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Strong decays of heavy hadrons in heavy quark effective theory
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We discuss the application of the tensor formalism of HQET to the strong decays of heavy hadrons. We treat
both meson and baryon decays, and note that all of our results are in agreement with the ‘‘spin-counting’’
arguments of Isgur and Wise. We briefly discuss the possible extension of the formalism to include 1/m
corrections.@S0556-2821~98!00815-7#

PACS number~s!: 12.39.Hg, 13.25.2k, 13.30.Eg
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I. INTRODUCTION

In the past few years, heavy quark effective theo
~HQET! @1–3# has enjoyed much success in treating ma
aspects of the phenomenology of heavy hadrons@4,5#. The
elegant tensor formalism developed by Georgi, and used
tensively by others, has proved to be a very powerful tool
applications of HQET. There remains, however, one a
that is yet to be treated by this tensor formalism, namely t
of the strong decays of these hadrons. Clearly, since th
decays, by their very nature, involve non-perturbative QC
we do not expect HQET to allow us to calculate absol
decay rates. However, it will be useful in examining ratios
decay rates.

The question of the ratios of decay rates has been
dressed by Isgur and Wise@6#. In their article, they noted tha
amplitudes for strong decays of heavy mesons were pro
tional to sums of the products of four Clebsch-Gordan co
ficients that arise from recoupling of angular momenta in
parent and daughter hadrons. In fact, their result can be
pressed slightly more compactly as a 62J symbol. Their
argument makes use of the fact that the heavy quark
spectator in the decay of the heavy hadron, so that only
light component of the hadron, the so-called brown mu
takes an active part in the decay.

At the hadronic level, a heavy hadron of total spinS de-
cays to one of spinS8, with a light hadron of total angula
momentum Sh . The daughter hadrons are in a relati
L-wave, and conservation of angular momentum gives

Sh1L5Jh, Sl81SQ5S8, ~1!

with

S81Jh5S, ~2!

where Sl8 is the spin of the brown muck in the daught
hadron, andSQ is the spin of the heavy quark. This comb
nation of angular momenta may be represented symbolic
as

@@ShL#Jh
@Sl8SQ#S8#S . ~3!

On the other hand, one can regard this process as procee
entirely at the level of the brown muck, since the hea
quark is a spectator in the process, so that
0556-2821/98/58~3!/034007~6!/$15.00 58 0340
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Sl81Jh5Sl , Sl1SQ5S ~4!

or

@@@ShL#Jh
Sl8#Sl

SQ#S . ~5!

The overlap between these two ‘‘wave functions’’ or co
pling schemes is

~21!~SQ1Sl81Jh1S!A~2S811!~2Sl11!H SQ Sl8 S8

Jh S Sl
J .

~6!

This object is proportional to the strong matrix element, a
the constants of proportionality are the same for the f
decays that are possible between two different multiple
That is, there exist a single set of proportionality consta
for the four decays

~Sl61/2!→~Sl861/2!1h. ~7!

In this article, we show how to use the tensor method
obtain the same information in a manner that we find som
what more compact than the ‘‘spin-counting’’ method.
addition, the specific forms of the amplitudes can be o
tained using this formalism. Furthermore, the full power
the tensor formalism may then be brought to bear on th
processes. For instance, it should be possible to treat
1/mQ corrections, as well as the radiative ones, to the de
amplitudes.

II. TENSOR FORMALISM

A. General formalism

In general, we are interested in a matrix element of
form

M5^X~p!HQ8 ~v !uOsuHQ~v !&, ~8!

whereX is a light hadron,HQ8 andHQ are heavy hadrons
andOs is the operator responsible for the strong decay. T
problem in trying to say anything useful about this lies in t
fact thatOs is, in general, a complicated object that is full
non-perturbative QCD dynamics, and about which we kn
very little. In general, this operator will involve all of th
sub-structure of the hadron in a non-trivial way.
© 1998 The American Physical Society07-1
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We may deduce some form for the operatorOs in some
specific limit, or we may construct a model for it. For e
ample, ifX is a pion or other light pseudoscalar meson,
may invoke chiral symmetry to write a particular form fo
Os . However, since we are interested in treating decay
which the light daughters are arbitrary hadrons, this optio
not open to us.

Despite the complication involved inOs , we do know
thatOs must be a Lorentz scalar, as well as flavor single
all flavors of quarks. In particular, it is flavor singlet in th
heavy quark. For the purposes of this discussion, and with
any loss of generality, we can writeOs as

Os5(
i

Q̄G iQLi , ~9!

where G i is a general Dirac matrix, and is one o
1,gm ,smn ,gmg5 ,g5, andLi contains all of the dynamics in
volving the brown muck. We have writtenOs in this form in
order to explicitly display the heavy quark part. EachLi has
the same Lorentz structure as the correspondingG i , to en-
sure thatOs is a Lorentz scalar. Note that theLi are, in
principle, many body operators, as the structure of the bro
muck is expected to be complicated. While it may be tem
ing to associate theQ̄gmQ term of Os , for instance, with
‘‘one-gluon physics,’’ we refrain from making such identifi
cations. This is because we view Eq.~9! simply as a way of
parametrizing our ignorance of strong interaction dynam
and make no interpretations of the physics that could lea
each term.

In writing Eq. ~9!, we believe that all possible contribu
tions to the strong decay operator are allowed for. We a
believe that this is not a ‘‘perturbative’’ expansion in th
usual sense, since theLi have not been specified, and the
will, in general, receive many contributions from all orde
in QCD. The only contributions that are possibly omitt
from this form ofOs are those that contain loops with hea
quarks, but these are suppressed by powers of 1/m.

Since we can represent the heavy hadrons as heavy
3 light part, such as in the Falk representation@7#, the matrix
element of each term inOs factorizes. This means that a
though the interactions involving the light component a
complicated, we can absorb these into a set of unknown f
factors~as has been done for weak decays! or unknown cou-
pling constants~for strong decays!. We emphasize that we
are not discarding theLi , but simply parametrizing thei
matrix elements, between different states of the brown mu
in terms of a set of unknown coupling constants, and
most general Lorentz tensors that can be constructed. All
is left for us to deal with are the heavy quark componen
which we know how to treat. Furthermore, we also kno
how to include corrections due to the finite mass of the he
quark. However, there are still five terms inOs .

What helps us further in our treatment of the strong p
cess is the fact that, at leading order in HQET~i.e., in the
limit that the mass of the quarkQ goes to infinity!, the heavy
quark will act as a spectator in the decay. In particular,
spin indices are unaffected by the decay~this is the same
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physics contained in the spin-coupling scheme descri
above!. Thus, the only possible form that can contribute
the scalar contribution,G i51. Beyond leading order we
would expect other terms to contribute. This also means
the light part of the matrix element is simplified, as the o
erator concerned is a Lorentz scalar. This identification, t
only G i51 above can contribute at leading order, is the k
to applying the tensor formalism to these decays. All else
now relatively simple, as we know how to ‘‘calculate’’ ma
trix elements for any arbitraryG, as well as how to include
various kinds of corrections.

We close this section by noting that the coupling co
stants to which we have alluded, which are essentially
matrix elements of the light part of the decay operator,
pend only on the brown muck, and are therefore independ
of the mass of the heavy quark. Thus, for instance, the s
set of coupling constants would be valid for decays of h
rons containingc quarks and for hadrons containingb
quarks.

B. Kinematic questions

HQET, in conjunction with chiral perturbation theor
~ChPT!, has been applied to the strong single~and double!
pion decays of heavy hadrons@8–10#. In that treatment, the
requirement that the pion momentum be small, combin
with the ‘‘infinite’’ masses of the parent and daughter ha
rons, leads to the fact that the velocity of the heavy daugh
hadron is the same as that of the parent. This is in cont
with the weak decays of these states, in which the he
quark can receive a large momentum change from the e
ted virtualW: the velocities of the parent and daughter ha
rons are different. In the HQET and ChPT formalisms f
strong decays, there are therefore two independent kinem
variables,v, the velocity of the heavy hadrons, andp, the
momentum of the pion.

In the present formalism, we want to be able to treat
decays of a heavy hadron to another heavy hadron, with
emission of a ‘‘light’’ hadron that may be any state of th
infinite tower of excited states. Thus, if the light daughter
sufficiently excited, it could provide the large impulse r
quired to bring about a velocity change in the heavy hadro
In fact, note that if we were to consider decays of charm
mesons to thea2, say, the mass of the light daughter hadr
is already a sizable fraction~70%, in the case of decays t
the ground state charmed mesons! of the mass of the daugh
ter hadron. It therefore appears necessary to make use o
momentum conservation through

mD~ j !v5mDv81p, ~10!

wherev is the velocity of the parent,v8 is that of the heavy
daughter, andp is the momentum of the light daughter.

However, we remind the reader that our use of the ope
tor c̄G ic is simply a means of facilitating the application o
HQET to these decays. The dynamics that is responsible
the decay is contained in theLi , which contains only light
quark and gluon fields. These cannot change the velocit
the heavy quark, so that we can only usev ~5v8) andp as
our kinematic variables.
7-2
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STRONG DECAYS OF HEAVY HADRONS IN HEAVY . . . PHYSICAL REVIEW D58 034007
III. MESON DECAYS

The starting point for this discussion is the representa
of the heavy meson states. For concreteness, let us exa
decays of excitedD** mesons to ground stateD (* ) mesons.
For these, we use the representations constructed by Falk@7#.

An excitedD meson with total angular momentumJ will,
in general, be represented by an object linear in a polar
tion tensor,hm1 . . . mJ(v). This polarization tensor is sym
metric, transverse and traceless. The latter two properties
expressed by

vm1
hm1 . . . mJ~v !50, gm1m2

hm1 . . . mJ~v !50. ~11!

For a state consisting of a heavy quarkQ and a light com-
ponent with the quantum numbers of an antiquark, the s
cific representation of any particular state will depend on
angular momentumj of the light component~antiquark! of
the state. It is thus more convenient to refer toj than toJ,
since there will be a degenerate doublet of states withJ5 j
61/2. The full details of the representations can be found
Falk’s article@7#.

We illustrate the tensor method for calculating strong
cay matrix elements by examining two specific sets of
cays: the generalization to other cases should be obvious
begin by looking at decays involving single pions, so that
are interested in the matrix element

M5^D~v !p~p!uc̄cuD ~ j !~v !&. ~12!

As identified in the previous section, we are taking the he
quark operator responsible for the decay asc̄c ~and a light
scalar operator is understood as multiplyingc̄c). Note, too,
that we are explicitly not using the ‘‘chiral limit’’ of soft
pions, as we allowp to be large. Nevertheless, in the leadi
order, the velocity of the heavy hadron cannot change du
the strong decay. In terms of the trace formalism, the ma
element of interest is

^D~v !p~p!uc̄cuD ~ j !~v !&

5AMDMD~ j !Tr@Am1 . . . mk
P~p!D̄~v !M

D~ j !

m1 . . . mk~v !#,

~13!

whereD(v) is the matrix representation of the mesonD. The
matrixAm1 . . . mk

can only have the form

Am1 . . . mk
5pm1

. . . pmk
p” , ~14!

while the matrixP(p) must represent the final state pio
The simplest, non-redundant form allowable is

P~p!5ag5 , ~15!

where the constanta is independent of the mass of the hea
quark, by virtue of our chosen normalization. Thus, the m
trix element is
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^D~v !p~p!uc̄cuD ~ j !~v !&

5aAMDMD~ j !Tr@p”g5D̄~v !M
D~ j !

m1 . . . mk~v !#pm1
. . . pmk

.

~16!

Because of the spin symmetry of HQET, the decays to
corresponding vector mesonD* are also described by th
same coupling constanta, and the corresponding matrix e
ement is

^D* ~v,«!p~p!uc̄cuD ~ j !~v !&

5aAMD* MD~ j !Tr@p”g5D*̄ ~v !

3M
D~ j !

m1 . . . mk~v !#pm1
. . . pmk

. ~17!

Thus, these four decays are all described in terms of a sin
unknown, nonperturbative constanta. We emphasize here
that HQET can tell us nothing about this constanta. More
explicit information about this constant~and all other such
coupling constants discussed in this paper! can only be ob-
tained from explicit calculations involving non-perturbativ
dynamics, such as quark models, QCD sum rules, or lat
QCD.

We now turn to meson decays that are not as simple.
limit our discussion to decays involving light vector meso
(r, for instance!, but the generalization to light hadrons o
arbitrary spin should be clear. The matrix element for suc
decay ~still considering decays to the ground state hea
doublet! is

^D ~* !~v !r~p,e!uc̄cuD ~ j !~v !&

5AMD~* !MD~ j !Tr@R~p!e* nAnm1 . . . mk
M̄D~* !

3~v !M
D~ j !

m1 . . . mk~v !#. ~18!

The most general form for the matrixAnm1 . . . mk
is

Anm1 . . . mk
5pm1

. . . pmk21
@avnpmk

1bgnpmk
1cgnmk

#p” ,
~19!

whileR(p)51 is the most general, non-redundant form th
represents ther meson@the polarization vector of ther ap-
pears explicitly in Eq.~18!#. For a decay in which the paren
belongs to one of the (02,12) or (01,11) multiplets, the
term cgnmk

is absent, as there are then no indices on
matrix representation of the parent hadron.

At this point, it is instructive to discuss the difference
between the present approach and that of the comb
HQET and ChPT. The basic difference lies in the start
point which, for the purpose of this discussion, we may ta
as Eq.~9!. In the approach presented herein, attention is
cused on the heavy quark part of this operator. The o
information about the light quark part that is used is its ov
all Lorentz structure.

In the chiral approach, it is the light quark part of th
operator that is the focus of attention, as a specific form
written down. This form is based on the assumption of ch
7-3
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W. ROBERTS PHYSICAL REVIEW D 58 034007
dynamics. Inherent in this are two of the limitations usua
associated with chiral approaches:~i! only decays to light
pseudoscalars are easily treated~except in some extension o
chiral perturbation theory!; ~ii ! the momentum and energy o
the light daughter hadron must be less than some mass s
that of chiral symmetry breaking. What we have presente
this paper does not require any constraint on the momen
of the pion produced in the decay, and so may be consid
as a formalism that automatically includes all the powers
pion momentum that would arise in a chiral expansion. F
instance, in the present formalism, we can easily treat de
of heavy mesons of higher spin by writing down a tens
such as that in Eq.~14!. In the chiral approach, because mo
than one power ofp appears, such a tensor would have to
explicitly constructed at higher order in the chiral expansi
This has been done for theD-wave decays of the (11,21) in
@9,10#, for instance. Furthermore, the formalism presen
here is easily extended to treat light daughter hadrons o
than pseudoscalars, as we have already done forr ’s, for
example. By the same token, we note that it is essenti
trivial to include two or more pions in any of these deca
using this formalism.

IV. BARYON DECAYS

The case of baryon decays may best be subdivided
two separate classes. The first set of decays that we will t
is composed of those in which the heavy daughter hadro
a baryon~such asLb*→Lbr), while in the second class, th
heavy daughter hadron will be a meson~such asLb*→pB).

A. Heavy daughter baryons

As with the meson decays, our starting point is the rep
sentation of the baryon states. We will simply borrow t
representations constructed by Falk. We note, however,
we must divide our baryons into two groups, those w
‘‘natural’’ parity and those with ‘‘unnatural’’ parity. This
description is determined by the spin and parity of the bro
muck, denotedj P. If P5(21) j , the baryon is a natural one
while if P5(21)( j 11), the baryon is unnatural. The need f
this division into natural and unnatural baryons will becom
clear shortly.

Consider the decaySb
( j )→Lbp, which is described by the

matrix element

^Lb~v !p~p!ub̄buSb
~ j !~v !&5ū~v !Rm1 . . . m j

~v !A m1 . . . m j ,
~20!

where the spinor tensorRm1 . . . m j
(v) represents both state

of the doublet, andA m1 . . . m j contains all of the strong in
teraction dynamics. Since there is a pion in the decay,
assuming that theLb is the ground state, then the quanti
A m1 . . . m j must be a pseudo-tensor if theSb

( j ) is a natural
baryon or a tensor if it is unnatural. The forms that can
constructed in the two cases are quite different. Let us n
examine some more specific examples.

Consider the decaySb
(* )→Lbp, whereSb

(* ) belongs to
the (1/21,3/21) doublet. The matrix element is
03400
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^Lb~v !p~p!ub̄buSb
~* !~v !&5ū~v !Rm~v !r m, ~21!

with r m a vector, which can only have the form

r m5apm . ~22!

On the other hand, if theSb
(* ) belongs to the (1/22,3/22)

doublet, thenr m would be a pseudo-vector, which cannot
constructed from the quantities we have at our disposal. T

^Lb~v !p~p!ub̄buSb
~1/22,3/22!~v !&50. ~23!

The generalization of this to parent hadrons of higher spi
easy, since thenA m1 . . . m j of Eq. ~20! becomes

Am1 . . . m j
5apm1

. . . pm j
~24!

for parents of unnatural parity or

Am1 . . . m j
50 ~25!

for parents of natural parity.
In the case of the heavy baryons of natural parity,

amplitudes for decays to the ground state with the emiss
of a single pion vanish at leading order, and should first
non-zero at order 1/mQ . Thus, if these states have no oth
open channels into which they can decay, they should
quite narrow.

For decays to final states that are not the ground st
such as to the (1/21,3/21) multiplet, the decay amplitude is

^Lb
~1/21,3/21!~v !p~p!ub̄buSb

~ j !~v !&

5R̄n~v !Rm1 . . . m j
~v !A nm1 . . . m j . ~26!

If the parent hadron has natural parity, thenA nm1 . . . m j is a
tensor~because the daughter has unnatural parity!, and takes
the form

Anm1 . . . m j
5pm1

. . . pm j 21
@agnm j

1bpnpm j #. ~27!

For parents of unnatural parity,

Anm1 . . . m j
5apm1

. . . pm j 21
«nm jabvapb. ~28!

As final examples of the application of the formalism
this kind of decay we consider decays tor mesons. The
matrix element for decays to the ground state is

^Lb~v !r~p,e!ub̄buSb
~ j !~v !&

5ū~v !Rm1 . . . m j
~v !en*A nm1 . . . m j . ~29!

If the parent has natural parity, thenA nm1 . . . m j is a tensor
and takes the form

Anm1 . . . m j
5pm1

. . . pm j 21
@agnm j

1bvnpm j
#. ~30!

For a parent of unnatural parity,

Anm1 . . . m j
5apm1

. . . pm j 21
«nm jabvapb. ~31!
7-4
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For decays to the (1/21,3/21) multiplet, we obtain

^Lb
~1/21,3/21!~v !r~p,e!ub̄buSb

~ j !~v !&

5R̄n~v !Rm1 . . . m j
~v !ea*A nam1 . . . m j . ~32!

For parents of unnatural parity,

Anam1 . . . m j
5pm1

. . . pm j 22
$agnm j

gam j 21

1pb@bgnagbm j
1cgnm j

gab1dgam j
gnb

1egbm j
vapn#%, ~33!

while for parents of natural parity,

Anam1 . . . m j
5pm1

. . . pm j 21
$a«m jnabpb

1vbpr@bpa«m jnbr1cvn«m jabr

1dpm j«nabr#%. ~34!

B. Light daughter baryons

For these decays, as with the decays to heavy baryon
will again be useful to divide the light baryons into natur
and unnatural baryons, with a slight modification of the de
nition. A light baryon of spinJ and parityP is considered to
be natural ifP5(21)J21/2, unnatural ifP5(21)J11/2. In
addition, for states with spin greater than 1/2, we employ
generalized Rarita-Schwinger fieldsum1 . . . m j

(p), which sat-
isfy

p”um1 . . . mn
~p!5mum1 . . . mn

~p!,

gm1um1 . . . mn
~p!50,

pm1um1 . . . mn
~p!50, ~35!

wheren5J21/2, and we remind the reader that this obje
is symmetric in all of its Lorentz indices.

We first consider the decaysLb→B(* )N, whereN is the
ground state nucleon, and the parent represents any o
states that belong to one of the 1/21 singlets. The amplitude
for the decay is

^B~* !~v !N~p!ub̄buLb~v !&5ū~p!AM̄B~* !~v !u~v !,
~36!

whereA is the most general scalar matrix that can be c
structed, andM B(* )(v) is the matrix representing theB(* )

states. Without loss of generality, we can chooseA5a, a
constant.

We can generalize this for the decay of any excited st
such asLb

( j )→B(* )N. The amplitude is

^B~* !~v !N~p!ub̄buLb
~ j !~v !&5ū~p!A m1 . . . m jM̄B~* !

3~v !Rm1 . . . m j
~v !. ~37!
03400
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For parents of natural parity,A m1 . . . m j is a tensor, and take
the form

A m1 . . . m j5pm1 . . . pm j 21@apm j1bgm j #. ~38!

For parents of unnatural parity,A m1 . . . m j is a pseudotensor
which we can construct very easily~in this case! by using the
tensor of the preceding equation, and multiplying it byg5.
Thus, for parents of unnatural parity,

A m1 . . . m j5pm1 . . . pm j 21@apm j1bgm j #g5 . ~39!

Since the use of theg5 allows us to go from pseudo
tensor to tensor for these decays, in what follows we w
discuss only the decays of parent baryons with natural pa

The last set of decays we consider areLb
( j )→B(* )D. For

the amplitude, we write

^B~* !~v !D~p!ub̄buLb
~ j !~v !&5ūn~p!A nm1 . . . m jM̄B~* !

3~v !Rm1 . . . m j
~v !. ~40!

Since theD has unnatural parity,A nm1 . . . m j must be a
pseudo-tensor~for parents of natural parity!, and takes the
form

Anm1 . . . m j
5$pm1

. . . pm j 21
@avngm j

1bgnm j
1cvnpm j

#

1dpm1
. . . pm j 22

gnm j 21
gm j

%g5 . ~41!

V. DISCUSSION AND CONCLUSION

In the previous sections, we have outlined how the ten
formalism of HQET may be used to examine the strong
cays of heavy hadrons. There remain a few points of
formalism that warrant some discussion. First, note that
have not presented any decay rates. Nevertheless, we
examined many cases for these decays, and have found
the ratios of decay rates predicted by Isgur and Wise
indeed obtained.

We have not treated the decays of heavy mesons
heavy baryon and a light anti-baryon. However, the form
ism for these decays is very similar to that of the last s
section.

There is one subtlety involved in some of the matrix e
ments we have shown. Let us examine the case of
(1/22,3/22)→1/21r, where the 1/21 is the heavy baryon
singlet. In this case, the 62J symbol becomes

H 1/2 0 1/2

Jh S 1 J ,

which implies thatJh can only have the value 1, regardle
of the value ofS. However, in our formalism, we have use
two independent coupling constants, implying two indepe
dent amplitudes. The resolution of this apparent contrad
tion lies in realizing that for this decay,Jh51 can be con-
structed in two different ways, withL50 or L52 ~for ther,
Sh51). Thus, there are indeed two independent amplitud
corresponding to the two independent partial waves, but
7-5
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ratio of the twoL50 decay amplitudes is the same as that
the twoL52 decay amplitudes.

In their formalism, Isgur and Wise have pointed out th
the total widths for the decays of the two members o
heavy spin multiplet to the two members of another multip
are identical. In principle, we can obtain this general resul
the present formalism, but a proof is beyond the scope of
present article, and is left for possible future work. We no
however, that for all of the cases we have examined exp
itly, the sum rule has been found to be valid, as expecte

In Sec. IV A, we saw that there were some decays t
vanished exactly at this order in the 1/m expansion. For such
amplitudes, the 1/m ‘‘corrections’’ are therefore the leadin
terms, and we believe that these corrections should be s
ied. In addition, it is important to examine the 1/m correc-
tions for the non-vanishing amplitudes, as these may lea
large departures from the leading order predictions. This
been done by Falk and Mehen@9,10# for theD-wave decays
of the (11,21) D** mesons to the ground states, in t
framework of the combined HQET and chiral perturbati
theory. It is of some interest to see the kind of contributio
that can arise in the present formalism. In particular,
S-wave component is expected for one of these decays.

The coupling constants we have introduced are all in
pendent of the mass of the heavy quark present in the pa
and daughter hadrons. By virtue of the heavy flavor symm
try, these coupling constants are therefore valid both
charm and beauty decays. Thus, knowing some charmed
cay rates, we could predict the corresponding beauty de
rates. Alternatively, we could attempt to extend this form
ism down to strange hadrons, treating thes quark as heavy,
to glean some information about what to expect in charm
this case one would certainly expect 1/m corrections to be
very important.

Finally, we close with two speculative comments. As d
cussed earlier in the article, despite the fact that we focus
the heavy-quark part of the operator responsible for
strong decay, this is simply a matter of convenience, as
strong-interaction dynamics are all hidden in the unspeci
Li of Eq. ~9!. One consequence of this is that the velocity
.
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the heavy daughter hadron is unchanged from that of
parent. This would suggest that highly excited states sho
not easily decay to the ground state with emission of a sin
pion, say~despite having ample phase space!, as the ‘‘ap-
proximation’’ of no change in the velocity of the heavy ha
ron is further and further removed from reality. Instead,
might be easier for such highly excited states to emit a sin
pion in decaying to a nearby excited state@so that the veloc-
ity of parent and heavy daughter are~approximately! the
same#, which in turn would decay to another nearby sta
etc., or by ‘‘cascading’’ down to the ground state. Thu
decays into multi-pion final states should provide a sign
cant fraction of the widths of such states.

The key to the formalism presented herein was the id
tification of the heavy quark current that plays a role in t
decay. For the strong decays, this current was identified
being the unit Dirac matrix. It is possible that this idea can
extended to, for example, electromagnetic processes
heavy mesons. In the decayD*→Dg, for instance, it is ex-
pected that the photon will couple both to the heavy qu
and to the brown muck. We know what to do in the first ca
but not in the second. In the second case, however, we
still be able to use the idea that for this part of the curre
the heavy quark is a spectator, so that the heavy quark
rent is again unity, and one is then left with the matrix e
ments of the light current, which may be parametrized
some way. This has been done, to some extent, by a num
of authors@11#. Whether this approach leads to any furth
development remains to be seen.
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