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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 inctude 1/
corrections]S0556-282(198)00815-7
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. INTRODUCTION S+h=S., S+S=S (4)

In the past few years, heavy quark effective theory
(HQET) [1-3] has enjoyed much success in treating many

aspects of the phenomenology of heavy hadi@hs|. The L1, S _ 5
elegant tensor formalism developed by Georgi, and used ex- LS, ]J“S' ]S'SQ]S ®

tensively by others, has proved to be a very powerful tool for  The gverlap between these two “wave functions” or cou-
applications of HQET. There remains, however, one areg|ling schemes is
that is yet to be treated by this tensor formalism, namely that

of the strong decays of these hadrons. Clearly, since these Fis S § ¢

decays, by their very nature, involve non-perturbative QCD, (—1)S*S*h*9(25 +1)(25+1) :
Jbh S §

we do not expect HQET to allow us to calculate absolute ®)

decay rates. However, it will be useful in examining ratios of

decay rates. _ _ This object is proportional to the strong matrix element, and
The question of the ratios of decay rates has been adhe constants of proportionality are the same for the four
dressed by Isgur and Wi$6]. In their article, they noted that decays that are possible between two different multiplets.

amplitudes for strong decays of heavy mesons were propofrhat is, there exist a single set of proportionality constants
tional to sums of the products of four Clebsch-Gordan coeffor the four decays

ficients that arise from recoupling of angular momenta in the
parent and daughter hadrons. In fact, their result can be ex- (S*1/2)— (S +1/2)+h. (7
pressed slightly more compactly as a8 symbol. Their ) )
argument makes use of the fact that the heavy quark is a !N this article, we show how to use the tensor method to
spectator in the decay of the heavy hadron, so that only thabtain the same information in a manner that we find some-
light component of the hadron, the so-called brown muckWhat more compact than the “spin-counting” method. In
takes an active part in the decay. add|t|on, _the specmc fo_rms of the amplitudes can be ob-
At the hadronic level, a heavy hadron of total s@imle-  t@ined using this formalism. Furthermore, the full power of
cays to one of spir§', with a light hadron of total angular the tensor forma_hsm may .then be brought to bear on these
momentumS,. The daughter hadrons are in a relative Processes. I_:or instance, it should_bg possible to treat the
L-wave, and conservation of angular momentum gives 1/mq corrections, as well as the radiative ones, to the decay

amplitudes.
S+L=J S +So=5, 1)
IIl. TENSOR FORMALISM
with A. General formalism
S'+3,=S5, 2 In general, we are interested in a matrix element of the
form
where S is the spin of the brown muck in the daughter
hadron, andS,, is the spin of the heavy quark. This combi- M=(X(P)H ()| Og| Hg(v)), (8)
nation of angular momenta may be represented symbolically
as where X' is a light hadron,?'—(’Q and’Hq are heavy hadrons,
and O is the operator responsible for the strong decay. The
[[ShL15,[S/Sels'Is- (3 problem in trying to say anything useful about this lies in the

fact thatOs is, in general, a complicated object that is full of
On the other hand, one can regard this process as proceedingn-perturbative QCD dynamics, and about which we know
entirely at the level of the brown muck, since the heavyvery little. In general, this operator will involve all of the
guark is a spectator in the process, so that sub-structure of the hadron in a non-trivial way.
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We may deduce some form for the operafdy in some  physics contained in the spin-coupling scheme described
specific limit, or we may construct a model for it. For ex- above. Thus, the only possible form that can contribute is
ample, if X is a pion or other light pseudoscalar meson, wethe scalar contribution]’;=1. Beyond leading order we
may invoke chiral symmetry to write a particular form for would expect other terms to contribute. This also means that
O,. However, since we are interested in treating decays itthe light part of the matrix element is simplified, as the op-
which the light daughters are arbitrary hadrons, this option i®rator concerned is a Lorentz scalar. This identification, that
not open to us. only I';=1 above can contribute at leading order, is the key

Despite the complication involved i), we do know to applying the tensor formalism to these decays. All else is
that O; must be a Lorentz scalar, as well as flavor singlet innow relatively simple, as we know how to “calculate” ma-
all flavors of quarks. In particular, it is flavor singlet in the trix elements for any arbitrary, as well as how to include
heavy quark. For the purposes of this discussion, and withowtarious kinds of corrections.
any loss of generality, we can writgg as We close this section by noting that the coupling con-

stants to which we have alluded, which are essentially the
_ matrix elements of the light part of the decay operator, de-
Os= E Qr,QL;, (99  pend only on the brown muck, and are therefore independent
: of the mass of the heavy quark. Thus, for instance, the same
set of coupling constants would be valid for decays of had-
where I'; is a general Dirac matrix, and is one of rons containingc quarks and for hadrons containiriy
1,9,,0,,,Y.7s,7s andL; contains all of the dynamics in- quarks.
volving the brown muck. We have writteflg in this form in
order to explicitly display the heavy quark part. Edghhas B. Kinematic questions

the same Lorentz structure as the correspondingto en- . . . . . .
sure thatO, is a Lorentz scalar. Note that tHe are, in HQET, in conjunction with chiral perturbation theory

L ChPT), has been applied to the strong sin¢gend double
principle, many body operators, as the structure of the browrﬁ.
muck is expected to be complicated. While it may be temptplon_decays of heavy h_adro[18—10]. In that treatment, th_e
, i — , , requirement that the pion momentum be small, combined
ing to associate thQy,Q term of Os, for instance, with it the “infinite” masses of the parent and daughter had-
one-gluon physics,” we refrain from making such identifi- ;o jeads to the fact that the velocity of the heavy daughter
cations. This is because we view E§) simply as a way of

- ) ! ; . hadron is the same as that of the parent. This is in contrast
parametrizing our ignorance of strong interaction dynamicsy;ith the weak decays of these states, in which the heavy

and make no interpretations of the physics that could lead tauark can receive a large momentum change from the emit-
each term. _ _ _ ted virtualW: the velocities of the parent and daughter had-
) In writing Eq. (9), we believe that all possible contribu- rons are different. In the HQET and ChPT formalisms for
tions to the strong decay operator are allowed for. We alsyqng gecays, there are therefore two independent kinematic
believe that this is not a “perturbative” expansion in the variables,u, the velocity of the heavy hadrons, apd the
usual sense, since the have not been specified, and these o mentum of the pion. '
will, in general, receive many contributions from all orders |, {he present formalism, we want to be able to treat the
in QCD. The only contributions that are possibly omitted decays of a heavy hadron t,0 another heavy hadron, with the
from this form of O are those that contain loops with heavy omission of a “light” hadron that may be any staté of the
quarks, but these are suppressed by powersrof 1/ infinite tower of excited states. Thus, if the light daughter is
Since we can represent the heavy hadrons as heavy p&ficiently excited, it could provide the large impulse re-
Xlight part, such as in the Falk representati@h the matrix  qyired to bring about a velocity change in the heavy hadrons.
element of each term i factorizes. This means that al- | tact, note that if we were to consider decays of charmed
though the interactions involving the light component areqesons to the, say, the mass of the light daughter hadron
complicated, we can absorb these into a set of unknown forry already a sizable fractiof70%, in the case of decays to
factors(as has been done for weak degaysunknown cou-  the ground state charmed mespakthe mass of the daugh-
pling constantgfor strong decays We emphasize that we (g hadron. It therefore appears necessary to make use of full
are not discarding thé;, but simply parametrizing their \,omentum conservation through
matrix elements, between different states of the brown muck,
in terms of a set of unknown coupling constants, and the MpG(v=mpov ' +p, (10
most general Lorentz tensors that can be constructed. All that
is left for us to deal with are the heavy quark componentsWherev is the velocity of the parent;’ is that of the heavy
which we know how to treat. Furthermore, we also knowdaughter, ang is the momentum of the light daughter.
how to include corrections due to the finite mass of the heavy However, we remind the reader that our use of the opera-
guark. However, there are still five terms @y . tor cI';c is simply a means of facilitating the application of
What helps us further in our treatment of the strong pro-HQET to these decays. The dynamics that is responsible for
cess is the fact that, at leading order in HQE®E., in the the decay is contained in tHg, which contains only light
limit that the mass of the quac® goes to infinity, the heavy  quark and gluon fields. These cannot change the velocity of
quark will act as a spectator in the decay. In particular, itghe heavy quark, so that we can only usé=v') andp as
spin indices are unaffected by the deddlyis is the same our kinematic variables.
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IlIl. MESON DECAYS

The starting point for this discussion is the representation
of the heavy meson states. For concreteness, let us examine

decays of excite®** mesons to ground sta*) mesons.
For these, we use the representations constructed by Halk
An excitedD meson with total angular momentuinwill,

PHYSICAL REVIEW b8 034007

(D(v)m(p)|cc|DP(v))
:a\/MDM[)(i)Tr[p'YSE(U)M

Iz

W) 1P, Py

(16)

Because of the spin symmetry of HQET, the decays to the

in general, be represented by an object linear in a polarizecorresponding vector mesdd* are also described by the

tion tensor,n*1 - -#(v). This polarization tensor is sym-

same coupling constaiat, and the corresponding matrix el-

metric, transverse and traceless. The latter two properties aesment is

expressed by
Uy, 7 M(0)=0, gy, 7"t M(0)=0. (11

For a state consisting of a heavy qu&pkand a light com-

ponent with the quantum numbers of an antiquark, the spe-

(D*(v,8)m(p)|cc| DV (v))
=a\yMp«Mpi) Tr pysD* (v)

XMt )Py P (A7)

cific representation of any particular state will depend on thel’hus, these four decays are all described in terms of a single,

angular momentun of the light componentantiquark of
the state. It is thus more convenient to referj tthan toJ,
since there will be a degenerate doublet of states With

unknown, nonperturbative constaat We emphasize here
that HQET can tell us nothing about this constantMore
explicit information about this constaiand all other such

+1/2. The full details of the representations can be found insoupling constants discussed in this papgEmn only be ob-

Falk's article[7].

tained from explicit calculations involving non-perturbative

We illustrate the tensor method for calculating strong de'dynamics, such as quark models, QCD sum rules, or lattice
cay matrix elements by examining two specific sets of degycp.

begin by looking at decays involving single pions, so that weimit our discussion to decays involving light vector mesons

are interested in the matrix element

M=(D(v)m(p)|cc|DV(v)). (12)

(p, for instance, but the generalization to light hadrons of
arbitrary spin should be clear. The matrix element for such a
decay (still considering decays to the ground state heavy
double} is

As identified in the previous section, we are taking the heavy

quark operator responsible for the decaycas(and a light

scalar operator is understood as multiplyicg). Note, too,
that we are explicitly not using the “chiral limit” of soft

pions, as we allowp to be large. Nevertheless, in the leading
order, the velocity of the heavy hadron cannot change during
the strong decay. In terms of the trace formalism, the matrixl-he most general form for the matrit

element of interest is

(D(v)m(p)lce|DV(v))
= \MpMpi) T A, . JI(P) Do) MG ()],
(13

whereD(v) is the matrix representation of the meddnThe
matrix A/’“l . Can only have the form

A T Puy- P b (14

while the matrixII(p) must represent the final state pion.
The simplest, non-redundant form allowable is

II(p)=ays, (15

where the constart is independent of the mass of the heavy

(D*)(v)p(p,€)lcc|DV(v))
= \Mpo Mo TLR(P) €Y A, Mpis)

X ()Ml )] (18

Vi - My iS
Ay o =Puy Py, la0,p, +DY,P, +CO,, 10,
(19

while R(p)=1 is the most general, non-redundant form that
represents thg meson[the polarization vector of thg ap-
pears explicitly in Eq(18)]. For a decay in which the parent
belongs to one of the (017) or (0*,1%) multiplets, the
term cg,,, is absent, as there are then no indices on the

matrix representation of the parent hadron.

At this point, it is instructive to discuss the differences
between the present approach and that of the combined
HQET and ChPT. The basic difference lies in the starting
point which, for the purpose of this discussion, we may take
as Eq.(9). In the approach presented herein, attention is fo-
cused on the heavy quark part of this operator. The only
information about the light quark part that is used is its over-
all Lorentz structure.

In the chiral approach, it is the light quark part of the

quark, by virtue of our chosen normalization. Thus, the ma-operator that is the focus of attention, as a specific form is

trix element is

written down. This form is based on the assumption of chiral
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dynamics. Inherent in this are two of the limitations usually hhls ) = Ul ©

associated with chiral approachds). only decays to light (Ap(@)m(p)[bbIZp"(v) U(LIR, (o)1, @D
pseudoscalars are easily treatedcept in some extension of with r# a vector, which can only have the form

chiral perturbation theopy (ii) the momentum and energy of

the light daughter hadron must be less than some mass scale, ra=ap,. (22)

that of chiral symmetry breaking. What we have presented in )

this paper does not require any constraint on the momentuf@" the other hand, if th&(*) belongs to the (1/2,3/2")

of the pion produced in the decay, and so may be considere@publet, therr# would be a pseudo-vector, which cannot be
as a formalism that automatically includes all the powers ofonstructed from the quantities we have at our disposal. Thus
pion momentum that would arise in a chiral expansion. For — -

instance, in the present formalism, we can easily treat decays (Ap(v)m(p)|bb| 25" 32 () =0. (23)

of heavy mesons of higher spin by writing down a tensor. o . . o
such as that in Eq14). In the chiral approach, because moreThe generallzatlon of th!s to parent hadrons of higher spin is
than one power op appears, such a tensor would have to befaSy: Since thesl“1---#i of Eq. (20) becomes

explicitly constructed at higher order in the chiral expansion.
This has been done for thiz-wave decays of the (1,2") in
[9,10]_, for i_nstance. Furthermore_, the formalism presented, parents of unnatural parity or

here is easily extended to treat light daughter hadrons other

than pseudoscalars, as we have already donep'r for Ay, u=0 (25)
example. By the same token, we note that it is essentially .

trivial to include two or more pions in any of these decaysfor parents of natural parity.

Ay =8Py Py, (24)

using this formalism. In the case of the heavy baryons of natural parity, the
amplitudes for decays to the ground state with the emission
IV. BARYON DECAYS of a single pion vanish at leading order, and should first be

non-zero at order il . Thus, if these states have no other

The case of baryon decays may best be subdivided intghen channels into which they can decay, they should be
two separate classes. The first set of decays that we will tregfyite narrow.

is composed of those in which the heavy daughter hadron is For gecays to final states that are not the ground state,
a baryon(such as\§ — Ayp), while in the second class, the gych as to the (1/23/2") multiplet, the decay amplitude is
heavy daughter hadron will be a mes@uch asA§ — pB).
(A2 (0) m(p)[bb| 2 (v))
A. Heavy daughter baryons

=R,(v)R (v)AVHL B, 26
As with the meson decays, our starting point is the repre- @) - '“l(v) (28

sentation of the baryon states. We will simply borrow thes e parent hadron has natural parity, thdrf*t - #i is a

representat_io_ns constructed by_ Falk. We note, however, ,th%nsor(because the daughter has unnatural parityd takes
we must divide our baryons into two groups, those Withine form

“natural” parity and those with “unnatural” parity. This

description is determined by the spin and parity of the brown A w=Pu,---Pu [ag,, thp,p,l. (27
muck, denoted®. If P=(—1)!, the baryon is a natural one, vl o I :

while if P=(—1)U0*1), the baryon is unnatural. The need for For parents of unnatural parity,

this division into natural and unnatural baryons will become

clear shortly. _ T -D,Lj,lsmjaﬁv“pﬁ- (28)
Consider the deca¥{’— A, which is described by the _ o ,
matrix element As final examples of the application of the formalism to
this kind of decay we consider decays gomesons. The
(Ab(v)w(p)lbb|2§>(v)>=u(v)RM - .M,-(U)AM . -u(j,zo) matrix element for decays to the ground state is

(Ap(0)p(p,€)[bb[=(v))
where the spinor tensdk, . _Mj(v)_ represents both stgtes ZU(U)R# a(v)eR A n, (29)
of the doublet, and4#1 ---#i contains all of the strong in- ! !

teraction dynamics. Since there is a pion in the decay, ang iphe parent has natural parity, thet”*1---#i is a tensor
assuming that thé\,, is the ground state, then the quantity 59 takes the form

A#1---# must be a pseudo-tensor if tlﬁag) is a natural

baryon or a tensor if it is unnatural. The forms that can be Ay .. =Py .pujfl[agijrbv,,pﬂj]. (30
constructed in the two cases are quite different. Let us now
examine some more specific examples. For a parent of unnatural parity,
Consider the deca¥{*)— A,m, where3{*) belongs to s
the (1/2",3/2%) doublet. The matrix element is Avuy oy = APy -+ Py B v apt P (31)
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For decays to the (1/23/2%) multiplet, we obtain
(A2 (w)p(p, €)[bb| ()
=R,(1)R,,  (0)eg AT 4, (32)
For parents of unnatural parity,
Avapy oy =Puy -+ Puy_ {890 Gan,

+ pﬂ[bgvagﬁp,j + Cgv,ujgaB_F dga/./,jgvﬁ

+ egB,ujvapv]}! (33
while for parents of natural parity,
Avauy o= Ppug - Py {884 0agP”
+vﬁp"[bpaij,,Bp-i—Cv”s”jaBp
+dptie,up,l} (39

B. Light daughter baryons

PHYSICAL REVIEW b8 034007

For parents of natural parityd #1 - #i is a tensor, and takes
the form

AMl---Mj:p#l___p#j—l[apﬂj+byﬂj]_ (38)
For parents of unnatural parityl #1 - #i is a pseudotensor,
which we can construct very easiliy this cas¢by using the
tensor of the preceding equation, and multiplying it fay.
Thus, for parents of unnatural parity,

Araeki=pia o pticifaptitbyti]ys. (39)

Since the use of thes allows us to go from pseudo-
tensor to tensor for these decays, in what follows we will
discuss only the decays of parent baryons with natural parity.

The last set of decays we consider ag’—B®*)A. For
the amplitude, we write

(B™)(0)A(p)[bb| AP (v))=u,(p). A "1 Hi Megx)

X()R,, . (v). (40

Since theA has unnatural parity,4”#1---#i must be a
pseudo-tensoffor parents of natural parity and takes the

For these decays, as with the decays to heavy baryons, ferm

will again be useful to divide the light baryons into natural
and unnatural baryons, with a slight modification of the defi-
nition. A light baryon of spin] and parityP is considered to

be natural ifP=(—1)""2 unnatural ifP=(—1)""*2 In

Av,ul .. ./.Lj:{p;Ll' . 'p,uj,l[avv')’pdj—'—bgvuj_’_cv Vp;Lj]

+dp/,L1' . 'pﬂj—zg"#j—l‘yﬂj}‘)@" (41)

addition, for states with spin greater than 1/2, we employ the

generalized Rarita-Schwinger field;l B ,Mj(p), which sat-

isfy

pu/.Ll.../.Ln(p):mu,ul...,u,n(p)a
YL, (P)=0,

prau,, ., (p)=0, (39)

wheren=J-1/2, and we remind the reader that this object

is symmetric in all of its Lorentz indices.
We first consider the decays,—B®*)N, whereN is the

V. DISCUSSION AND CONCLUSION

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

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

ground state nucleon, and the parent represents any of thection.

states that belong to one of the 1/2inglets. The amplitude

for the decay is

(B*™)(v)N(p)|bb|Ap(v))=u(p) AMpw(v)u(v),
(36)

where A is the most general scalar matrix that can be con-

structed, andM gx)(v) is the matrix representing tha®*)
states. Without loss of generality, we can chootea, a
constant.

There is one subtlety involved in some of the matrix ele-
ments we have shown. Let us examine the case of the
(1/27,3/27)—=1/2* p, where the 1/2 is the heavy baryon
singlet. In this case, the-6J symbol becomes

172 0 1/
Jbh S 1]

which implies thatJ;, can only have the value 1, regardless
of the value ofS. However, in our formalism, we have used

We can generalize this for the decay of any excited statg,yq independent coupling constants, implying two indepen-

such asA ) =B®)N. The amplitude is

(B®)(v)N(p)[bb| A (v)y=u(p)A¥ L ¥ M)

X(WIR, (V)

dent amplitudes. The resolution of this apparent contradic-
tion lies in realizing that for this decay,,=1 can be con-
structed in two different ways, with=0 orL=2 (for thep,
S,=1). Thus, there are indeed two independent amplitudes,
corresponding to the two independent partial waves, but the
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ratio of the twoL =0 decay amplitudes is the same as that ofthe heavy daughter hadron is unchanged from that of the
the twoL =2 decay amplitudes. parent. This would suggest that highly excited states should
In their formalism, Isgur and Wise have pointed out thatnot easily decay to the ground state with emission of a single
the total widths for the decays of the two members of apion, say(despite having ample phase spaces the “ap-
heavy spin multiplet to the two members of another multipletproximation” of no change in the velocity of the heavy had-
are identical. In principle, we can obtain this general result iron is further and further removed from reality. Instead, it
the present formalism, but a proof is beyond the scope of thenight be easier for such highly excited states to emit a single
present article, and is left for possible future work. We note pion in decaying to a nearby excited stgée that the veloc-
however, that for all of the cases we have examined explicity of parent and heavy daughter afapproximately the
itly, the sum rule has been found to be valid, as expected. samd, which in turn would decay to another nearby state,
In Sec. IV A, we saw that there were some decays thaetc., or by “cascading” down to the ground state. Thus,
vanished exactly at this order in theriéxpansion. For such decays into multi-pion final states should provide a signifi-
amplitudes, the b “corrections” are therefore the leading cant fraction of the widths of such states.
terms, and we believe that these corrections should be stud- The key to the formalism presented herein was the iden-
ied. In addition, it is important to examine thendktorrec- tification of the heavy quark current that plays a role in the
tions for the non-vanishing amplitudes, as these may lead tdecay. For the strong decays, this current was identified as
large departures from the leading order predictions. This hakeing the unit Dirac matrix. It is possible that this idea can be
been done by Falk and Meh¢®,10] for the D-wave decays extended to, for example, electromagnetic processes of
of the (1",2*) D** mesons to the ground states, in the heavy mesons. In the dec&y* — Dy, for instance, it is ex-
framework of the combined HQET and chiral perturbationpected that the photon will couple both to the heavy quark
theory. It is of some interest to see the kind of contributionsand to the brown muck. We know what to do in the first case,
that can arise in the present formalism. In particular, arbut not in the second. In the second case, however, we may
S-wave component is expected for one of these decays. still be able to use the idea that for this part of the current,
The coupling constants we have introduced are all indethe heavy quark is a spectator, so that the heavy quark cur-
pendent of the mass of the heavy quark present in the parergnt is again unity, and one is then left with the matrix ele-
and daughter hadrons. By virtue of the heavy flavor symmements of the light current, which may be parametrized in
try, these coupling constants are therefore valid both fosome way. This has been done, to some extent, by a number
charm and beauty decays. Thus, knowing some charmed def authors[11]. Whether this approach leads to any further
cay rates, we could predict the corresponding beauty decagevelopment remains to be seen.
rates. Alternatively, we could attempt to extend this formal-
ism down to strange hadrons, treating thquark as heavy,
to glean some information about what to expect in charm. In
this case one would certainly expectritorrections to be
very important. Thanks go to J. Goity and N. Isgur for discussions and
Finally, we close with two speculative comments. As dis-comments, and for reading the manuscript. Thanks also go to
cussed earlier in the article, despite the fact that we focus omstitut des Sciences Nue&es, Grenoble, France, where
the heavy-quark part of the operator responsible for thepart of this work was done. This work was supported by the
strong decay, this is simply a matter of convenience, as thilational Science Foundation through grant PHY 9457892,
strong-interaction dynamics are all hidden in the unspecifieéind by the Department of Energy, through contracts DE-
L; of Eq. (9). One consequence of this is that the velocity of AC05-84ER40150 and DE-FG05-94ER40832.

ACKNOWLEDGMENTS

[1] See, for example, M. Neubert, Phys. Rg5 259(1994), and D. E. Brahm,ibid. 254, 468(1991); A. Falk, B. Grinstein, and
references therein. M. Luke, Nucl. PhysB357, 185 (199)).
[2] H. Georgi, Phys. Lett. 40, 447 (1990. [6] N. Isgur and M. Wise, Phys. Rev. Le@6, 1130(1991).

[3] N. Isgur and M. Wise, Phys. Lett. B32, 113(1989; 237, 527 [7] A. Falk, Nucl. PhysB378 79 (1992.
(1990; B. Grinstein, Nucl. PhysB339 253 (1990; A. Falk, [8] J. L. Goity and W. Roberts, Phys. Rev.9}, 3459(1995.
H. Georgi, B. Grinstein, and M. Wiséid. B343 1 (1990; A. [9] A. Falk and T. Mehen, Phys. Rev. BB, 231(1996.
Falk and B. Grinstein, Phys. Lett. B47, 406 (1990; T. Man- [10] A. Falk in the proceedings of 20th Johns Hopkins Workshop

nel, W. Roberts, and Z. Ryzak, Nucl. Ph368 204 (1992. on Current Problems in Particle Theqitp be publishej Re-
[4] N. Isgur and M. B. Wise, Nucl. Phy®8348 276 (1991); H. port No. IMU-TIPAC-96014.

Georgi,ibid. B348 293(1991); T. Mannel, W. Roberts, and Z. [11] P. Colangelo, F. De Fazio, and G. Nardulli, Phys. LetB1,

Ryzak, ibid. B355 38 (1991). 555 (1993; J. G. Korner, D. Pirjol, and K. Schilcher, Phys.
[5] M. Luke, Phys. Lett. B252 447 (1990; H. Georgi, B. Grin- Rev. D 47, 3955(1993; H.-Y. Chenget al, ibid. 47, 1030

stein, and M. B. Wiseibid. 252, 456 (1990; C. G. Boyd and (1993.

034007-6



