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We describe the effective heavy meson Lagrangian forS- and P-wave heavy-light mesons in terms of a
model based on meson-quark interactions, where mesonic transition amplitudes are represented by diagrams
with heavy mesons attached to loops containing heavy and light constituent quarks. The model is relativistic
and incorporates the heavy quark symmetries. The universal form factors of the heavy meson transition
amplitudes are calculated together with their slopes and compared to existing data and limits. As further
applications of the model, strong and radiative decays ofD* andB* are considered. The agreement with data
is surprisingly good and shows that the model offers a viable alternative to effective meson Lagrangians which
require a larger number of input parameters.
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PACS number~s!: 13.25.Hw, 12.39.Hg, 13.25.Ft
he
p

w
re
ir
rk
o
f
hi
ns

u
gi
tly
e

es
av
to
e

i-
ve
r-

s
l-
o

ur
a
d

avy
at

w-
CD
a-

n an
ing
by

n-
rs

ex-

een
is
by

th
nd
a-
ocal

he
ar-

eri-
-
-
a
m-

all
I. INTRODUCTION

An effective theory for heavy mesons, implementing t
heavy quark symmetries, has been very successful at the
nomenological level~for reviews see@1# and references
therein!. Predictions are easily obtained once the unkno
effective couplings are fixed from experimental data. Mo
over, such an effective approach can be combined with ch
symmetry for light mesons, thus giving a simple framewo
for implementing the known approximate symmetries
quantum chromodynamics~QCD! @2#. The disadvantage o
such an approach is the number of free parameters, w
grows very rapidly if one tries to improve the calculatio
beyond leading order.

In order to go beyond the symmetry approach, one sho
be able to derive the free couplings at the meson Lagran
level from a more fundamental theory, for example direc
from QCD. This is clearly a difficult task. In the long run th
definitive answer will come from systematic first principl
calculations, such as in lattice QCD, but at present he
meson physical quantities such as spectra and form fac
are still subject to extrapolations, even if recent improv
ments are impressive@3#. Moreover, an alternative and intu
tive way for interpolating between QCD and an effecti
theory would be interesting in itself, allowing us to unde
stand better the underlying physics. Obviously there i
price to pay for any simplification that may allow us to ca
culate the parameters of an effective heavy meson the
without solving the nonperturbative QCD problem. O
point of view here will be to consider a quark-meson L
grangian where transition amplitudes are represented by
0556-2821/98/58~3!/034004~12!/$15.00 58 0340
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grams with heavy mesons attached to loops containing he
and light constituent quarks. It should be kept in mind th
what we study here is only a model and not full QCD. Ho
ever, one can hope to describe the essential part of the Q
behavior in some energy range and extract useful inform
tion from it.

Since the model used in the present paper is based o
effective constituent quark-meson Lagrangian contain
both light and heavy degrees of freedom, it is constrained
the known symmetries of QCD in the limitmQ→`. A simi-
lar model, for light quarks only, was pioneered, in the co
text of chirally symmetric effective theories, several yea
ago in @4#. A related approach is the one based on the
tended Nambu–Jona-Lasinio~NJL! models@5#, whose gen-
eralization to include both heavy and light quarks has b
studied in@6#. In this approach path integral bosonization
used, which replaces the effective 4-quark interactions
Yukawa-type couplings of heavy and light quarks wi
heavy meson fields. One may think of going even further a
try to bosonize directly QCD, but a number of approxim
tions are needed and one usually ends up with a nonl
Lagrangian.

In the following we are interested in the description of t
heavy meson interactions for the doublets with spin and p
ity JP5(11,01),(12,02),(21,11), i.e. S- and P-wave
heavy-light mesons. These states are the object of exp
mental search@7#. Our aim is therefore to extend the ap
proach of@4# and @6# to the description of the three spin
parity doublets mentioned above. We will consider
Lagrangian at the meson-quark level, fixing the free para
eters from data. This will allow us to deduce from a sm
© 1998 The American Physical Society04-1
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number of parameters the heavy meson couplings and f
factors, with a considerable reduction in the number of f
parameters with respect to the effective Lagrangian writ
in terms of meson fields only.

The plan of the paper is as follows. In Sec. II we give
outline of the model. In Sec. III we compute some fund
mental parameters of the model, such as mass splittings
renormalization constants. The model is used in Sec. IV
obtain predictions for semileptonicB decays into negative
parity and positive parity charmed resonances; in partic
we compute the relevant universal form factors that desc
such decays in themQ→` limit and discuss the Bjorken sum
rule @8#. In Sec. V we compute strong and radiativeD* and
B* decays. Finally in Sec. VI we draw our conclusions.

II. THE MODEL

To begin with we briefly review the description of th
heavy quark field in the heavy quark effective theo
~HQET! @1#. The heavy quark is defined as follows: we i
dicate byvm the velocity of the hadron containing the hea
quarkQ. This is almost on shell and its momentumpQ can
be written, introducing a residual momentumk, as

pQ5mQv1k. ~1!

One extracts the dominant partmQv of the heavy quark mo-
mentum by defining the new fieldQv :

Qv~x!5exp~ imQvx!Q~x!5hv~x!1Hv~x!. ~2!

The fieldhv is the large component field, satisfying the co
straintv”hv5hv . If the quarkQ is exactly on shell, it is the
only term present in the previous equation.Hv , the small
component field, is of the order 1/mQ and satisfiesv”Hv5
2Hv . The effective Lagrangian can be derived by integr
ing out the heavy fields in the QCD generating function
@9#; however, here we only show the effect of themQ→`
limit on the Feynman rules relevant to our calculation@10#.
The heavy quark propagator in the largemQ limit is

i

p”2mQ
.

i

v•k

11v”
2

. ~3!

The (11v” )/2 projection operator can always be moved clo
to a spinorhv , satisfyingv”hv5hv , sincev” commutes with
the heavy quark-gluon vertex.

In our model the heavy quark propagator appears in
loops always together with light quark propagators as
heavy mesons we consider are made up of constituent h
quarks and light antiquarks. The light-quark momentumk
may be taken equal to the integrated loop momentum and
heavy-quark propagator in the heavy quark limit become

i

v•k1D
~4!

whereD is the difference between the quark mass and
common mass of the heavy meson doublet.
03400
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A. Heavy meson fields

In order to implement the heavy quark symmetries in
spectrum of physical states the wave function of a he
meson has to be independent of the heavy quark flavor
spin. It can be characterized by the total angular momen
sl of the light degrees of freedom. To each value ofsl cor-
responds a degenerate doublet of states with angular mom
tum J5sl61/2. The mesonsP and P* form a spin-
symmetry doublet corresponding tosl51/2 ~for charm, for
instance, they correspond toD andD* !.

The negative parity spin doublet (P,P* ) can be repre-
sented by a 434 Dirac matrixH, with one spinor index for
the heavy quark and the other for the light degrees of fr
dom. These wave functions transform under a Lorentz tra
formationL as

H→D~L!HD~L!21 ~5!

whereD(L) is the usual 434 representation of the Lorent
group. Under a heavy quark spin transformationS,H→SH,
where S satisfies@v” ,S#50 to preserve the constraintv”H
5H.

An explicit matrix representation is

H5
~11v” !

2
@Pm* gm2Pg5# ~6!

H̄5g0H†g0 . ~7!

Here v is the heavy meson velocity,vmPam* 50 and MH

5M P5M P* . Moreover, v”H52Hv”5H, H̄v”52v” H̄5H̄
andP* m andP are annihilation operators normalized as fo
lows:

^0uPuQq̄~02!&5AMH ~8!

^0uP* muQq̄~12!&5emAMH. ~9!

The formalism for higher spin states is given in@11#. We will
consider only the extension toP-waves of the systemQq̄.
The heavy quark effective theory predicts two distinct m
tiplets, one containing a 01 and a 11 degenerate state, an
the other one a 11 and a 21 state. In matrix notation, analo
gous to the one used for the negative parity states, they
described by

S5
11v”

2
@P1m* 8gmg52P0# ~10!

and

Tm5
11v”

2 FP2*
mngn2A3

2
P1n* g5S gmn2

1

3
gn~gm2vm! D G .

~11!

These two multiplets havesl51/2 andsl53/2 respectively,
wheresl is conserved together with the spinsQ in the infinite
quark mass limit becauseJW5sW l1sWQ .
4-2
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B. Interaction terms

The effective quark-meson Lagrangian we introduce c
tains two terms:

L5Ll l 1Lhl . ~12!

The first term involves only the light degrees of freedom,
the light quark fieldsx and the pseudoscalarSU(3) octet of
mesonsp. At the lowest order one has

Ll l 5x̄~ iD mgm1gAA mgmg5!x2mx̄x1
f p

2

8
]mS†]mS.

~13!

Here Dm5]m2 iVm , j5exp(ip/fp), S5j2, f p5130 MeV
and

V m5
1

2
~j†]mj1j]mj†!

A m5
i

2
~j†]mj2j]mj†!. ~14!

The term withgA is the coupling of pions to light quarks;
will not be used in the sequel. It is a free parameter, bu
Nambu–Jona-Lasinio~NJL! model gA51. Differently from
@4# the gluon field is absent in the present description. Ap
from the mass termLl l is chiral invariant.

We can introduce a quark-meson effective Lagrangian
volving heavy and light quarks and heavy mesons. At low
order we have

Lhl5Q̄viv•]Qv2F x̄S H̄1S̄1 i T̄m

Dm

Lx
DQv1H.c.G

1
1

2G3
Tr@H̄H#1

1

2G38
Tr@S̄S#1

1

2G4
Tr@ T̄mTm#

~15!

where the meson fieldsH,S,T have been defined before,Qv
is the effective heavy quark field,G3 ,G38 ,G4 are coupling
constants~to allow a comparison with previous work w
follow, as far as possible, the notation of@6#! and Lx

(51 GeV) has been introduced for dimensional reasons.
grangian~15! has heavy spin and flavor symmetry. This L
grangian comprises three terms containing respectivelyH, S
and T. From a theoretical point of view, theG3 and G38
couplings could have been determined byDH and DS , the
experimental values of the mass differences between the
sons, belonging to theH andS multiplets, respectively, and
their heavy quark constituent masses. Since these data
not all known, we have adopted the dynamical informat
coming from the NJL model as proposed in@6# and so we
use the following modified version of Eq.~15! in which we
give the fieldsH andS the same coupling to the quarks:
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Lhl5Q̄viv•]Qv2F x̄S H̄1S̄1 i T̄m

Dm

Lx
DQv1H.c.G

1
1

2G3
Tr@~H̄1S̄!~H2S!#1

1

2G4
Tr@ T̄mTm#.

~16!

In doing this we assume that this effective quark mes
Lagrangian can be justified as a remnant of a four qu
interaction of the NJL type by partial bosonization.H andS
are degenerate in mass in the light-sector chirally symme
phase. In the broken phase the mass splitting is calcul
and will be computed in the next section in terms of t
order parameterm, the constituent light quark mass. The pa
containing theT field cannot be extracted from a bosoniz
NJL contact interaction and requires a new coupling cons
G4 .

An essential ingredient of the nonperturbative behavior
QCD is the suppression of large momentum flows throu
light-quark lines in the loops. The way this suppression
introduced in the model is crucial and is part of the definiti
of the model itself. One can for example include factors
the vertices which damp the loop integrals when the lig
quark momentum is larger than some scale of the order
GeV @12#. Our model describes the interactions in terms
effective vertices between a light quark, a heavy quark an
heavy meson; we describe the heavy quarks and heavy
sons consistently with HQET, and thus the heavy qu
propagator in the loop contains the residual momentumk
which arises from the interaction with the light degrees
freedom. It is therefore natural to assume an ultraviolet c
off on the loop momentum of the order ofL.1 GeV, even
if the heavy quark mass is larger than the cutoff.

Concerning the infrared behavior, the model is not co
fining and thus its range of validity cannot be extended
low energies of the order ofLQCD . In practice one intro-
duces an infrared cutoffm, in order to drop the unknown
confinement part of the quark interaction.

We choose a proper time regularization~a different choice
is followed in @13#!. After continuation to Euclidean space
reads, for the light quark propagator,

E d4kE

1

kE
21m2→E d4kEE

1/m2

1/L2

dse2s~kE
2

1m2! ~17!

where m and L are infrared and ultraviolet cutoffs. Thi
choice of regularization is consistent with the one in the s
ond paper in@6#. In Eq. ~17! m is the constituent light quark
mass, whose nonvanishing value implies the mass split
between theH-type andS-type multiplets. Its value and the
values of the cutoffsm and L are in principle adjustable
parameters. On physical grounds, we expect thatL
.1 GeV, m.m.102 MeV. Given our choice of the cutoff
prescription as in@6#, we assume forL the same value use
there i.e.L51.25 GeV; we observe, however, that the n
merical outcome of the subsequent calculations is
strongly dependent on the value ofL. The constituent mass
m in the NJL models represents the order parameter
4-3
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criminating between the phases of broken and unbroken
ral symmetry and can be fixed by solving a gap equati
which givesm as a function of the scale massm for given
values of the other parameters. In the second paper of
@6# the valuesm5300 MeV andm5300 MeV are used and

FIG. 1. Self-energy diagram for the heavy meson field.
s.

a-
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we shall assume the same values. As shown there,
smaller values ofm, m is constant (5300 MeV), while for
much larger values ofm, it decreases and in particular
vanishes form5550 MeV.

III. RENORMALIZATION CONSTANTS AND MASSES

For the computation of the constantsG3 , G4 appearing in
the quark-meson effective Lagrangian of Eq.~15! we con-
sider the meson self-energy diagram depicted in Fig. 1.

For H and S states the evaluation of Fig. 1 gives th
results@k is the residual momentum; see Eq.~1!#
Tr@2H̄PH~v•k!H#5 iNcE d4l

~2p!4

Tr@~ ł 2k”2m!H̄H#

@~ l 2k!22m21 i e#~v l 1 i e!
~18!

and

Tr@1S̄PS~v•k!S#5 iNcE d4l

~2p!4

Tr@~ ł 2k”1m!S̄S#

@~ l 2k!22m21 i e#~v l 1 i e!
~19!

respectively, and forT states we get

Tr@1T̄mPT~v•k!Tm#5
iNc

Lx
2 E d4l

~2p!4

Tr@~ l m2km!~ ł 2k”1m!~ l n2kn!T̄mTn#

@~ l 2k!22m21 i e#~v l 1 i e!
. ~20!
s

We notice that the only difference betweenPH andPS is
in the sign in front ofm in the numerators of the integrand
We now expand Eqs.~18!, ~19! and~20! aroundDH , DS and
DT respectively:

P~v•k!.P~D!1P8~D!~v•k2D!. ~21!

In this way we obtain the kinetic part of the effective L
grangian for heavy mesons in the usual form@2#

Le f f52Tr Ĥ̄~ iv•]2DH!Ĥ1Tr S̄̂~ iv•]2DS!Ŝ

1Tr T̄̂m~ iv•]2DT!T̂m, ~22!

provided we satisfy the conditions

1

2G3
5PH~DH!5PS~DS! ~23!

1

2G4
5PT~DT! ~24!

and renormalize the fields as

Ĥ5
H

AZH

~25!
Ŝ5
S

AZS

~26!

T̂5
T

AZT

. ~27!

The renormalization constants are given by

Zj
215P8~D j !. ~28!

Here, a prime denotes differentiation andj 5H, S andT. In
the previous equations,DH ,DS ,DT are the mass difference
between the heavy mesonsH,S,T and the heavy quark. The
expressions ofPH , PS , andPT are

PH~DH!5I 11~DH1m!I 3~DH! ~29!

PS~DS!5I 11~DS2m!I 3~DS! ~30!

PT~DT!5
1

Lx
2 F2

I 18

4
1

m1DT

3
@ I 0~DT!1DTI 1

1~DT
22m2!I 3~DT!#G ~31!

while the field renormalization constants are
4-4



.

e

al

i-

e

g

vi

on
h

ro-

he

o be

ger

nts

tion
elf-

he
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ZH
215~DH1m!

]I 3~DH!

]DH
1I 3~DH! ~32!

ZS
215~DS2m!

]I 3~DS!

]DS
1I 3~DS! ~33!

ZT
215

1

3Lx
2 F ~DT

22m2!S ~m1DT!
]I 3~DT!

]DT
1I 3~DT! D

1~m1DT!S ]I 0~DT!

]DT
1I 112DTI 3~DT! D1I 01DTI 1G .

~34!

The integralsI 0 , I 1 , I 18 and I 3 are defined in the Appendix
We employ the first half of Eq.~23! to obtain G3 from a
given value ofDH ~we useDH in the range 0.3– 0.5 GeV!,
while the second half of Eq.~23! can be used to determin
DS .

For DT we can use experimental information. Let us c
MH and MT the spin-averagedH-multiplet andT-multiplet
masses. We can writeMH5mQ1DH1DH8 /mQ and MT

5mQ1DT1DT8 /mQ . For charm, the positive parity exper
mental masses and widths are as follows: forD2* we have
mD

2* (2460)052458.962.0 MeV, GD
2* (2460)052365 MeV and

mD
2* (2460)65245964 MeV, GD

2* (2460)652527
18 MeV. These

particles are identified with the state 21 belonging to theT
3
2

1 multiplet. As for theD1* (2420) state, experimentally w
have mD

1* (2420)052422.261.8 MeV, GD
1* (2420)0518.923.5

14.6

MeV; this particle can be identified with the state 11 belong-
ing to the T multiplet, neglecting a possible small mixin
between the two 11 states belonging to theS andT multip-
lets@2#. We observe that the narrowness of the statesD2* and
D1* is due to the fact that their strong decays occur
D-waves. From this analysis we getDT2DH1(DT8
2DH8 )/mc.470 MeV. For beauty, the experimental data
positive parity resonances show a bunch of states wit
massMB** 55698612 MeV and widthG5128618 MeV
@14#. If we identify this mass with the mass of the narrowT

TABLE I. D values~in GeV!.

DH DS DT

0.3 0.545 0.635
0.4 0.590 0.735
0.5 0.641 0.835

TABLE II. Renormalization constants and couplings.DH in
GeV; G3 , G4 in GeV22 ; Zj in GeV21 .

DH 1/G3 ZH ZS ZT 1/G4

0.3 0.16 4.17 1.84 2.95 0.15
0.4 0.22 2.36 1.14 1.07 0.26
0.5 0.345 1.142 0.63 0.27 0.66
03400
l

a

a

states, we obtainDT2DH1(DT82DH8 )/mb.380 MeV. For
reasonable values of the heavy quark masses, we get

DT2DH.335 MeV, ~35!

which is the value we adopt. The preceding analysis p
duces the figures in Table I.

In Table II we report the computed values ofGj and Zj
for three values ofDH .

Let us finally observe that we predict, according to t
value of DH , a value for theS-multiplet massm52165
650 MeV; these states, called in the literatureD0 ,D1* 8 ,
have not been observed yet since they are expected t
rather broad @for instance in @15# one predicts G(D0

→D1p2).180 MeV andG(D1* 8→D* 1p2).165 MeV#.
Theoretical predictions in the literature are somehow lar
(m.2350 MeV).

IV. SEMILEPTONIC DECAYS AND FORM FACTORS

To begin with, we compute the leptonic decay consta
F̂ and F̂1 that are defined as follows:

^0uq̄gmg5QuH~02,v !&5 iAMHvmF̂ ~36!

^0uq̄gmQuS~01,v !&5 iAMSvmF̂1.
~37!

It is easy to compute these constants by a loop calcula
similar to that considered in the previous section for the s
energy; one finds

F̂5
AZH

G3
~38!

F̂15
AZS

G3
. ~39!

FIG. 2. Weak current insertion on the heavy quark line for t
heavy meson form factor calculation.

TABLE III. F̂ and F̂1 for various values ofDH . HereDH in
GeV, leptonic constants in GeV3/2.

DH F̂ F̂1

0.3 0.33 0.22
0.4 0.34 0.24
0.5 0.37 0.27
4-5
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The numerical results for different values of the parame
can be found in Table III.

We observe that, neglecting logarithmic corrections,F̂

andF̂1 are related, in the infinite heavy quark mass limit,
the leptonic decay constantf B and f 1 defined by

^0uq̄gmg5buB~p!&5 ipm f B ~40!

^0uq̄gmbuB0~p!&5 ipm f 1 ~41!

by the relationsf B5F̂/AMB and f 15F̂1/AMB0
. For ex-

ample, forDH5400 MeV, we obtain, from Table III,

f B.150 MeV ~42!

f 1.100 MeV. ~43!

The numerical values that can be found in the literat
agree with our results. For example the QCD sum rule an
sis of @16# gives F̂50.3060.05 GeV3/2 ~without as correc-
tions! and higher values~around 0.4– 0.5 GeV3/2! including
radiative corrections. As for lattice QCD, in@3# the value
summarizing the present status of lattice calculations forf B
is 170635 MeV. As forF1, a QCD sum rule analysis@17#
givesF150.4660.06 GeV3/2, which is significantly higher
than the results reported in Table III.

Let us now consider semileptonic decays. The first ana
sis to be performed is the study of the Isgur-Wise functioj
which is defined by

^D~v8!uc̄gm~12g5!buB~v !&

5AMBMDCcbj~v!~vm1vm8 ! ~44!

^D* ~v8,e!uc̄gm~12g5!buB~v !&

5AMBMD* Ccbj~v!@ i emnabe* nv8avb

2~11v!em* 1~e* •v !vm8 # ~45!

wherev5v•v8 andCcb is a coefficient containing logarith
mic corrections depending onas ; within our approximation
it can be put equal to 1:Ccb51. We also note that, in the

FIG. 3. Isgur-Wise form factor at differentD values.
03400
rs
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leading order we are considering here,j(1)51. To compute
j one has to evaluate the diagram of Fig. 2.

One finds@6#

j~v!5ZHF 2

11v
I 3~DH!1S m1

2DH

11v D I 5~DH ,DH ,v!G .
~46!

The j function is plotted in Fig. 3.
The integralsI 3 ,I 5 can be found in the Appendix. It is

obvious from Eqs.~32!, ~46! that j~v! is correctly normal-
ized, i.e.j(1)51. For the slope of the Isgur-Wise function
defined by

r IW
2 52

dj

dv
~1!, ~47!

one gets the values reported in Table IV. The plot of t
Isgur-Wise function is given in Fig. 3 for three values
DH . It is useful to compare our results with other a
proaches. QCD sum rules calculations are in the ra
r IW

2 50.54–1.0; therefore they agree with our results@18#.
The results from different quark models@19,20,21,22# have
been recently reviewed by the authors of@23#; they have
studied the results of different models with the common
proach of boosting the wave functions by the Bakamjia
Thomas method@24#; for r IW

2 they obtain results in the rang
0.97– 1.28, to be compared to the results in Table IV. Latt
QCD gives significantly smaller results; for example in@25#
the valuer IW

2 (1)50.64 is obtained.
Let us now turn to the form factors describing the sem

leptonic decays of a meson belonging to the fundame
negative parity multipletH into the positive parity mesons in
the S andT multiplets. Examples of these decays are

B→D** ln ~48!

whereD** can be either aS state~i.e. a 01 or 11 charmed
meson havingsl51/2! or aT state~i.e. a 21 or 11 charmed
meson havingsl53/2!.

The decays in Eq.~48! are described by two form factor
t1/2,t3/2 @26# according to

TABLE IV. Form factors and slopes.DH in GeV.

DH j~1! r IW
2 t1/2(1) r1/2

2 t3/2(1) r3/2
2

0.3 1 0.72 0.08 0.8 0.48 1.4
0.4 1 0.87 0.09 1.1 0.56 2.3
0.5 1 1.14 0.09 2.7 0.67 3.0
4-6
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^D2* ~v8,e!uc̄gm~12g5!buB~v !&5A3MBMD
2*
t3/2~v!†i emabge* ahvhv8bvg2@~v11!ema* va2eab* vavbvm8 #‡ ~49!

^D1* ~v8,e!uc̄gm~12g5!buB~v !&5AMBMD
1*

2
t3/2~v!$~v221!em* 1~e* •v !@3vm2~v22!vm8 #2 i ~v11!emabge* av8bvg%

~50!

^D0~v8!uc̄gm~12g5!buB~v !&5AMBMD0
2t1/2~v!~vm8 2vm! ~51!

^D1* 8~v8,e!uc̄gm~12g5!buB~v !&5AMBMD
1* 8t1/2~v!$2i emabge* av8bvg12@~12v!em* 1~e* •v !vm8 #%. ~52!

In all these equations we neglect logarithmic corrections. The form factorst1/2(v),t3/2(v) can be computed by a loo
calculation similar to the one used to obtainj(v). The result is

t1/2~v!5
AZHZS

2~12v!
@ I 3~DS!2I 3~DH!1~DH2DS1m~12v!!I 5~DH ,DS ,v!# ~53!

and

t3/2~v!52
AZHZT

)

FmS I 3~DH!2I 3~DT!2~DH2DT!I 5~DH ,DT ,v!

2~12v!
2

I 3~DH!1I 3~DT!1~DH1DT!I 5~DH ,DT ,v!

2~11v! D
2

1

2~212v1v21v3!
@23S~DH ,DT ,v!2~122v!S~DT ,DH ,v!

1~12v2!T~DH ,DT ,v!22~122v!U~DH ,DT ,v!#G ~54!
es

th

the
r

t
eas

h-

a

where the integralsS,T,U are defined in the Appendix.
Given the small phase space which is available for th

decays ~vmax51.33 for D1* ,D2* and vmax.1.215 for
D1* 8 ,D0!, we can approximate

t j~v!.t j~1!3@12r j
2~v21!#. ~55!

Numerically we find the results reported in Table IV.
An important test of our approach is represented by

Bjorken sum rule, which states

r IW
2 5

1

4
1(

k
@ ut1/2

~k!~1!u212ut3/2
~k!~1!u2#. ~56!

TABLE V. Parameters of the form factorst1/2, t3/2. The results
in this table are forDH50.4 GeV.

t1/2(1) r1/2
2 t3/2(1) r3/2

2 Ref.

0.09 1.1 0.56 2.3 This work
0.41 1.0 0.41~input! 1.5 @27#

0.25 0.4 0.28 0.9 @17#

0.31 2.8 0.31 2.8 @22#

0.41 1.4 0.66 1.9 @28#

0.059 0.73 0.515 1.45 @23,21#
0.225 0.83 0.54 1.50 @23,19#
03400
e

e

Numerically we find that the first excited resonances, i.e.
S andT states (k50), practically saturate the sum rule fo
all the three values ofDH .

In Table V we compare our results~for DH50.4 GeV!
with other approaches. Fort3/2 we find a broad agreemen
with some of the constituent quark model results, wher
for t1/2 we only agree with@34#.

Finally in Table VI we present our results for the branc
ing ratios of B semileptonic decays toS- and P-wave
charmed mesons for three values ofDH computed with
Vcb50.038@29# andtB51.62 psec. We see that data favor
value ofDH.400– 500 MeV.

TABLE VI. Branching ratios~%! for semileptonicB decays.
Theoretical predictions for three values ofDH and experimental
results~for B0 decays!. Units of DH in GeV.

Decay mode DH50.3 DH50.4 DH50.5 Expt.

B→Dln 3.0 2.7 2.2 1.960.5 @14#

B→D* ln 7.6 6.9 5.9 4.6860.25 @14#

B→D0ln 0.03 0.005 0.003 -
B→D1* 8ln 0.03 0.008 0.0045 -
B→D1* ln 0.27 0.18 0.13 0.7460.16 @30#

B→D2* ln 0.43 0.34 0.30 ,0.85
4-7
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V. STRONG AND RADIATIVE DECAYS
OF HEAVY MESONS

In this section we consider the strong decays

H→Hp ~57!

S→Hp ~58!

as well as the radiative decay

P*→Pg ~59!

whereP* andP are the 12 and 02 members of the multiple
H.

A. Strong decays

The calculation of the strong coupling constants desc
ing the decaysH→Hp ~i.e. D*→Dp! and S→Hp is
strongly simplified by adopting the soft pion limit. In th
case of the decayD*→Dp this procedure introduces only
small error since the phase space is actually very small~for
the S→Hp decay the situation is different; see below!.

Let us definegD* Dp by the equation

^p1~q!D0~p!uD* 1~p8,e!&5 igD* Dpemqm . ~60!

The constantgD* Dp is related to the strong coupling consta
of the effective meson field theoryg appearing in@2#

L5 ig Tr~H̄Hgmg5Am!1@ ih Tr~H̄Sgmg5Am!1H.c.#
~61!

by the relation

gD* Dp5
2mD

f p
g ~62!

valid in themQ→` limit.
To computeg in the soft-pion limit (qm→0) we consider

the matrix element of]mAm and derive a Goldberger
Treiman relation, following the approach of@31#; this ap-
proach differs from the method employed in the first pape
@6#, which assumes the so-called low-momentum-expans
approximation, a mixing between the Nambu-Goldsto
bosons and higher mass resonances. Our method amou
a loop calculation involving a current and twoH states~see
Fig. 4!.

The result forg is as follows:

FIG. 4. Pion vertex on the light quark line for the heavy-heav
pion interaction.
03400
-

n
n

e
s to

g5ZHF1

3
I 3~DH!22S m1

1

3
DHD @ I 21DHI 4~DH!#

2
4

3
m2I 4~DH!G , ~63!

where I 2 ,I 3 have been defined already andI 4 is defined in
the Appendix. Numerically we get

g50.45660.040 ~64!

where the central value corresponds toDH50.4 GeV and the
lower ~higher! value corresponds toDH50.3 GeV (DH
50.5 GeV). These values agree with QCD sum rules ca
lations, which giveg50.4460.16 ~for a review see@2#; see
also @32#!, with the result of relativistic constituent quar
model:g.0.40 @31#, g50.34 @33#. From the computed val-
ues ofg we can derive the hadronic width using

G~D* 1→D0p1!5
g2

6p f p
2 upW pu3. ~65!

The numerical results will be discussed at the end of t
section. Let us now comment on the strong decayS→Hp. A
complete calculation of the corresponding decay constanh
appearing in Eq.~61! is much more involved and one ca
preliminarily try to compute it in the soft-pion limit. This
approximation implies that we must assumeDS5DH ; put-
ting D5(DH1DS)/2, we obtain

h5Z̄$I 3~D!12DI 212~D22m2!I 4~D!% ~66!

whereZ̄ is given by

Z̄5F S I 3~D!1D
]I 3

]D D 2

2S m
]I 3

]D D 2G21/2

. ~67!

We obtain, forD in the range 0.43– 0.57 GeV, the resu

h520.8560.02 ~68!

which is somehow higher, but still compatible, within th
theoretical uncertainties, with a result obtained by QCD s
rules:h520.5260.17 @15#.

B. Radiative decays

Let us now consider the radiative decaysD*→Dg and
B*→Bg. To be definite we consider only the former deca
moreover, we use the SU~3! flavor symmetry for the light
quarks. The matrix element for this radiative transition is t
following:

-

4-8
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M~D*→Dg!5 iememnabem* hnpa8pb ~69!

whereem is the photon polarization and the couplingm com-
prises two terms,

m5m l1mh, ~70!

corresponding to the decomposition

M~D*→Dg!5ee* m^D~p8!uJm
emuD* ~p,h!&

5ee* m^D~p8!uJm
l 1Jm

h uD* ~p,h!&.
~71!

HereJm
l andJm

h are the light and the heavy quark parts of t
electromagnetic current:

Jm
l 5

2

3
ūgmu2

1

3
d̄gmd2

1

3
s̄gms ~72!

and

Jm
h 5

2

3
c̄gmc2

1

3
b̄gmb5 (

Q5c,b
eQQ̄gmQ. ~73!

Correspondingly, Eq.~70! becomes

m5m l1mh5
eq

Lq
1

eQ

LQ
, ~74!

whereLq andLQ are mass parameters to be determined. T
photon insertion on the heavy quark line generates themh

coupling, while them l arises when the photon is inserted
the light quark line of the loop.

In the mQ→` limit, the matrix element ofJm
h can be

expressed in terms of the Isgur-Wise form factorj~v! as
follows:

^D~p8!uJm
h uD* ~p,h!&5ec^D~p8!uc̄gmcuD* ~p,h!&

5 i
2

3
AMDMD* j~v!emnabhnv8avb,

~75!

wherep85MDv8, p5MD* v andv.1 because

05q25MD
2 1MD*

2
22MDMD* v•v8. ~76!

Taking into account the normalizationj(1)51 one gets,
for the charm and beauty mesons respectively~with q̄5d̄!,

mh5
2

3Lc
, mh52

1

3Lb
~77!

with

Lc5AMDMD* , Lb5AMBMB* . ~78!

In the leading order in 1/mc and 1/mb one finds

Lc5mc , Lb5mb ~79!
03400
e

which fixesmh. As for the couplingm l , in our approach it
stems from the diagram where the photon line is inserted
the light quark propagator~see Fig. 5!.

The result is

b5Lq
21523ZH@ I 21~m1DH!I 4~DH!#. ~80!

Numerically we get

b51.660.1 GeV21 ~81!

where the central value corresponds toDH50.4 GeV and the
lower ~higher! value corresponds toDH50.5 GeV (DH
50.3 GeV). These values agree with the results of he
quark effective theory and the vector meson dominance
pothesis@34#.

One can use the formula

G~D*→Dg!5
a

3

MD*
MD

umu2ukW u3 ~82!

~kW5photon momentum! to compute theD* radiative widths.
Using this equation together with Eq.~65! we obtain the
results of Table VII.

Taking into account the approximations involved in t
present calculation, we find the comparison between theo
ical prediction and experimental data of Table VII encoura
ing. Finally we compute the total widths forD* andB* ~for
DH50.4 GeV!:

FIG. 5. Electromagnetic current insertion on the light quark lin

TABLE VII. Theoretical and experimentalD* branching ratios
~%!. Theoretical values are computed withDH50.4, 0.5 GeV.

Decay mode DH50.4 GeV DH50.5 GeV Expt.

D* 0→D0p0 65.5 70.1 61.962.9
D* 0→D0g 34.5 29.9 38.162.9
D* 1→D0p1 71.6 71.7 68.361.4
D* 1→D1p0 28.0 28.1 30.662.5
D* 1→D1g 0.4 0.24 1.120.7

12.1
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G~D* 0!538 keV ~83!

G~D* 1!562 keV ~84!

G~B* 0→B0g!50.05 keV. ~85!

VI. CONCLUSIONS

The increasing number of available data on heavy me
processes and the even more promising increase of data
forthcoming experiments demand theoretical predictions
these processes to be compared with experiment and to
gest subsequent lines of investigation. Calculating dire
from the QCD Lagrangian remains an extremely diffic
task, in spite of the impressive success of recent lattice w
A most promising approach is the one based on heavy me
effective Lagrangians, which incorporate the heavy qu
symmetries and in addition the approximate chiral symme
for light quarks. Although with increasing data such an a
proach will remain the best one beyond direct QCD calcu
tions, at this stage it is made cumbersome by the large n
ber of parameters that have to be fixed before obtain
predictions. In this paper we have presented an intermed
approach, not as rigorous and general as that of the effec
meson Lagrangian, but which allows for a smaller numbe
input parameters. We start from an effective Lagrangian
the level of mesons and of constituent quarks, and we t
calculate the meson transition amplitudes by evalua
loops of heavy and light quarks. In this way we can comp
the Isgur-Wise function, the form factorst1/2 and t3/2, the

leptonic decay constantF̂ and F̂1, the coupling constantsg
and h relative to H→Hp and H→Sp processes respec
tively, and theb coupling relative to theH→Hg processes.
The agreement with data, when available, seems rather
pressive. Additional data should be able to confirm some
the predictions of the model or suggest modifications.
conclusion the model presented here, based on meson
quark degrees of freedom, seems capable of incorporati
number of essential features of QCD and to provide a us
approach to calculate heavy meson transitions in terms
limited number of physical parameters.
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APPENDIX

We list here the integrals used in the pap

I 0~D!5
iNc

16p4 E reg d4k

~v•k1D1 i e!

5
Nc

16p3/2 E
1/L2

1/m2 ds

s3/2e2s~m22D2!S 3

2s
1m22D2D

3@11erf~DAs!#2D
Ncm

2

16p2 GS 21,
m2

L2 ,
m2

m2D
~A1!

I 15
iNc

16p4 E reg d4k

~k22m2!
5

Ncm
2

16p2 GS 21,
m2

L2 ,
m2

m2D
~A2!

I 185
iNc

16p4 E reg

d4k
k2

~k22m2!

5
Ncm

4

8p2 GS 22,
m2

L2 ,
m2

m2D ~A3!

I 252
iNc

16p4 E reg d4k

~k22m2!2 5
Nc

16p2 GS 0,
m2

L2 ,
m2

m2D
~A4!

I 3~D!52
iNc

16p4 E reg d4k

~k22m2!~v•k1D1 i e!

5
Nc

16p3/2 E
1/L2

1/m2 ds

s3/2e2s~m22D2!@11erf~DAs!#

~A5!

I 4~D!5
iNc

16p4 E reg d4k

~k22m2!2~v•k1D1 i e!

5
Nc

16p3/2 E
1/L2

1/m2 ds

s1/2e2s~m22D2!@11erf~DAs!#.

~A6!

In these equations

G~a,x0 ,x1!5E
x0

x1
dte2tta21 ~A7!

is the generalized incomplete gamma function and erf is
error function.

Let us introduce now

s~x,D1 ,D2 ,v!5
D1~12x!1D2x

A112~v21!x12~12v!x2
. ~A8!

Then the integrals used for the semileptonic decays are
follows:
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I 5~D1 ,D2 ,v!5
iNc

16p4 E reg d4k

~k22m2!~v•k1D11 i e!~v8•k1D21 i e!

5E
0

1

dx
1

112x2~12v!12x~v21! F 6

16p3/2 E
1/L2

1/m2

dsse2s~m22s2!s21/2@11erf~sAs!#

1
6

16p2 E
1/L2

1/m2

dse2s~m222s2!s21G ~A9!

I 6~D1 ,D2 ,v!5
iNc

16p4 E reg d4k

~v•k1D11 i e!~v8•k1D21 i e!

5I 1E
0

1

dx
s

112x2~12v!12x~v21!
2

Nc

16p3/2

3E
0

1

dx
1

112x2~12v!12x~v21!
E

1/L2

1/m2 ds

s3/2e2s~m22s2!H s@11erf~sAs!#@112s~m22s2!#

12As

p
e2ss2F 3

2s
1~m22s2!G ~A10!

S~D1 ,D2 ,v!5D1I 3~D2!1v~ I 11D2I 3~D2!!1D1
2I 5~D1 ,D2 ,v!

T~D1 ,D2 ,v!5m2I 5~D1 ,D2 ,v!1I 6~D1 ,D2 ,v!

U~D1 ,D2 ,v!5I 11D2I 3~D2!1D1I 3~D1!1D2D1I 5~D1 ,D2 ,v!. ~A11!
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