-to-light meson transitions the masses of
lowest resonances are not very much different from the hi
estq2 values in the decay. Equation~9! then allows an esti-
mate of the residues of these poles. These residues ca
expressed in terms of products of weak and strong coup
constants~see Appendix!. The errors for these constants in
duced by changings1 ands2 in our fitting procedure~keep-
ing to the 1% requirement! do not exceed 10%. Moreove
the residues of the form factors at the meson pole are
independent and satisfy certain constraint@see Eq.~A5! in
the Appendix#, which provides a consistency check of th
extrapolations. The mismatch in Eq.~A5! is always below
10%, and in most of the cases much lower.

TABLE VIII. Comparison of the results of different approache
for the semileptonicD→p,r form factors atq250.

Ref. F1(0) FT(0) V(0) A1(0) A2(0)

This work 0.69 0.60 0.90 0.59 0.49
WSB @1# 0.69 2 1.23 0.78 0.92
Jaus’96@4# 0.67 2 0.93 0.58 0.42
SR @9# 0.50~15! 2 1.0~2! 0.5~2! 0.4~2!

Lat~ave! @13# 0.65~10! 2 1.1~2! 0.65~7! 0.55~10!

Lat @15# 0.64~5! 0.60~7! 2 2 2

TABLE IX. The D→(p,r) ln decay rates in 1010 s21, uVcdu
50.22.

Ref. G(D→p) G(D→r) G(r)/G(p) GL /GT

This work 0.95 0.42 0.45 1.16
WSB @1# 0.68 0.67 1.0 0.91
Jaus’96@4# 0.8 0.33 0.41 1.22
SR @9# 0.39~8! 0.12~4! 2 1.31~11!

Melikhov’97 @25# 0.62 0.26 0.41 1.27

Exp @32–34# 0.92~45! 0.45~22! 0.50~35! 2
6-5
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the main part of the form factors can be expressed through
the universal form factor - the Isgur-Wise function. How-
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For the form factorsF0 , A1 , A2 , T2 andT3 the contrib-
uting resonances (01, 11, etc.! lie farther away from the
physical decay region and the effect of any particular re
nance is smeared out. For these form factors the interpola
formula taken is5

f ~q2!5 f ~0!/@12s1q2/MV
21s2q4/MV

4 #. ~10!

If setting s250 allows us to describe the calculation resu
with better than 1% accuracy for allq2, a simple monopole
two-parameter formula is used.

The values off (0), s1, ands2 are given for each deca
mode in the relevant subsections.

B. Charmed meson decays

1. D\K,K*

TheD→K,K* decays are induced by the charged curr
c→s quark transition. As described in the previous secti
the measured total rates of these decays are used for a pr
fit of the parameters of our model. With the parameters
Table I we obtain the form factors listed in Table IV. Tab
V compares the form factors atq250 with the results of
other approaches and Table VI presents the decay rates
Extrapolating the form factors toq25MD*

2 ~or q25MD
2 for

A0) gives the following estimates of the coupling consta
~see the Appendix for the relevant formulas!:

gD
s* DK f

V

(Ds* )

2MD
s*

51.0560.05,
gDsDK* f P

(Ds)

2MK*
51.760.1,

TABLE X. The calculatedB→D,D* transition form factors.
MV5MB

c*
.M P5MBc

56.4 GeV. For the form factors

F1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the other form
factors, Eq.~10!.

B→D B→D*

F1 F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.67 0.67 0.69 0.76 0.69 0.66 0.62 0.68 0.68 0
s1 0.57 0.78 0.56 0.57 0.58 0.78 1.40 0.57 0.64 1.
s2 0.41 0.50
01400
-
on

t
,

cise
f

s

f
T

(Ds* )

f
V

(Ds* )
50.9560.05,

gD
s* DK*

gD
s* DK

51.160.1.

2. D\p,r

These decays are induced by thec→d charged current.
Since all the necessary parameters have already been fi
this mode allows for parameter-free predictions. Table V
presents the results of our calculations. In Tables VIII and
we compare our results with different approaches and w
experimantal data. The form factors atq250 are close to the
predictions of the relativistic quark model of Ref.@4#, but the
q2 dependence is different such that our model and@4# pre-
dict different decay rates. Although the experimental err
are very large and nearly all theoretical results agree w
experiment, we notice perfect agreement of our decay r
with the central values.

For the coupling constants we get the following relation

gD* Dp f V
(D* )

2MD*
51.0560.05,

gDDr f P
(D)

2M r
52.160.2,

f T
(D* )

f V
(D* )

50.960.1,
gD* Dr

gD* Dp

51.360.2.

Taking f V
(D* ).220 MeV, we find

gD* Dp51863

in perfect agreement with a calculation ofgD* Dp based on
combining PCAC with the dispersion approach@35#.

C. Beauty meson decays

1. B\D,D*

These decays arise from the heavy-quarkb→c transition.
Here one has rigorous predictions for the expansion of
form factors in terms of the heavy-quark mass@20#. Namely,
TABLE XI. Comparison of the results of different approaches for the semileptonicB→D,D* form
factors atq250.

Ref. F1(0) A1(0) R1(0)5V(0)/A1(0) R2(0)5A2(0)/A1(0)

This work 0.67 0.66 1.15 0.94
Jaus’96@4# 0.69 0.69 1.17 0.93
Neubert@36# 1.3 0.8
Close, Wambach@37# 1.15 0.91

Exp @38# 1.1860.1560.16 0.7160.2260.07

5One should note that the parameterss1 ands2 in the fit formula~10! for the form factorsF0 , A1 , A2 , T2, andT3 are introduced in a
different way than in the fit formula~9! for the form factorsF1 , FT , V, T1, andA0.
6-6
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TABLE XII. The B→(D,D* ) ln decay rates inuVcbu2 ps21.

Ref. G(B→D) G(B→D* ) G(D* )/G(D) GL /GT

This work 8.57 22.82 2.66 1.11
Jaus’96@4# 9.6 25.33 2.64
Melikhov’97
@25#

8.7 21.0 2.65 1.28

Exp (1.3460.15)1022 ps21 @39# (2.9860.17)1022 ps21 @31# 2.35~1.3! 1.24(0.16)@40#
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ever, different models provide differentq2 dependences o
the Isgur-Wise function as well as different subleading 1/mQ
corrections.

We recall that our spectral representations of the fo
factors explicitly respect the structure of the long-distan
QCD corrections in the leading and the subleading order
the heavy-quark expansion. Thus, we expect reliable pre
tions for the form factors. Our numerical results are summ
rized in Tables X, XI, and XII.

For the coupling constants we find

gB
c* BDf

V

(Bc* )

2MB
c*

51.5660.15,
gBcBD* f P

(Bc)

2MD*
53.360.3,

f
T

(Bc* )

f
V

(Bc* )
50.960.1,

gB
c* BD*

gB
c* BD

51.0560.05.

2. B\K,K*

These decays are induced by theb→s flavor changing
neutral current~FCNC!. We recall that theB→p,r form
factors at largeq2 have been used to fix the parameters of
model. Thus we expect that the predictions for theB

FIG. 2. Form factors of theB→K* transition vs the lattice
results.
01400
e
of
c-
-

e

→K,K* form factors which in fact differ from the forme
mode only by SU~3! violating effects should be particularl
reliable. Table XIII presents the calculated form factors a
Fig. 2 exhibits our predictions together with the availab
lattice results at largeq2. The good agreement shows that t
size and the sign of the SU~3! violating effects are correctly
accounted for~see also Table XIV!.
For the coupling constants we obtain

gB
s* BKf

V

(Bs* )

2MB
s*

50.6560.05,
gBsBK* f P

(Bs)

2MK*
51.6560.1,

f
T

(Bs* )

f
V

(Bs* )
50.9560.05,

gB
s* BK*

gB
s* BK

51.1560.05.

3. B\p,r

The B→r transition has been used for determining t
parameters of our quark model in theu,d and b sectors by
fitting the quark-model form factors to available lattice r
sults onT2 and A1 at largeq2 in @24#. The corresponding
form factors and the decay rates have been calculated in
article. We present the results of@24# in terms of parametri-
zations for the form factors of the set~7! ~see Table XV!
which have not been given in that paper. The only differen
of the results presented here with the results of@24# occurs
for the B→p form factorsF1 and F0 at q2>20 GeV2. In
@24# these quantities are not calculated directly but extra
lated from the regionq2<20 GeV2. The parametrizations o
f 1 and f 2 in @24# correspond togB* Bp.50. The parametri-
zation given here, on the other hand, corresponds togB* Bp

.32 which is in agreement with recent analyses of t
quantity@35,41#. At q2<20 GeV2 both parametrizations de

TABLE XIII. The calculatedB→K,K* transition form factors.
MV5MB

s*
55.42 GeV;M P5MBs

55.37 GeV. For the form factors

F1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the other form
factors, Eq.~10!.

B→K B→K*

F1 F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.36 0.36 0.35 0.44 0.45 0.36 0.32 0.39 0.39 0.
s1 0.43 0.70 0.43 0.45 0.46 0.64 1.23 0.45 0.72 1.
s2 0.27 0.36 0.38 0.62 0.41
6-7
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TABLE XIV. Comparison of the results of different approaches for theB→K,K* form factors atq2

50.

Ref. F1(0) FT(0) V(0) A1(0) A2(0) A0(0) T1(0) T3(0)

This work 0.36 0.35 0.44 0.36 0.32 0.45 0.39 0.27
SR @10# 0.25 - 0.47 0.37 0.40 0.30 0.38 -
Lat1Stech@14# - - 0.38 0.28 - 0.32 0.32 -
LCSR’98 @11# 0.34 0.374 0.46 0.34 0.28 0.47 0.38 0.26
Lat @15# 0.30~4! 0.29~6! - - - - - -
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42
scribe the results of the numerical calculation well and ag
with the available results from lattice QCD atq2<22 GeV2

@16#. For these reasons, the earlier resultG(B→p ln)
58.3uVubu2 ps21 calculated with the parametrization of th
form factor F1 from Table XV remains practically un
changed compared to@24#.

The form factorF0 at large q2 lies below the centra
lattice values but nevertheless agrees with lattice res
within the given error bars. Notice however that in our mod
the form factorF0 is calculated as a difference off 1 and f 2

and at largeq2 turns out to be much more sensitive to t
subtle details of the pion wave function, thanf 1 and f 2

separately. A simple Gaussian wave function which wo
quite well for f 1 and f 2 , might not be sufficiently accurat
for F0.

Table XVI compares the results obtained from the qu
model of Ref.@24# with results from the quark model of Jau
@4# and latest light-cone sum rule~LCSR! results@11#. One
observes very good agreement between the quark mod
Jaus, LCSRs, and our approach. The only visible differe
with the LCSR method occurs in the form factorA0(0),
which is caused by small differences of the two methods
A1(0) and A2(0) @recall that A0(0)5„(M11M2)A1(0)
2(M12M2)A2(0)…/2M2]. This discrepancy exceeds th
15% error bar quoted for the LCSR results only margina
If the LCSR results at smallq2 and lattice results at largeq2

are correct, our approach surely provides a realistic desc
tion of the form factors at all kinematically accessibleq2

values.
Extrapolating the form factors to the poles, we obtain

gB* Bp f V
(B* )

2MB*
50.660.05,

gBBr f P
(B)

2M r
51.460.2,

f T
(B* )

f V
(B* )

50.9760.03,
gB* Br

gB* Bp

51.260.1.

Using f V
B* .200 MeV gives the estimate

gBB* p53265, ĝ5
f p

2AMBMB*
gBB* p50.460.06.

~11!
01400
e

lts
l

s

k

of
e

n
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p-

The latter value is in good agreement with the lattice
sult ĝ50.4260.0460.08 @41# and is only slightly smaller
than ĝ50.560.02 @35# based on combining PCAC with ou
dispersion approach.

Summing up our results on the decays of the nonstra
heavy mesons, we found no disagreement neither with
exisiting experimental data nor with the available results
the lattice QCD or sum rules in their specific regions
validity. The only exception is the form factorF0 at largeq2

in B→p and D→p decays, where our results are lyin
slightly below the lattice points. However, this disagreem
can be related to a strong sensitivity ofF0 at largeq2 to the
details of the pion wave function. Small changes in the p
wave function, which only marginally affectf 1 and f 2 , can
change the form factorF0. But such subtle effects are be
yond the scope of our present analysis.

In the next section we apply our model to the decays
strange heavy mesons for which a few new parameters h
to be introduced which are specific to the description
weak decays of strange heavy mesons to light mesons.

D. Decays of the strange mesonsDs and Bs

Before dealing with these decays, we must first spec
the slope parameters of theBs and theDs wave function. We
obtain these parameters by applying Eq.~5! and using
f Bs

/ f B51.1 and f Ds
/ f D51.1 in agreement with the lattice

estimates for these quantities@13#. The resulting values of
the slope parameters are listed in Table I. Since all ot
parameters have already been fixed the calculation of
form factors is straight forward. The only exceptions are
decays into theh,h8,f final states. For these decays w
need to know thef wave function, the mixing angle and th
slope of the radial wave function of thess̄ component inh

TABLE XV. The calculatedB→p,r transition form factors.
MV5MB* 55.32 GeV;M P5MB55.27 GeV. For the form factors
F1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the other form
factors, Eq.~10!.

B→p B→r

F1 F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.29 0.29 0.28 0.31 0.30 0.26 0.24 0.27 0.27 0.
s1 0.48 0.76 0.48 0.59 0.54 0.73 1.40 0.60 0.74 1.
s2 0.28 0.10 0.50 0.19 0.51
6-8
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TABLE XVI. Comparison of the results of different approaches on weakB→p,r form factors atq2

50.

Ref. F1(0) FT(0) V(0) A1(0) A2(0) A0(0) T1(0) T3(0)

This work 0.29 0.28 0.31 0.26 0.24 0.29 0.27 0.19
Jaus’96@4# 0.27 - 0.35 0.26 0.24 - -
LCSR’98 @11# 0.305 0.296 0.34 0.26 0.22 0.37 0.29 0.20
Lat @15# 0.28~4! 0.28~7! - - - - - -
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and h8. Our procedure of fixing these parameters are d
cussed in the relevant subsection.

1. Ds\K,K*

These meson transition are driven by the charged-cur
c→d quark transition. The results of the calculation a
given in Table XVII. The predictions for the semilepton
decay rates are displayed in Table XVIII.

For the coupling constants we obtain

gD* DsK
f V

(D* )

2MD*
50.9560.05,

gDDsK* f P
(D)

2MK*
51.8560.15,

f T
(D* )

f V
(D* )

50.960.1,
gD* DsK*

gD* DsK

51.1560.15.

2. Ds\h,h8,f

These decay modes are induced by the charged cu
c→s quark transition. The pseudoscalar mesonsh and h8
are mixtures of the nonstrange and the strange compon
with the flavor wave functionshn[(ūu1d̄d)/A2 and hs

5 s̄s, respectively,

h5cos~w!hn2sin~w!hs

~12!
h85sin~w!hn1cos~w!hs ,

with the anglew.40° @42,43#. The decay rates of interes
are

G~Ds→h ln!5sin2~w!G„Ds→hs~Mh!ln…
~13!

G~Ds→h8ln!5cos2~w!G„Ds→hs~Mh8!ln….

TABLE XVII. The calculatedDs→K,K* transition form fac-
tors. MV5MD* 52.01 GeV; M P5MD51.87 GeV. For the form
factors F1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the
other form factors, Eq.~10!.

Ds→K Ds→K*

F1 F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.72 0.72 0.77 1.04 0.67 0.57 0.42 0.71 0.71 0
s1 0.20 0.41 0.24 0.24 0.20 0.29 0.58 0.2220.06 1.08
s2 0.70 0.42 0.44 0.68
01400
-

nt

nt

nts

Let us give a brief explanation of these formulas: The se
leptonic decay rates are determined by the form factorf 1 .
The spectral representation of this form factor does not
volve the final meson mass explicitly. This means that for
s̄s component of bothh and h8 we have to deal with the
same form factor, which can be expressed through the ra
wave function of this component. On the other hand,
phase-space volume of the decay process is determine
the physical meson masses, as indicated in Eq.~13!. It should
be clear, however, that thehs is not an eigenstate of th
Hamiltonian and does not have a definite mass.

Assuming universality of the wave functions of th
ground state pseudoscalar 02 nonet, the radial wave function
of the nonstrange componentChn

coincides with the pion

radial wave function@42#. The radial wave functionChs

should be determined independently. From the analysis
broad set of processes the leptonic decay constantf s of the
strange componenths , has been found to lie in the interva
f s5(1.3660.04)f p @43#. This allows us to determine th
slope parameterbhs

in such a way that the calculated valu

of f s lies in this interval, and the calculated ratioG(Ds
→h)/G(Ds→h8) agrees with the experimental data forw
540°. This procedure yields for the slope parameterbhs

50.45.6 For the slope parameterbf of the wave function of
thef-meson, which is the vectorss̄ state, we expect a valu
close tobhs

.

In fact,bf50.45 GeV leads to theBs→f transition form
factors which agree well with the LCSR results atq250 ~see
subsection 4!. With all other quark model parameters fixe
from the description of the nonstrange heavy meson dec
and by taking a simple Gaussian form of the radial wa
function, the decay rateG(Ds→f ln) is a function ofbf .
This function has a minimum at the valuebf50.45 GeV;
nevertheless, the corresponding value of the decay rate iss

6Another procedure of taking into account the SU~3! breaking
effects to obtainChs

from Chn
has been proposed in@42#.

5

TABLE XVIII. The Ds→(K,K* ) ln decay rates in 1010 s21,
uVcdu50.22.

Ref. G(Ds→K) G(Ds→K* ) G(K* )/G(K) GL /GT

This work 0.63 0.38 0.6 1.21
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TABLE XIX. The calculatedDs→hs ,f transition form factors.MV5MD
s*
52.11 GeV; M P5MDs

51.97 GeV. For the form factorsF1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the other form factors
Eq. ~10!.

Ds→hs(Mh) Ds→hs(Mh8) Ds→f

F1 F0 FT F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.78 0.78 0.80 0.78 0.94 1.10 0.73 0.64 0.47 0.77 0.77 0.
s1 0.23 0.33 0.24 0.21 0.24 0.26 0.10 0.29 0.63 0.25 0.02 1.
s2 0.38 0.76 2.01 0.45
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62
above the central experimental value!.
The results of our calculations are given in Tables X

and XX.
For the coupling constants we obtain

gD
s* Dshs

f
V

(Ds* )

2MD
s*

51.060.1,
gDsDsf

f P
(Ds)

2Mf
51.660.3,

f
T

(Ds* )

f
V

(Ds* )
50.9360.03,

gD
s* Dsf

gD
s* Dshs

51.0860.04.

3. Bs\K,K*

This mode is driven by theb→u charged current transi
tion. The only additional new parameter needed here is
slope of theBs wave function. We obtain it by using Eq.~5!
and taking f Bs

/ f B51.1. The results of our calculation ar
given in Table XXI.

These form factors lead to the following relations:

gB* BsK
f V

(B* )

2MB*
50.4460.04,

gBBsK* f P
(B)

2MK*
51.360.1,

f T
(B* )

f V
(B* )

50.9560.05,
gB* BsK*

gB* BsK

51.260.1.

The form factors atq250 are compared with the LCSR
predictions in Table XXII. We observe some disagreem
between our predictions and the LCSR calculation wh
gives smaller values for all the form factors. A closer look
the origin of this discrepancy shows that its source is
strength and sign of the SU~3!-breaking effects. They lead t
opposite corrections in the two approaches.

TABLE XX. The Ds→(h,h8,f) ln decay rates in 1010 s21,
uVcsu50.975. The experimental rates are obtained from the co
sponding branching ratios using theDs lifetime tDs

50.495
60.013 ps from the 1999 update@31#.

Ref. G(Ds→h) G(Ds→h8) G(Ds→f)

This work 5.0 1.85 5.1
Exp @31# 5.261.3 2.060.8 4.0461.01
01400
e
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To discuss these SU~3! breaking effects, let us start with
B→r, which in fact differs from theBs→K* only by the
flavor of the spectator quark, and move toBs→K* by ac-
counting for the SU~3! violating effects:

Within the LCSR method there are two changes wh
affect the form factors: first, the changef Bs

→ f B leads to an

increase of theBs→K* form factors; second, the change
the symmetric twist-two distribution amplitude of th
r-meson to the asymmetric one of theK* meson leads to a
decrease of the form factors. The second effect turns ou
be much stronger than the first one with the result of
overall decrease of the form factors.

In the quark model, the same SU~3! breaking effects take
place: The change of the spectator mass~it determines the
increase off Bs

/ f B) and the change of theK* meson wave
function ~due to the change of both the quark mass and
slope parameter of the light meson wave function!. Here the
influence of the slope of the heavy meson wave funct
upon the form factor is only marginal. Therefore, the resu
ing effect of these changes leads to an increase of the f
factors.

We want to point out that the difference between the
sults of the two approaches does not arise from specific
fects ~higher twists, higher radiative corrections, etc.! which
are present in the LCSRs but absent in the quark model.
observed difference is only due to the different strength
the SU~3! violating effects at the level of the twist-2 distr
bution amplitude. As was discussed in@26#, this distribution
amplitude can be expressed through the radial soft w
function of the meson. The change of the quark-model w
function caused by SU~3! violating effects does not induce
strong asymmetry in the leading twist-2 distribution amp
tude.

In view of the discrepancy between our results and

e-

TABLE XXI. The calculatedBs→K,K* transition form factors.
MV5MB* 55.32 GeV;M P5MB55.27 GeV. For the form factors
F1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the other form
factors, Eq.~10!.

Bs→K Bs→K*

F1 F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.31 0.31 0.31 0.38 0.37 0.29 0.26 0.32 0.32 0.
s1 0.63 0.93 0.61 0.66 0.60 0.86 1.32 0.66 0.98 1.
s2 0.33 0.70 0.30 0.30 0.16 0.60 0.54 0.31 0.90 0.
6-10
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WEAK FORM FACTORS FOR HEAVY MESON DECAYS: . . . PHYSICAL REVIEW D62 014006
LCSR it would be interesting to have independent calcu
tions of the Bs→K* form factors at smallq2 from the
3-point sum rules, as well as a lattice calculation for largeq2.

4. Bs\h,h8,f

These weak meson transitions are induced by the FC
b→s quark transition. The results of the form factor calc
lation are given in Table XXIII and compared with th
LCSR predictions atq250 in Table XXIV. The agreemen
between the two values is satisfactory at least within
declared 15% accuracy of the LCSR predictions. This allo
us to expect that also theDs→f,h,h8 form factors and the
corresponding decay rates~given earlier in subsection 2! are
calculated reliably.

For the coupling constants we obtain

gB
s* Bshs

f
V

(Bs* )

2MB
s*

50.660.05,
gBsBsf

f P
(Bs)

2Mf
51.560.1,

f
T

(Bs* )

f
V

(Bs* )
50.9560.05,

gB
s* Bsf

gB
s* Bshs

51.1360.06.

IV. CONCLUSION

We have calculated numerous form factors of heavy m
son transitions to light mesons which are relevant for
semileptonic~charged current! and penguin~flavor-changing
neutral current! decay processes. Our approach is based
evaluating the triangular decay graph within a relativis
quark model which has the correct analytical properties
satisfies all known general requirements of QCD.

The model connects different decay channels in a uni
way and gives the form factors for all relevantq2 values. The
disadvantage of the constituent quark model connected
its dependence on ill-defined parameters such as the effe
constituent quark masses, have been reduced by using

TABLE XXII. Comparison of the QM and LCSR results on th
Bs→K,K* form factors atq250.

Ref. V(0) A1(0) A2(0) A0(0) T1(0) T3(0)

This work 0.38 0.29 0.26 0.37 0.32 0.23
LCSR’98 @11# 0.262 0.19 0.164 0.254 0.22 0.16
01400
-
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eral constraints: the quark masses and the slope param
of the wave functions are chosen such that the calcula
form factors reproduce the lattice results for theB→r form
factors at largeq2 and the observed integrated rates of t
semileptonicD→K,K* decays.

Our main results are as follows:
In spite of the rather different masses and properties

mesons involved in weak transitions, all existing data on
form factors, both from theory and experiment, can be
derstood in our quark picture. Namely, all the form facto
are essentially described by the few degrees of freedom
constituent quarks, i.e. their wave functions and their eff
tive masses. Details of the soft wave functions are not c
cial; only the spatial extention of these wave functions
order of the confinement scale is important. In other wor
only the meson radii are essential.

The calculated transition form factors are in all cases
good agreement with the results available from lattice Q
and from sum rules in their specific regions of validity. Th
only exception is a disagreement with the LCSR results
the Bs→K* transition where we predict larger form factor
This disagreement is caused by a different way of taking i
account the SU~3! violating effects when going fromB→r
to Bs→K* and is not related to specific details of the d
namics of the decay process. We suspect that the LC
method overestimates the SU~3! breaking in the long-
distance region but this problem deserves further clarifi
tion.

We have estimated the products of the meson weak
strong coupling constants by using the fit formulas for t
form factors for the extrapolation to the meson pole. T
error of such estimates connected with the errors in the
trapolation procedure is found to be around 5–10 %.

We cannot provide for definite error estimates of our p
dictions for the form factors because of the approxim
character of the constituent quark model. However from
fine agreement obtained in cases where checks are pos
we believe that the actual accuracy of our predictions for
form factors is around 10%. Since some parameters h
been fixed by using lattice results and have also been te
using the sum rule predictions, further improvements of
accuracy of our predictions will follow if these approach
attain smaller errors. Of course, each precisely measured
cay will also allow a more accurate determination of t
parameters of the model and thus can be used to diminish
errors at least for closely related decays.
,

26
41
57
TABLE XXIII. The calculated Bs→hs ,f transition form factors.MV5MB
s*
55.42 GeV; M P5MBs

55.37 GeV. For the form factorsF1 ,FT ,V,A0 ,T1 the fit formula Eq.~9! is used; for the other form factors
Eq. ~10!.

Bs→hs(Mh) Bs→hs(Mh8) Bs→f

F1 F0 FT F0 FT V A0 A1 A2 T1 T2 T3

f (0) 0.36 0.36 0.36 0.36 0.39 0.44 0.42 0.34 0.31 0.38 0.38 0.
s1 0.60 0.80 0.58 0.80 0.58 0.62 0.55 0.73 1.30 0.62 0.83 1.
s2 0.20 0.40 0.18 0.45 0.18 0.20 0.12 0.42 0.52 0.20 0.71 0.
6-11



n
-

o

nt

t

k

re

in
on-

l-

not
fol-

ency

the

e

D. MELIKHOV AND B. STECH PHYSICAL REVIEW D 62 014006
ACKNOWLEDGMENTS

We are grateful to D. Becirevic, M. Beyer, Th. Feldman
A. Le Yaouanc, N. Nikitin, O. Pe`ne, and S. Simula for help
ful and interesting discussions. One of us~D.M.! gratefully
acknowledges the financial support of the Alexander v
Humboldt Stiftung.

APPENDIX: WEAK AND STRONG MESON COUPLING
CONSTANTS

We provide here definitions of the coupling consta
which determine the behavior of the form factors atq2 near
the resonance poles~beyond the decay region!. We consider
as an example the case of theB→p,r transition.

1. Weak decay constants

Weak decay constants of mesons are determined by
following relations:

^B~q!ub̄~0!gmg5q~0!u0&5 i f P
(B)qm

^B* ~q!ub̄~0!gmq~0!u0&5em
(B* )MB* f V

(B* ) ~A1!

^B* ~q!ub̄~0!smnq~0!u0&5 i ~em
(B* )qn2en

(B* )qm! f T
(B* ) ,

whereem
(B* ) is theB* polarization vector. In the heavy quar

limit one hasf P
(B)5 f V

(B* )5 f T
(B* ) .

2. Strong coupling constants

Strong coupling constants are connected with the th
meson amplitudes as follows:

^p~p2!B~p1!uB* ~q!&5
1

2
gB* BpPmem

(B* )

^r~p2!B~p1!uB* ~q!&5
1

2
eabmnea

(r)eb
(B* )Pmqn

gB* Br

MB*

^r~p2!B~p1!uB* ~q!&5
1

2
gB* BrPmem

(r) , ~A2!

where q5p12p2 , P5p11p2 and em is the polarization

TABLE XXIV. Comparison of the QM and LCSR results on th
Bs→f form factors atq250.

Ref. V(0) A1(0) A2(0) A0(0) T1(0) T3(0)

This work 0.44 0.34 0.31 0.42 0.38 0.26
LCSR’98 @11# 0.433 0.296 0.255 0.382 0.35 0.25
01400
,

n

s

he

e-

vector of the vector meson.
In the heavy quark limitgB* Br5gBBr .

3. Form factors

The form factorsF1 , FT , V, T1 contain pole atq2

5MB*
2 due to the contribution of the intermediateB* (12

state! in the q2 channel. The residue of this pole is given
terms of the product of the weak and strong coupling c
stants such that in the regionq2.MB*

2 the form factors read

F15
gB* Bp f V

(B* )

2MB*

1

12q2/MB*
2 1•••,

FT5
gB* Bp f T

(B* )

2MB*

MB1Mp

MB*

1

12q2/MB*
2 1•••,

~A3!

V5
gB* Br f V

(B* )

2MB*

MB1M r

MB*

1

12q2/MB*
2 1•••,

T15
gB* Br f T

(B* )

2MB*

1

12q2/MB*
2 1•••.

Here . . . stand for the terms non-singular atq25MB*
2 .

Similarly, A0 contains the contribution of theB (02

state!. In the region ofq2.MB
2 it can be represented as fo

lows:

A05
gBBr f P

(B)

2MB

MB

2M r

1

12q2/M2_B
1•••. ~A4!

First let us notice that the residues of the form factors are
all independent and are connected with each other as
lows:

Res~FT!Res~V!

Res~F1!Res~T1!
5

MB1M r

MB*

MB1Mp

MB*
. ~A5!

This relation can be used as a cross-check of the consist
of the extrapolation for the form factors.

The coupling constants are related to the residues of
form factors according to the relations

gB* Bp f V
(B* )

2MB*
5Res~F1!,

gBBr f P
(B)

2M r
52 Res~A0!,

f T
(B* )

f V
(B* )

5
Res~FT!

Res~F1!

MB*
MB1Mp

, ~A6!

gB* Br

gB* Bp

5
Res~V!

Res~F1!

MB*
MB1M r

.
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