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Generalization of the bound state model
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In the bound state approach the heavy baryons are constructed by binding, with any orbital angular momen-
tum, the heavy meson multiplet to the nucleon considered as a soliton in an effective meson theory. We point
out that this picture misses an entire family of states, labeled by a different angular momentum quantum
number, which are expected to exist according to the geometry of the three-body constituent quarttanodel
Nc=3). To solve this problem we propose that the bound state model be generalized to include orbitally
excited heavy mesons bound to the nucleon. In this approach the missing angular momentum is “locked up”
in the excited heavy mesons. In the simplest dynamical realization of the picture we give conditions on a set
of coupling constants for the binding of the missing heavy baryons of arbitrary spin. The simplifications made
include working in the larg# limit, neglecting nucleon recoil corrections, neglecting mass differences among
different heavy spin multiplets, and also neglecting the effects of light vector mesons.
[S0556-282(97)04717-6

PACS numbgs): 12.39.Dc, 12.39.Hg, 12.39.Jh

[. INTRODUCTION Here we shall investigate the spectrum of excited states in
the bound-state—soliton framework. Some aspects of this
There has been recent interest in studying heavy baryorroblem have already been treated,7,9,13,14 We will
(those with the quark structugg Q) in the bound state pic- deal with an aspect which does not seem to have been pre-
ture [1,2] together with heavy quark spin symmef@]. In  Viously discussed. This emerges when one compares the ex-
this picture the heavy baryon is treafeid-9] as a heavy spin  cited heavy baryon spectrum with that expected in the con-
multiplet of mesons @ q) bound in the background field of Stituent quark mode{CQM) [16]. We do not have in mind.
the nucleon §qq), which in turn arises as a soliton configu- specific dynamlc.al treatments of the CQM bu; rather just its
ration of light meson fields. general geometric structure. Namely we shall just refer to the

. . . . ... counting of states which follows from considering the
A nice feature of this approach is that it permits, in prin- baryon as a three-body system obeying Fermi-Dirac statis-

c!ple, an exact expansion of the heavy bafYO” properties Ifjes \we shall restrict our attention to the physical states for
S|multaneou§ powers of W/ andllNC. In the_3|m.plest treat- Nc=3. In this framework the CQM counting of the heavy
ments, the light part of the chiral Lagrangian is made fromgycited baryon multiplets has recently been discuga@d
only pion fields. However it has been shown that the intro-at the level of two light flavors there are expected to be
duction of light vector meson$—-8] substantially improves seven negative parity first excitet-type heavy baryons and
the accuracy of the model. This is also true for the solitonseven negative parity first excitéttype heavy baryons. On
treatment of the nucleon its¢lf0—-12. Furthermore finiteM the other hand a similar countifd,14] in the bound state
corrections as well as finitdlc (nucleon recoil corrections  treatments mentioned above yields only two of thetype
are also important. This has recently been demonstrated fend five of theX type. Thus there are seven missing first
the hyperfine splitting probleri3,14. excited states. One thought is that these missing states should
Since the bound-state—soliton approach is somewhat ibe unbound and thus represent new dynamical information
volved it may be worthwhile to point out a couple of its with respect to the simple geometrical picture. There is cer-
advantages. In the first place, it is based on an effective chiainly not enough data for the charmed baryons to decide this
ral Lagrangian containing physical parameters which are iissue. However for the strange baryons there are ten estab-
principle subject to direct experimental test. Second, thdished particles for these 14 states. Hence it is reasonable to
bound state approach models a characteristic feature of lzelieve that these states exist for the heavy baryons too. In
confining theory. When the bound system is suitablythe CQM one may have two different sources of orbital an-
“stretched” it does not separate into colored objects but intogular momentum excitations; for example, the relative angu-
physical color singlet states. lar momentum of the two light quarkls, and the angular
momentumLg of the diquark system with respect to the
heavy quark. The parity of the heavy baryon is given by

*Electronic address: mharada@npac.syr.edu P=(—1)""tE. However, in the bound state models consid-
"Electronic address: sannino@npac.syr.edu ered up to now there is only room for one relative angular
*Electronic address: schechter@suhep.phy.syr.edu momentumy associated with the wave function of the heavy
8Electronic address: meson with respect to the soliton. The parity is given by
weigel@sunelcl.tphys.physik.uni-tuebingen.de P=(—1)". Both models agree on the counting of the
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56 GENERALIZATION OF THE BOUND STATE MODEL 4099

“ground” states (,=Lg=r=0). Also the counting of the the two different approaches reveals that there is a large fam-
states with [[,=0, Lg=1) agrees with those af=1 in the ily of “missing” excited states. This is discussed in general
bound state model. However, the bound state model has riérms in Sec. Ill where a proposal for solving the problem by
ana]ogue of the |(| =1, Lg= O) states and, in generaL no considering the blndlng of heavy excited mesons to the Skyr-
analogue of the highdr,#0 states either. mion is made. A correspondence between the angular mo-
It is clear that we must find a way of incorporating a newMentum variables of the CQM and of the new model is set
angular momentum quantum number in the bound state pi¢dP- A detailed treatment of the proposed model for the case
ture. One might imagine a number of different ways to ac-Of the first excited heavy baryons is given in Sec. IV. This
complish this goal. Here we will investigate a method whichincludes discussion of the heavy meson bound state wave
approximates a three-body problem by an effective two-bodjunction, the classical potential energy as well as the energy
problem. Specifically we will consider binding excited heavy corrections due to quantization of the collective variables of
mesons with orbital angular momentufito the soliton. The ~ the model. It is pointed out that there is a possible way of
excited heavy mesons may be interpreted as bound states @00sing the coupling constants so as to bind all the missing
the original heavy meson and a surrounding light mesorptates. The generalization to the excited heavy baryon states
cloud. Then the baryon parity comes out to be1()™*”. of arbitrary spin is given in Sec. V. This section also contains
This suggests a corresponderfbat not an identityr <Lz,  SOME New material on the interactions of the heavy meson
/<L, and additional new states. An interesting conceptuafnumplets with light chiral fields. Section VI contains a dis-
point of the model is that it displays a correspondence be€USSion of the present status of the model introduced here.

tween the excited heavy mesons and the excited heavy baryinally, some details of the calculations are given in Appen-

ons. dixes A and B.
Almost immediately one sees that the model is consider-
ably more complicated than the previous one in which the Il. SOME PRELIMINARIES

single heavy field multipleH is bound to the soliton. Now,
for each value of/#0, there will be two different higher
spin heavy multiplets which can contribute. In fact there is
also a mixing between multiplets with differert, which is
therefore not actually a good quantum number for the mod
(unless the mixing is neglected

In this section, for the reader's convenience, we will
briefly discuss which heavy baryon states are predicted by
the CQM as well as some relevant material needed for the
etl)ound state approach to the heavy baryon states.

It is generally agreed that the geometrical structure of the
Thus we will make a number of approximations which CQM. provides a 'reasonable.guide fpr, at least, counting and

éabellng the physical strong interaction ground states. When

seem reasonable for an initial analysis. For one thing we™ > o . X
shall neglect the light vector mesons even though we knov{}ad'al excitations or dynamical aspects are considered the
odel predictions are presumably less reliable. In the CQM

they may be important. We shall also neglect the possiblén

effects of higher spin light mesons, which one might otherthe heavy baryons consist of two light quarks) (and a

wise consider natural when higher spin heavy mesons al}g_eavy quark Q) in a color smglet state. Since the color
being included. Since there is a proliferation of interactionSN9IEt states are antisymmetric on interchange of the color

terms among the light and heavy mesons we shall limit ourlabels .Of any two _qua_lrks, the_ oyerall wave function must,
selves to those with the minimum number of derivatives.accordmg to Fermi-Dirac statistics, be fully symmetric on

Finally, 1M and nucleon recoil corrections will be ne-

interchange of flavor, spin, and spatial indices. Here we will
glected. The resulting model is the analog of the initial cmecon5|der the case of two light flavors. For counting the states

used previously. Even though the true picture is likely to be/¢ May choose coordinat¢&7] so that the total angular

more involved than our simplified model, we feel that theMomentum of the heavy baryod, is decomposed as
general scheme presented here will provide a useful guide
for further work. J=Li+Let+S+Sy, 2.1

We would like to stress that this bound state model goes ) )
beyond the kinematical enumeration of states and containghereL, represents the relative orbital angular momentum
dynamical information. Specifically, the question of which Of the two light quarksl g the orbital angular momentum of
states are bound depends on the magnitudes and signs of ¢ light diquark center of mass with respect to the heavy
coupling constants. There is a choice of coupling constantguark,Sthe total spin of the diquarks, ar&}, the spin of the
yielding a natural pattern of bound states which includes th&€avy quark. In the “heavy” limit where the heavy quark
missing ones. It turns out that it is easier to obtain the preciseécomes infinitely massiv&, completely decouples. The
missing state pattern for th&-type heavy particles. Gener- parity of the heavy baryon is given by
ally, there seem to be more than just the misskwgype
heavy baryons present. However we show that the collective Pg=(—1)h"te, (2.2
guantization, which is anyway required in the bound state
approach, leads to a splitting which may favor the missingSince we are treating only the light degrees of freedom as
heavy spin multiplets. identical particles it is only necessary to symmetrize the di-

This paper is organized in the following way. Section Il quark product wave function with respect to thg S, and
starts with a review of the CQM geometrical counting of isospin| labels. Note that the diquark isospinequals the
excited heavy baryon multiplets. It continues with a quickbaryon isospin. There are four possible ways to build an
summary of the treatment of heavy baryons in the existingverall wave function symmetric with respect to these three
bound state models. The comparison of the mass spectrum labels:
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TABLE I. Examples of the heavy baryon multiplets predicted It is natural to wonder whether all of these states should
by the CQM. actually exist experimentally. This is clearly a premature
question for thec andb baryons. However an indication for
Le=0 Le=1 the first excited states can be gotten from the ordinary hyper-
1 3 ons(or s baryons. In this case there are six well-established
Aoz ) A2 )} candidateg18] for the A's [ A(1405), A(1520), A(1670),
Li=0 Ao(3") So(z)) A(1690),A(1800), andA (1830)]; only one$™ state has not
20(37). 203N} {30(37).30(37)} Yet been observed. For th&'s there are four well-
50(37) 303 )} established candidatds.(1670), %(1750), 2 (1775), and
3,(1940)]; two 3~ states and oné~ state have not yet been

AQ(%) observed. Thus it seems plausible to expect that all 14 of the
(Ao(3 ) Ao(3 first excited negative parity heavy baryons do indeed exist.

o2 Aoz )i We might also expect higher excited states to exist

L—1 Ao Y Ag(3)) ght pect higher excited states to exist.
' {Aq(z7)Aq(z What is the situation in the bound state approach? To
{EQ(%‘),EQ@‘)} study this we shall briefly summarize the usual approach

[7,9,14 to the excited heavy baryons in the bound state pic-
ture. In this model the heavy baryon is considered to be a

Ao[(2n—3)"T. Ao (2n—23)~ heavy meson bound, via its interactions with the light me-
{Aql(2n i)f] ol(2n f)f]} sons, to a nucleon treated as a Skyrme soliton. The model is
{Aql(2n=2)"].Aql(2n=2) 1} based on a chiral Lagrangian with two parts,
Li=2n=1 A [(2n-3) 1. AQ[(2n+3) 1} L= Lign+ Lneawy- The light part involves the chiral field
{Sol(2n—3) 1.3q[(2n-3) "1} U=¢’=exp(A4IF,), where ¢ is the 2x2 matrix of stan-
dard pion fields. Relevant vector and pseudovector combina-
{Agl(2n—2) 1 Agl(2n+2) "1} tions are
{Zol(2n=3)"1.2ql(2n—3) "1} i
Li=2n (sol(2n-3)"13¢l(2n+3) ]} 0uiPu=5 (60,8 £10,8). @4

{Sol(2n+3) 1.2l (2n+3) 1}

In addition light vector mesons are included in & 2 matrix
field p,,, which describes both the rho and omega particles.
The light Lagrangian has a classical soliton solution of the

(@ 1=0, S=0, L =even, form

(by 1=1, S=1, L,=even, fc(X):eXF{I?Q'TFﬂXD

(¢) 1=0, S=1, L,=odd,
1 )
(d) 1=1, S=0, L,=odd. 2.3 Pi:mfikanGﬂXD,

There is no kinematic restrictidron L.

Let us count the possible baryon states. TheLg=0
heavy baryon ground state consists\af (J°=3") from (a) Poc=wic=0, (2.9
and the heavy spin multiplé& (3 *),2o(3 ")} from (b). It
is especially interesting to consider the first orbitally excitedyhere Puc= %(wuc+ Tapic) andg is a coupling constant.

states. These all have negative parity with eithee1,  The appropriate boundary conditions are
L,=0) or (Lg=0, L,=1). For Lg=1, (a8 provides the

heavy spin multiplet {Aq(37),Aq(37)} and (b) pro- F(O)=-m, G(0)=2, '(0)=0,
vides 3o(37), {20(37).20(37)} {20(37)2(37)}. For
Li=1 (o) provides Aq(z), {Aq(3).Ag(3))},
{AQ(%‘),AQ(E‘)}, while (d) provides{EQ(%‘),EQ(g‘)}. which correspond to unit baryon number.

Altogether there are 14 different isotopic spin multiplets at The heavy Lagrangian will be constructed, to ensure
the first excited level. The higher excited levels can be easiljieavy spin symmetry, from the fluctuation fietddescribing

enumerated in the same way. For convenient reference thetie heavy pseudoscalar and vector mesons. It takes the form
are listed in Table I.

ch:w(|X|)y

F(*)=G(®)=w(*)=0, (2.6)

Lheay/M =iV, TI{HD ,H]+idTr{Hy,ysp,H]

'We are adopting a convention where boldfaced angular momen- ic
tu_m quantities are vectors and the regular quantities stand for their + m_Tr[H ’V,L)’VF,W(P)H], 2.7
eigenvalues. v/
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where D#Egu_iaap”_i(l_a)vw Vv, is the four- where [d() is the solid angle integration and E&.11) was

velocity of the heavy meson andF,,(p)=d,p,~ used in the last step. In addition
&VpM—ig[pM ,p»]. Furthermorem,, is the light vector me- 1 c
son mass whiled=0.53 andc=1.6 are, respectively, the AlZEdF’(O)— —G’(0),

heavy meson-pion and magnetic-type heavy meson-light
vector meson coupling constants;is a coupling constant
whose value has not yet been firmly established. Previous ag
work has showii6—8,14 that a quantitatively more accurate Ap=— Ew(o)- (2.19
description of the heavy baryons is obtained when light vec-

tor mesons are included if. The A, term is relatively small[7,8,14 and will be ne-
The wave function for the heavy meson bound to theyjected. Both terms in, are positive with the second one
background Skyrmion fleIQ.S) is conveniently presented in (due to light vectorsslightly larger. There are just the two
the rest frameV/ =0. In this frame possibilitiesk=0 andk=1. It is seen that th&=0 states,
0 o fqr any orbital angular momentum, will be bound 'with'
Hc—>(—a o)’ 2.8 binding energy &,. The k=1 states are unbound in this
Ih

limit. The parity of the bound state wave function is
with a, |, h representing, respectively, the isospin, light spin, Pg=(-1)", (219
and heavy spin bivalent indices. The calculation simplifies if , . r rs .
we deal with a radial wave function obtained after removingWhICh eme[@les as a product of-¢)" for Y;* in Eq. (2.10,
the factorx - = —1 for thex- = factor in Eq.(2.9) and —1 due to the fact
that the mesons bound to the soliton have negative parity.
—u(x) The states of definite angular momentum and isospin are
&= (X 7) aqtdiXhs (2.9  generated, in the soliton approach, after collective quantiza-
M tion. The collective angle-type coordinaAét) is introduced

. , : [20] as
whereu(|x|) is a radial wave function, assumed to be very

sharply peaked nedk|=0 for largeM. The heavy spinor EX D =A(D)EX)AT(L),

xn is trivially factored out in this expression as a manifesta-

tion of the heavy quark symmetry. We perform a partial 7 p(X,1)=A(t) 7 p(X)AT (1),

wave analysis of the generalized “angular” wave function L L

R H(x,H) =A(H)H(x), (2.16

myg

] B r kg r whereé. andp, are defined in Eq2.5) andH_C in Egs.(2.8

zpol,(g,gg,r,k)—rg3 Crsvkg:gaYrggd'(k’kﬁ' (2.10 and (2.9). For our purposes the important variable is the
“angular velocity” Q defined by

Here Y:3 stands for the standard spherical harmonic repre-

senting orbital angular momentum while C denotes the ATA= I_,-.Q, (2.1
ordinary Clebsch-Gordan coefficientg,(k,k3) represents a 2
wave function in which the “light spin” and isospifrefer-
ring to the “light cloud” component of the heavy mesgaare
added vectorially to give

which measures the time dependence of the collective coor-
dinatesA(t). It should furthermore be mentioned that, due to
the collective rotation, the vector meson field components
K =1 gt Signt (2.11) which vanish classicallyd) and »;) get induced. For each

bound state solutiohl, there will be a tower of states char-
with eigenvaluek?=k(k+1). The total light “grand spin”  acterized by a soliton angular momentuf' and the total
isospin| satisfyingl =J%°. The soliton angular momentum
g=r+K (212 is computed from this collective Lagrangian as

is a significant quantity in the heavy limit. ol 9L col
Substituting the wave functiof2.9) into [ d3x£heavygiven o0 (218
in Eq. (2.7) yields the potential operator
while the total baryon angular momentum is the sum

v= [ a0y (o a1 acdy 3=+ 3%+ Speay (219

whereS;qa.yiS the spin of the heavy quark within the heavy
= J dQ g~ {4Alslight' I Iight+ 1 AZ}‘# meson. o
Now we can list the bound states of this model. First
consider thea =0 states. According to Eq2.15, they have

=24, positive parity. Since Eq2.13 shows thak=0 for binding,

+A,, (2.13

3
k(k+1)= 5
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Eq.(2.12 tells us that the light “grand sping=0. Equation
(2.19 indicates(noting | =J%°) that there will be a\o(3*) e @

state as well as §54(3%),2o(3")} heavy spin multiplet.
Actually the model also predicts a whole tower of states with R _ .
increasing isospin. Next there will be d”=2 heavy spin @ Tl
multiplet with spins and parity* and 3%, and so forth.
Clearly the isospin zero and one states correspond exactly to @
theL,=Lg=0 ground states of the constituent quark model. / \
The isotopic spin two states would also be present if we were \ @
to consider the ground state heavy baryons in a constituent N J
quark model with number of color§lc=5. This is consis-
tent with the picturd 20] of the Skyrme model as a descrip- e
tion of the largeN¢ limit. T
Next, consider the =1 states. These all have negative :
parity and(since the bound states hake=0) light grand
spin,g=1. TheJ*®=1=0 choice yields a heavy multiplet R
{Aq(37).Ag(37)} while the J**=1=1 choice yields the
three heavy multiplet§= (3 7)}, {2o(37).20(37)}, and
{2a(37).20(37)}. These three multiplets are associated
with the intermediate sumig+J*°|=0,1,2, respectively. It Il THE MISSING STATES
is evident that the seven states obtained have the same quan-
tum numbers as the seven constituent quark states with
L,=0 andLg=1. Proceeding in the same way, it is easy to
see that the bound states with genarahgree with those : .
states in the constituent quark model which haye 0 and states predicted by the CQM. The states Wik 0 are all

Lo=r. This mav be understood by rewriting Eq8.19 and  Missing. Since the enumeration of states in the CQM was
(ZE.12) as Y y 9 Ea2.19 purely kinematical one might at first think that the bound

state modelnoting that the dynamical conditiok=0 was
J=r+ J50+ Sheany (2.20 used is providing a welcome constrgint on thg large numper_

of expected states. However, experiment indicates that this is
not likely to be the case. As pointed out in the last section,
%here are at present good experimental candidates for 10 out
of the 14 negative parity, first excited ordinary hyperons.
Thus the missing excited states appear to be a serious prob-
lem for the bound state model.

The goal of the present paper is to find a suitable exten-
sion of the bound state model which gives the same spectrum
as the CQM. Reference to E(.1) suggests that we intro-
duce a new degree of freedom which is related in some way

ol s, (2.2)  to the light diquark relative angular momentum. To gain
some perspective, and because we are working in a Skyrme

This correspondence is reinforced when we notice thamodel overall framework, it is worthwhile to consider the

I =J%"in the bound state model and, for the relevant caseieavy baryons in a hypothetical world with. quark colors.

(@) and(b) in Eq. (2.3 of the constituent quark modél=S  |n such a case there would té-—1 relative angular mo-
also. We stress that E¢2.21) is a correspondence rather mentum variables and we would requig.— 2 additional
than an exact identification of the same dynamical variable§|egrees of freedom. Very schematically we might imagine,
in different models. It should be remarked that in the exaclg i Fig. 1, one heavy mesdt and Ne—2 light mesons
heavy and larg&l, limits the heavy baryons for all values of M, orbiting around the nucleon. One might imagine a num-

r=g will have the same mass. When finiteVLcorrections  per of different schemes for treating the inevitably compli-
are taken into account, there will always be, in addition t0-5teqd pound state dynamics of such a system. Even in the
other things, a “centrifugal term” in the effective potential Ne=3 case it is much simpler if we can manage to reduce
of the formg(g+1)/(2M|x|?), which makes the states with e three-body problem to an effective two-body problem.

larger values oy, heavier. It should also be remarked that rhjs can be achieved, as schematically indicated in Fig. 2, if
the above-described ordering of heavy baryon states in thge jink the two “orbiting” mesons together in a state which

bound state approach applies only to the heavy limit, wher@ries internal angular momentum. The “linked mesons”

Sheavy decouples. For finite heavy quark masses, multipletgyjj| pe described mathematically by a single excited heavy
are characterized by the total grand st Sieary- Then  meson multiplet field. One may alternatively consider these
states IikeAQ(%‘) and AQ(E‘) no longer constitute a de- “linked mesons” as bare heavy mesons surrounded by a
generate multiplet. light meson cloud. Such fields are usually classified by the

FIG. 1. Schematic planetary picture for laryg excited heavy
baryons in the bound state approach.

It is clear that the bound state model discussed above
contains only half of the 14 negative parity, first excited

wherek=0 for the bound states was used. Comparing thi
with the L, =0 limit of the constituent quark model relation
(2.1) shows that there seems to be a correspondence:

Sheavﬁ Shs

[« LE1
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Previouslyl jijgh+ Sighy= K had zero quantum numbers on the
bound states; now the picture is a little more complicated.
We will see that the dynamics may lead to new bound states
which are in correspondence with the CQM. Equati8r)
should be interpreted in the sense of this correspondence.
It is easiest to see that the lowest new states generated
agree with the CQM for/=even, which corresponds to
negative parity heavy mesons. In this c&se0 or equiva-
lently k' =/ may be favored dynamically. Then the last line
in Eq. (3.4) indicates thatt*°, which can take on the values
0 and 1, corresponds to the light diquark sBim the CQM.
This leads to the CQM states of typ@ and(b) in Eq. (2.3.
This is just a generalization of the discussion for the ground
state given in Sec. Il. Now let us discuss how the states
corresponding tgc) and(d) can be constructed in the bound
state scenario. Apparently we requife=odd, i.e., positive
parity heavy mesons. Fér=0 we also havel*®=0. Hence
the last line in Eq(3.4) requiresk=1 for S=1. To generate
states of type(d) also k=1 would be needed in order to
accommodatd =J°'=1 and S=0. Actually for the case
FIG. 2. Schematic picture of the “two-body” approximation for k=1 andJ®=1 states withS=0,1,2 would be possible.

the Nc=3 excited heavy baryons. The states witt5=1,2 should be ruled out by the dynamics
. of the model.
value? 7 of the relative orbital angular momentum of&Q One may perhaps wonder whether we are pushing the

pair which describes it in the CQM. We will not attempt to bound state picture too far; since things seen to be getting
explain the binding of these two mesons but shall simplymore complicated why not just use the constituent quark
incorporate the “experimental” higher spin meson fields model? Apart from the intrinsic interest of the soliton ap-
into our chiral Lagrangian. Different” excitations will cor- proach there are two more or less practical reasons for pur-
respond to the use of different meson field multiplets. Fromsying the approach. The first is that the parameters of the
now on we will restrict our attention tblc=3. underlying chiral Lagrangian are, unlike parameters such as
Taking the new degree of freedor into account re-  he constituent quark masses and interquark potentials of the

quires us to modify the pr_evious formula@s desgr_ibing theCQM, physical ones and in principle subject to direct experi-
heavy baryon. Now the parity formul@.19 is modified 0 anta] test. The second reason is that the bound state ap-

Pg=(—1)""", (3.1) proach actually models the expected behavior of a confining
theory; namely, when sufficient energy is applied to
which is seen to be compatible with the CQM relati@).  “stretch” the heavy baryon it does not come apart into a
Now Eg.(2.19 holds but with the light grand spig modi- heavy quark and two light quarks but rather into a nucleon
fied to and a heavy meson. The light quark-antiquark pair which
one usually imagines popping out of the vacuum when the
g=r+K". (3.2 color singlet state has been suitably stretched, was there all
i ) ) the time, waiting to play a role, in the bound state picture.
Note thatK in Eq.(2.11) has been incorporated in The model may therefore be useful in treating reactions of
K" = light+ Siight+ 7 (3.3 thissort

The new correspondence between the bound state picture
variables and those of the CQM is IV. A MODEL FOR THE MISSING
FIRST EXCITED STATES

Sneauy™ S Before going on to the general orbital excited states it
rLg, may be helpful to see how the dynamics could work out for
explaining the missing sevef -, andX-type, negative
/L, parity, excited states. In theew bound state picture these
correspond to the choiceég'=1,r=0. As discussed, we are
light+ Siight+ 5% S. (3.9

3Actually, ~ was introduced for convenience in making a com-
2Actually if we want to picture the linked mesons as literally parison with the constituent quark model. It is really hidden in the
composed of a meson-meson pair, we should assign a relative oneavy mesons which, strictly speaking, are specified by the light
bital angular momenturn’—1 to these bosonic constituents and cloud angular momenturdgn and parity. We can perform the cal-
allow for both light pseudoscalars and vectors. culation without mentioning’.
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considering that the orbital angular momentuhis “locked As in Sec. Il, the wave functions for the excited heavy
up” in suitable excited heavy mesons. As in Hg.10), r mesons bound to the background Skyrmion are conveniently
appears as a parameter in the new heavy meson wave furigresented in the rest framé=0. The analogues of E¢2.8)

tion. The treatment of the excited heavy mesons in the effed?ecome

tive theory context, has been given already by Falk and Luke _

[21]. For a review seg¢22]. The case(for orbital angular — h O — 0 0

momentuns1) where the light cloud spin of the heavy me- He— o o (Hi)e— T3 o) (4.5

son is 1/2 is described by the heavy multiplet Hn

Ly and (H,).—0. Now the wave functions in Eq4.5) are ex-
iy,

H= " (Stiys7,A), (43  Pandedas

. . ' . Fa U(|X|) > L.
whereS s the fluctuation field for a scalad{=0") particle fih= N (X Tag) @1a(K' K351 ) Xh s
and A, satisfyingV,A,=0, similarly corresponds to an
axial (3°=1") particle. The case where the light cloud spin ()
is 3/2 i - — u(xP - o
© 3/21s described by = rr (P D, @49

1-ivy,V, /3
w= 2 Tyl EBW5 where u stands for a sharply peaked radial wave function

which may differ for the two cases. Other notations are as in

% Eqg. (2.9. Note that the constrainy,ﬂTM:O implies that

|

1 :
5/1,1/_§ 71/( ‘ylu+ IVM)

(o) @i 11g=0. (4.7)

satisfying theRarita-Schwingerconstraints =H,V . . -
~0 f'}th fieldT =T (witg VT =T 71’6’))/Mi5 ZﬂspliLn It is interesting to see explicitly how the extra angular mo-

. MV v M uv 1272 . H [ L
2 tensor 0°=2") andB,, (with VV,B,=0) is another axial ;nent_um/lzl 'E locked fup n thi hfeavyhmesoE/\/Nave
(JP=1%). Currently, experimental candidates exist for the unctions. For the’ wave function, the fact thajgn =/ +
tensor and an axial. Sight takes the value 1/2 leads, using E8.3), to the possmle

In order to prevent the calculation from becoming togV2uesk’=0 or 1. The corresponding wave functions are

complicated we will, for the purpose of the present paper,

adopt the approximation of leaving out the light vector me- o (k’=k’=0)=ﬂ ® (k' =ks=1)= %1191
sons. This is a common approximation used by workers in ~~ '° 8 Jar 3 Nl
the field but it should be kept in mind that the effect of the 4.9
light vectors is expected to be substantial.

The kinetic terms of the effective chiral Lagrangian where, for the present case, we are takirg0. For the7'7i

[analogous to the first term of ER.7)] are wave function it is important to satisfy;=|Jjgn] = 3/2,
L o condition (4.7). This may be accomplished by combining
Lyjn=—IMV , T{HD H]+iMV, TH,D, H,] with suitable Clebsch-Gordan coefficients a1 wave
(4.3 function with theS;g,=1/2 spinor to give
where M is a characteristic heavy mass scale for the excited D; 1g(k'=kz= 2)=wf+1>5,15d1,
mesons. For simplicifywe are neglecting mass differences
between the”=1 heavy mesons. The interaction terms in- J3 1
volving only the and,, fields, to lowest order in deriva- ~ ®; 4(k’ =k§=1)=7wf+1)5|15d2——w§+1)6|25d1
tives, are 2\3
__ _ 1
Ling/ M=idsT{ Hy, 5P, H] = idr T H, Ve YsPaH,] - %wi“” 81841, 4.9
+[ifgT[Hysp, H, ]+H.c]. (4.9
o wherew(*V=(F 1//8m) (811 5;,) andw(®= 5,5/ 4r is
These generalize the second term in E47) anddg, dt, a spherical decomposition.
and f g (which may be complexare the heavy meson-pion  The main question is which of the channels contain bound
coupling constants. Similar terms which involvet 1 mul- states? Note that, for the reduced space in which has
tiplets are not needed for our present purpose but will béyeen removed as in E¢.6), k' is a good quantum number.
discussed in the next section. Furthermore, because the wave functiofjx|) is sharply

peaked, the relevant matrix elements are actually indepen-
dent of the orbital angular momentumThe classical poten-
4A more general approach is to replasé on the right-hand side tial for eachk’ channel may be calculated by setting 0
of Eq. (4.3 by the sameM used in Eq(2.7) and to add the splitting  and substituting the appropriate reduced wave functions from
terms —2M(Mg— M) T HH]+2M (M1—M) T H,, H,,]. Egs. (4.8) and (4.9 into the interaction Lagrangiat¥.4).
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(See Appendix A for more detailsThek’ =0 channel gets a states are bound. To see this note that the heavy baryon spin
contribution only from thedg term in Eqg.(4.4) while the is given by Eq.(2.19 with g defined in Eqs(3.2) and(3.3).
k" =2 channel receives a contribution only from theterm.  For the A o-type states, noting that= J*°'=0 in the Skyrme

On the other hand, all three terms contribute to khe 1 approach gives the baryon spin as
channel. The resulting potentials are

3 J=0+Sheay (Agstates. (4.17
V(k’=0)=—§dSF’(O), (4.10
Ther =0 choice enables us to sg&k’. With just the three
, .1 , attractive channelk’=0, k'=1, andk’=2 we thus end up
V(k _2)__§dTF (0), @41 \ith the missing first three excited, heavy multiplets
A(z7)  {Aq(27) Ag(G )} and {Aq(37),Ag(3 7)) It
V(K =1)— (HIVIH)  (HIVIH,) should be stressed that this counting involves dynamics
(k'=1)= (HM|V|H> (H#|V|Hﬂ) rather than pure kinematics. For example, it may be seen
from Egs.(4.10—(4.12 that it is dynamically impossible to
Ed .\Ff have four bound heavy multipletk/(=0k’'=2, and two
2 3 "=1 channe e missing first excite® o-type states
s ''NV3'st 1 channels Th f Eq
> 5 F’(0). (412 comprise the single heavy multiplgE o(3 7). 2o(3 7)}. At
[ 3 p ng the classical level there are apparently more bound multiplets

present. However, we will now see that the introduction of

gollective coordinates, as is anyway required in the Skyrme

model [23] to generate states with good isospin quantum

number, will split the heavy multiplets from each other.

Thus, deciding which states are bound actually requires a
ds>0, d>0, (4.13  more detailed analysis.

We need to extend Eq22.16 in order to allow the
respectively’. For bound states in the =1 channel we must /=1 heavy meson fields to depend on the collective rotation
examine the signs of the eigenvalues of E412. Assum-  variableA(t):
ing that Eq.(4.13 holds(as will be seen to be desirabléis

easy to see that there is, at maste K =1 bound state. The — — _ _
condition for this bound state to exist is HX, D =AM HLX),  Hi(X,t)=A(t) Hic(X), @18

The classical criterion for a channel to contain a bound stat
is that its potential be negative. SinEé(0)>0 we require
for bound states in thk’=0 andk’ =2 channels

5
|fs1'|2>§dsdT- (4.14 _ _ o _
whereH. and H;. are given in Eq(4.5. Note, again, that

The (primed states which diagonalize E¢.12) are simply ~ 1N€ MatrixA(t) acts on the isospin indices. We also have
related to the original ones by Hoc=0 due to the rest frame constraiat,#,.=0. Now

substituting Eq(4.18 as well as the first of Eq2.16) into
) cosf sing \[®’ the heavy field Lagrangidnyields [1] the collective
= o | (419  Lagrangiaf
1

®;) | —ip*sind ipcost
_4\/§|sz

tan20—5dT_3dS,

1
(4.16 Lco"=§a292—x(k’)K’~Q, (4.19

where p is the phase offgy. ® and ®; are shorthand
notation§ for the appropriate wave functions. Clearly, the Where Q is defined in Eq.(2.17 and a° is the Skyrme
results for which states are bound depend on the numerictodel moment of inertia. In the vector meson model the
values and signs of the coupling constants. At the momerinduced fields p5 andw;) are determined from a variational
there is no purely experimental information on these quantiapproach tax?. The quantitiesy(k’) are given by(see Ap-
ties. However, it is very interesting to observe that if Egs.pendix B

(4.13 and (4.14 hold, then the missing first excited o

2

"Note that Eq(4.3) contributes but Eq(4.4) does not contribute.

5In a more general picture wheré=3 excited heavy mesons are  °In Eq. (4.19 k'’ is defined to operate on the heavy particle wave
included, thek’ =2 channel will also be described by a potential functions rather than on their conjugates. This is required when the
matrix. Then the criterion fod; is modified.(See the next section. ~heavy meson is coupled to the Skyrme background field singts

SStrictly speaking, to putb,qy on a parallel footing tod; g we made as qqg)(qQ) rather than qq)(Qq). For convenience in
should replaceb;— \/%(Pyz)ik;”,(rk)dd,tbwd, with the spin 3/2  Egs.(2.9) and (4.6) we have considered the conjugate wave func-
projection operator, I'\”3’2)ik;,,,=2/3[ Sikon— (i12)€ic(a;)/] (see  tions (since they are usual in the light segtofhis has been com-
Appendix A). pensated by the minus sign in the second term of(Ed.9.
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TABLE II. Contributions to energies of new predicted’=1 states. Here,\=(1/4)F’(0)

X[ (ds+ 2d7) — V[ds— (5/3)d7]?+ (32/3)[fsq°] is the presumed negative binding potential in #ie=1

channel. Furthermorg= (1) in Eq. (4.20; it satisfies— 3<y=<1.

I k' |K' + 3% v a®Heg Candidates for =0
=Jsol missing states
0 0 —2dsF'(0) 0 Ag(z7)
2 _ —
0 1 1 A X {Ag(z7)A0(37)}
2 2 —20tF'(0) G {Ao(37).A(3)}
0 1 —3dsF'(0) 1 {20(2).26G 1
1 0 A ()(—12)2
! ! " (=X {S(3) Ze3 )
1 1 2 " (x—1)%+3x
7
2 L —20tF'(0) 1 {20223 )}s
2 2 " i—g
2 3 " z
0, k'=0, unity. Hence the binding potential$ are expected to be of
1 the rough order of 500 MeV. The inverse moment of inertia
~(3codh-1), k=1, 1/a? is of the order of 200 MeV whichtogether with
x(k")={ 4 (420  —1/4<y<1/2) sets the scale for the “N” corrections
1 ) due toH .y - As mentioned before, if the coupling constants
rE k'=2, satisfy the inequalitie$4.13 and(4.14), all the Ao multip-

lets shown will be bound. At first glance we might expect all

where the anglé is defined in Eq(4.16. (Note that if light ~ the ¢ states listed also to be bound. However thg
vector mesons are included the expressionSXfmoukj be corrections Increase aSincreaseS, which is a pOSSible indi-
more involved as the induced fields will also contribute. ~ cation that many of th& o's might be only weakly bound. In
writing Eq. (4.20 it was assumed that the first state in Eq.a more complete model they may become unbound. Hence it
(4.15 (i.e.,®' rather thand/) is the bound one; the collec- IS interesting to ask which of the three displayed candidates
tive Lagrangian is constructed as an expansion around tHe" the single missing. o multiplet is mostly tightly bound in
bound state solutions. We next determine from E19, the present model. Neglecting the effechofve can see that

the canonicalangulaj momentumJs® as a2Q— y(k’)K’.  Hecon raises the energy of candidate 3 less than those of can-
The usual Legendre transform then leads to the collectivélidates 1 and 2. Furthermore, for the large rangeyof
Hamiltonian —1/4< y<1-/7/4, candidate 3 suffers the least unbinding

due toH, of any of thel =1 heavy baryons listed. Theg

1 states suffer still less unbinding due k. .
Heon==—[3%+ x(k")K' 2. (4.21)
2a
V. HIGHER ORBITAL EXCITATIONS
Again we remark thag*®=1. It is useful to define the light L e
part of the total heavy baryon spin as We have_already explicitly seen th_at the “missing f|rs'g
orbitally excited heavy baryon states in the bound state pic-
j=r+K’ +J3% 4.22 ture might be generated if the model is extended to also
include binding the first orbitally excited heavy mesons in
and rewrite Eq(4.2]) as the background field of a Skyrme soliton. From the corre-
spondencé3.4) and associated discussion we expect that any
1 o o of the higher excited heavy baryons of the CQM might be
Heor=——={[1—=x(K") ]I+ x (k") (j—=1) similarly generated by binding the appropriately excited
2a . . . - : .
heavy mesons. In this section we will show in detail how this
+x(KH[x(k")—1]K'2. 4.23 result can be achieved in the general case. An extra compli-

cation, which was neglected for simplicity in the last section,
The mass splittings within each givéd multiplet due to is the possibility of baryon states constructed by binding
H., are displayed in Table Il. This table also shows theheavy mesons of different, mixing with each other. For
splitting of thek’ multiplets from each other due to the clas- example {r=1,/=0} type states can mix with
sical potential in Eqs(4.10—(4.12. Note that the slope of {r=1,/=2} type states, other quantum numbers being the
the Skyrme profile functiorr’(0) is of order 1 GeV. The same. Since+/ must add to 1, this channel could not mix
coupling constantdg,dy,fst, based ond=0.5 for the with {r=1,/=4}. An identical type of mixing — between
ground state heavy meson, are expected to be of the ordgkg=1,L,=0} and{Lg=1,L,=2} — may also exist in
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TABLE Ill. Notation for the heavy meson multiplet§, is the _ _

angular momentum of the “light cloud” surrounding the heavy Lg=iM > On(=D)" T M, PuYu¥sHy, . u JHHC,

quark whileJP is the spin parity of each heavy meson in the mul- n=0

tiplet. (5.9
i - i P . - .

Field / Y J exists in general, but does not contribute for d\msatz

H 0 1/2 0, 1- Terms of the form

H 1 1/2 o+, 1+ _

Hy 1 3/2 1", 2+ Tr[HMl“'ﬂnup#VSHﬂr»-un]’

H, 2 3/2 1,2 L

H 2 5/2 2,3 T H o uPuYsH o] (5.5

can be shown to vanish by the heavy spin symmetry. In the
notation of Eq.(4.4), ds=dg, dr=dg, and fgr="Ffg. A

My, ¢/ =even /=12 =17 new type of coupling present in E¢5.3) also connects mul-
Ny, /=even /+12 7 (/1) tiplets to others differing byA/'= +2. These are the terms
‘ with odd (even n for H (H)-type fields. The interactions in
R,y /i:‘)dd /=12 (/—1)+, 2 Eq. (5.4 connecting multiplets differing byA/’==*1 turn
Huy o, /=odd /412 ARGl out not to contribute in our model. In the interest of simplic-

ity we will consider all heavy mesons to have the same mass.
This is clearly an approximation which may be improved in
the future.

The rest frameAnsazefor the bound state wave functions

the CQM. The present model, however, provides a simplgyhich generalize Eq4.5) are (note j;=n+1/2)
way to study this kind of mixing as a perturbation.

To start the analysis it may be helpful to refer to Table llI,

which shows our notations for the excited heavy meson mul- — 0 0 1

tiplet “fluctuation” fields. The straight’s contain negative hi i in® 1 o) h=7/+ 5

parity mesons and the curli{’s contain positive parity me- (Hi i )e—

sons. Further details are given in RE21]. Note that each v ha 10 1

field is symmetric in all Lorentz indices and obeys the con- iinh®lg o) WTT D

straints (5.6
Ve oo =Huy o Yu, =0, (5.7

with identical structures foH—"H. Note that agaira, |, h
represent, respectively, the isospin, light spin, and heavy spin
bivalent indices. Extracting a factor &f = as we did before

in Egs. (2.9 and(4.6) leads to

as well as foﬂiﬂl.,,ﬂn. The general chiral invariant interac-
tion with the lowest number of derivatives is

Lot Li+ Ly, (5.2)

— u(|x|) - o
where hil i = N (X T)agthi . .i a1(K' Kz, xn

1 n
- (5.7

£q=iM 2, don(=1)"THH o Py ysHu, o)
with similar notations. The relevant wave functions are the
i,..i ai(K' K3,r). k" was defined in Eq(3.3); we will see
that it remains a good quantum number. Since the terms
which connect the positive parityH(type) and negative par-
. _ ity (H type) heavy meson§Eq. (5.4)] vanish when théAn-
Li=iM Z for(=D"TrH, . PuysH o u] T H.C. saze (5.6) are substituted, the baryon states associated with

n=0 each type do not mix with each other in our model. We thus

. _ list separately the potentials for each type. For theeven

+iM 240 fsl =) T H, . u Pu¥sHyu, . .u u]TH.C. baryons(associated with mesony

+iM ngo sl =D "Moo P ¥s My o]y

(5.3

3
The final piece, VIk'=0]=—5dpoF'(0),
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TABLE IV. Pattern of states for Eq$5.8) and(5.9. Note that and k'=0. The seven negative parity heavy baryons dis-

ji=n+ 3 is the light cloud spin of the heavy meson. The columnscussed in Sec. Il also are made from Hheneson with/'=0
marked No. stand for the number of channels which are expected tandj,=1/2. They still havek’ =0, but nowr =1. The seven

be bound, for that particuld’, according to the CQM. “missing” first excited heavy baryons discussed in Sec. IV
haver=0 and are made from thé=1, H and’, mesons

H mesons “H mesons with j;=1/2 andj,=3/2. There should appear one bound
K’ N a No. da No. state fork’ =0, one bound state fdt’ =1, and one bound
0 12 0 1 1 1 state fork’ =2 in the *“H meson” section of Table IV. Note
that the number of states expected in the CQM model for
1/2 0 0 1 1 k'=2 is listed in Table IV as two, rather than one. In the
1 32 5 0 1 1 absence ofA/'=2 terms connecting?,, and,,, [see the
last term in Eq.(5.3)] /" would be conserved for our model
3/2 2 1 1 2 and only the/=1 state would be relevant. This was the
2 approximation we made, for simplicity, in Sec. IV. The other
o2 2 1 B 2 entry would have/=3 and would decouple. When the
5/2 2 0 3 1 A/=2 mixing terms are turned on, thé=1 and /=3,
3 k’=2 channels will mix. One diagonal linear combination
12 4 0 3 1 should be counted against the=1 CQM states and one
against the., =3 CQM states.
, To summarize: for thél-type mesons, the evéd chan-
VIk'#0] nels should each have one bound state, while the lddd
d 5 channels should have none. The situation is very different for
_(_1)k’M i\/:fp o1 the H-type mesons; then the evéri=0 channels should
2 3™ : contain two bound states while the ol channels should
=F'(0) > ok’+3 dow, |” contain one bound state. The=0 channel should have one
| \ﬁf; o1 (— 1)K ZPK bound state.
3P ) 2k'+1 2 For the H-type meson case, the pattern of bound states

mentioned above would be achieved dynamically if the cou-

(5.9 pling constants satisfied

while for the /= odd baryongassociated witi{ mesong,

dP0>0,
3
V[k'=0]=— 5dgF'(0),
[k=01= = 3 dF"(0) ( 1)k{d . (2k’+3 8 ] <o
- P —1)0pk| = | T 3lTp -l <
V[K' #0] 2k'+1) 3
s 1) . [2 (k">0),
—(=1) —5 iV 3fsw-1
=F'(0) 2k'+3

dpkl>0 (k’=0dd) (51@

i\ﬁf*k ) —(—1)"/2k,+3@ | dpr—1) F
3 Sk'-1 2k'+1 2

(5.9 These follow from requiring only one negative eigenvalue of
Eq. (5.8 for k' =even and none fok’ =odd. Similarly re-

Details of the derivations of Eq¢5.8) and(5.9) are given in  quiring for the H-type meson case in E45.9), a negative
Appendix A. The ordering of matrix elements in E¢S.8) eigenvalue fork’ =0, one negative eigenvalue f&f =odd
and(5.9), for a givenk’, is such that the first heavy meson and two negative eigenvalues for>0 and even leads to the
has a light spinj, =k’ —3 while the second hajg=k’+3. criteria
The H-type (H-type) channels withk’ =even(odd) involve
two mesons with the samg=k’. The H-type (H-type ds,>0,
channels withk’ =odd (even involve two mesons differing
byAs/=2,ie.,/=k'—1 and/=k’+1. This pattern is, for
convenience, illustrated in Table IV. Also shown, for each(— 1)K’
k', are the number of channels which are expected to be
bound according to the CQM.

It is important to note that Table IV holds for any value of (k'>0),
the angular momentum, which is a good quantum number
in our model. For the reader’s orientation, we now locate the oK' +3
previously considered cases in Table IV. The standard s 1)+
“ground state” heavy baryons discussed in Sec. Il are made 2k’ +1
from theH meson with/'=0 andj,=1/2. They have =0 (5.11

2k’ +3
2k'+1

8

_§|fs(k/,1)|2 >0

dS(k'*l)dSk’

dSk’>0 (k'=even¢0).
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TABLE V. Contributions to energies of the new predicted states made Hetype heavy mesons. Note
thatn is a positive integer. The=0 case is given in Table Il. The, entries in theV column are more
tightly bound than tha _ entries|K’ +J% is the light part of the heavy baryon angular momentunr fe0
(see Eq(4.22).

I k' [K'+3% v a@®XHggy Candidates for =0
= Js0l missing states
2n—1 2n—-1 Ny n(2n—1)x2 {A[(2n—3/2)"],A[(2n—-1/2)" ]}
0 2n 2n Ny n(2n+1)y% {A[(2n—=1/2)"1,A[(2n+1/2)" 1}
N n(2n+1)x% "
2n—-1  2n-2 n(2n—1)x2 +1—2ny.
2n—-1 A, n(2n—1)x2 +1—x. {2[(2n—-3/2)"1,2[(2n—1/2)" ]},
2n n(2n—1)x2+1+(2n—1)x.
2n 2n-1 n2n+1)x2+1—-(2n+1)x, {2[(2n—3/2)"1,2[(2n—1/2) 1},
1 2n At n2n+1)x2 +1—y.
2n+1 n(2n+1)x2 +1+2ny. {2[(2n+1/2)"1,2[(2n+3/2) " 1}5
2n-1 n2n+1)x2+1—-(2n+1)xy_ {3[(2n—3/2)"1,3[(2n—1/2) 1},
2n A n2n+1)x%+1—y_
2n+1 n(2n+1)x2 +1+2ny_ {S[(2n+1/2)"1,2[(2n+3/2)" ]}5

From Eqs(5.10 and(5.1]) it can be seen that all ts are  y_(2,7{) would be nonzero. On the other hand, we would

required to be positive. Furthermore these equations implgxpect no bound states in thé=3, H-type meson case so
that the|f|’s which connect heavy mesons witty'=2 are x-(3,H) should be interpreted as zero.

relatively small(compared to thel’s) while the|f|’s which It is convenient to summarize the energies of the pre-
connect heavy mesons with/'=0 are relatively large. In  dicted states in tabular form, generalizing the example pre-
detail this means thafp _1)| should be small for odét’  sented in Table Il. The situation for baryons with
and large for eveit’ with just the reverse folf 5y —1)|. This  parity=—(—1)" (H-type mesonksis presented in Table V.
result seems physically reasonable. For definiteness we have made the assumption that the con-

As in the example in the preceding section we shouldstraints(5.11) above are satisfied. In order to explain Table V
introduce the collective variab(t) in order to define states |et us ask which states correspond to thg=3, Lg=0)
of good isospin and angular momentum. This again yieldstates in the CQM. Reference to Table | shows that three
some splitting of the differentk’ +J%°| members of each negative parityA-type heavy multiplets and one negative
k’ bound state. Now, eadkl channel(except fork’=0) is  parity 3-type heavy multiplet should be present. The corre-
described by a 2 matrix. Thus there will be an appropri- spondence in Eq3.4) instructs us to set=0 and, noting
ate mixing angled, analogous to the one introduced in Eq. Eq. (3.3), to identify
(4.19, for each k’ and parity choice(i.e., H-type or
H-type field. The collective Lagrangian is still given by Eq. K'+J%°-L,+S. (5.19
(4.19 but, in the general case,
The A-type particles are of typé) in Eq. (2.3) so we must
take S=1. Hence, sincel®®=0 for A-type particles, we
. (5.12  learn thatk’ can take on the values 2, 3, and 4. KO- 2,
the second line of thi’ column yields two possible multip-

. . . I nergi n _) with n=1 an r r
In this formula the different signs correspond to the two pos-ets (energies A, and \_) wit and structure

sible eigenvalues, {A(37),A(37)}. We should choose one of these to be asso-
ciated with (=3, Lg=0) and the other with I{,=1,
Lz=0) in the CQM. We remind the reader thatis not a
—( dy -1+ —— good quantum number so that the correspondefieel, in
4 2k'+1 Eg. (3.4 only holds when the\ /=2 mixing terms are ne-
5 glected. Foik’ =3, the first line of thek’ column correctly
+1\/ q B Zk'+3d N 3_2|f 2 yieldls one multiplet with n=2 and structure
4 W g ¢ 3D {A(37),A(37)}. Fork’=4, the second line of the’ col-
(5.13 umn yields two multiplets withn=2 and structure
{A(£7),A(37)}. One of these is to be associated with
of the potential matrix. For example, referring to Table IV, (L,=3, Lg=0) and the other withIl{;=5, Lg=0) in the
we would expect thd’ =2, H-type meson case to provide CQM. Now let us go on to the& -type heavy multiplets.
two distinct bound states and hence both(2,H) and These are of typéd) in Eq. (2.3 and yield S=0. Hence

1
2k’ (k' +1)

1

x=(K") 5% cos26

k’+1
2

L=

(1K1 2k’ +3 )
kV

F'(0),




4110 HARADA, SANNINO, SCHECHTER, AND WEIGEL 56

TABLE VI. Contributions to energies of the new predicted states made fftetype heavy mesons. Other
details as for Table V.

I k' |K'+3% v a®XH Candidates for =0

=Jso missing states

0 2n 2n N n(2n+1)y% {A[(2n—=1/2) ], A[(2n+1/2)*]}
2n-1 n(2n—1)x2+1—-(2n+1)x, {3[(2n—3/2)"],3[(2n—1/2)" ]},

1 2n 2n At n2n+1)x2 +1—yx. {2[(2n—-1/2)*],2[(2n+1/2)* ]},
2n+1 n(2n+1)x2 +1+2ny. {3[(2n+1/2)"],2[(2n+3/2)" ]},

K'+J%°-L, and |[K’'+J%°=3. Five candidates for this With a priori unknown coupling constants. Hence, for the
{2(27),3(27)} multiplet are shown in the last column of PU'POSe of our initial investigation we included only terms

Table V. These consecutively correspond to the choice/ith the minimal interactions of the light pseudoscalar me-
n=2,2, 1, 2, 1 in thdK'+J% column. As before it is sons. The larg® limit was also assumed and nucleon recoll

necessary for an exact correspondence with the CQM th&S Well as mass splittings among the heavy excited meson
one of these should be dynamically favoréduch more multiplets were neglected. We expect, based on previous

tightly bound over the others. Again, note that the choice WOrK; that the most important improvement of the present
|K’+3%°| =3 does not uniquely constrain the value/f calculation would be to include the interactions of the light

Next, the situation for baryons with parity(—1)" vector mesons. It is natural to expect that possible interac-

(H-type baryonsis presented in Table VI. For definiteness tions of_the light higher spin mesons also play a role. In the
we have made the assumption that the constraiBis0) calculation of the ground state heavy baryons the light vec-
above are satisfied. This eliminates the dddstates and [©°rS were actually slightly more important than the light

agrees with the CQM counting. For example, we ask Whid{)seudoscalars and reinforced the binding due to the latter.
states correspond to the,=2, LE:O) states i’n the CQM. Another complicating factor is the presence, expected from

Reference to Table | shows that one positive pafityype phenomenology, of radially excited mesons along with orbit-

heavy multiplet and three positive pariB+type heavy mul- ally excited ones.

il houkdbe present For-0 e have he correspon: 5 Iresg 19 estivte wh of the 1t exced
denceK’ +J%°—L,+S. The A-type particles are of type) ' s :

) o R ally obtaining the missing states in the model with only light
in Eq. (2.3) so we must séit’ =2. The first line in Table VI pseudoscalars present are given in E@sl3 and (4.14).

then yields, withn=1 the desiredA(3"),A(3")} heavy  Based on the use of chiral symmetry for relating the coupling
multiplet. TheX particles are of typeb) in Eq. (2.3 so that  constants to axial matrix elements and using a quark model
|K’+J% can take on the values 1, 2, and 3. The last threeyrgument to estimate the axial matrix elements, Falk and
lines in Table VI, withn=1, give the desired multiplets: |uke [21] presented the estimatétheir Egs.(2.23 and
SEDIEHLEED.2ENL and{SEH,SGEN) In (2.24] dr=3ds=d and |fg{=(2//3)d. With these esti-
this case all the states should be bound so that the splittingsates Eqs(4.13 and (4.14 are satisfied. Note that>0
due toH, are desired to be relatively small. The presentprovides binding for the ground state heavy baryons. How-
structure is simpler than the one shown in Table V for theever we have checked this and find that, although we are in
‘H-type cases. agreement folfgq, we obtain insteadl=3ds=—d. As-
suming that this is the case then it is easy to see that the only
bound multiplet will havek’ =1. This leads to the desired
3,-type multiplet and one of the three desir&etype multip-

In this paper, we have pointed out the problem of gettingJets being bound, but not the =0 and 2,A-type multiplets.
in the framework of a bound state picture, the excited state€learly, it is important to make a more detailed calculation
which are expected on geometrical grounds from the conef the light meson-excited heavy meson coupling constants.
stituent quark model. We treated the heavy baryons andlVe also plan to investigate the effects of including light
made use of the Isgur-Wise heavy spin symmetry. The apvector mesons in the present model. It is hoped that the study
proach may also provide some insight into the understandingf these questions will lead to a better understanding of the
of light excited baryons. The key problem to be solved is thedynamics of the excited heavy patrticles.
introduction of an additional “source” of angular momen-  Finally we would like to add a few remarks on studies of
tum in the model. It was noted that this might be achieved irthe excited “light” hyperons within the bound state ap-
a simple way by postulating that excited heavy mesonsproach to the S(B) Skyrme model. In that model the heavy
which have “locked-in” angular momentum, are bound in spin symmetry is not maintained since the vector counterpart
the background Skyrmion field. The model was seen to natuef the kaon, theK*, is omitted; while the kaons themselves
rally have the correct kinematical structure in order to pro-couple to the pions as prescribed by chiral symmetry. On the
vide the excited states which were missing in earlier modelsother hand the higher orbital angular momentum channels

An important aspect of this work is the investigation of (i.e., r=2) have been extensively studied. The first study
which states in the model are actually bound. This is a comwas performed by the SLAC grodii@4]. However, they were
plicated issue since there are many interaction terms presemtostly interested in the amplitudes for kaon-nucleon scatter-

VI. DISCUSSION
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ing and for simplicity omitted flavor symmetry breaking Lagrangian up to fourth order in the meson fluctuations off
terms in the effective Lagrangian. Hence they did not findthe background soliton. Such a calculation seems impracti-
any bound states, except for zero modes. These symmetoal, indicating that something like our present approxima-
breaking terms were, however, included in the scatteringion, which treats these coupled states as elementary par-
analysis of all higher orbital angular momentum channels byicles, is needed.

Scoccold 25]. The only bound states he observed were those

for P and S waves. After collective quantization these are

associated with the ordinary hyperons andA{@405). As a ACKNOWLEDGMENTS
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when the dynamical coupling of the collective coordinates

(A,Q) is included in the scattering analydi26] the only

resonances which are observed obey the selection rule APPENDIX A: CLASSICAL POTENTIAL
|J—1/2<r=<|J+1/2, wherer denotes the kaon orbital an-
gular momentum. This rule is consistent with=0 in our ) ; X i
model. In order to find states with+0 in this model one ©léments associated with the classical potential.

would also have to include pion fluctuations besides the kaon FOr any fixed value ok’ 0 the heavy meson light cloud
fluctuations for the projectile-state. As indicated in Sec. Ill,spin  (Jjgn) takes the values jj=k’+; since
these fluctuating fields should be coupled to carry the goo&’ = Jjgni+ ljigh » Wherel gy is the heavy meson isospin.
guantum number’. The full calculation would not only re- Hence the classical potential will be, in general,’a2 ma-
quire this complicated coupling but also an expansion of thdrix schematically represented as

Here we will show how to compute the relevant matrix

V(k/;&o)_(<H”f”“k’1|V|H“l"'“k’l> (HMl...Mk,flIVIHﬂl...ﬂk) A
(HMl...Mk,IVIHM...Mk,_l) (HMl...Mk,IVIHMl...Mk,)
Here|HM1. _ .Mk,_l> corresponds to thg=k’ — 1/2 state whileiHMl, _ M,) corresponds tg, =k’ +1/2. In order to compute the

potential there is no need to distinguish even parity heavy mekofiem odd parity one$d. The diagonal matrix elements
are obtained by substituting the appropriate rest frémsatz(5.6) into the general potential term as

—ilvldn(—l)"f AT H, o Ya¥sPaH ]

F'(0) o .
=dnT(—1)”j dQyi i a(K kg o g i g (K Kg ), (A2)

wherej,=n+ 3 andn=k’ *1 for the two diagonal matrix elements. The operator which mesures the total light cloug spin
is

a
o .
(Fighddigiy, il = 5 ®61,j,® @8 j T @(—i€; )®6,, @ B+

+5”’®5i1j1®.”®5infljnfl®(_i€ainjn)’ (A3)

wheree,;; is the totally antisymmetric tensor. The isospin operator is

T
liight=7> - (A4)
We can write Eq(A3) compactly in the following way:

‘]Iight: S+i, (AS)

wheres= ¢/2. Due to the total symmetrization of the vectorial indices we Have. We want to stress thatandi do not
necessarily agree witBg,, and 7. Indeed ford 4 associated witl# in Eq. (4.6), =0 and Jjighi=$= Signt+ ¢ While for
associatedb; ;4 with '+, , T=1. Now we have, for fixedh=j,— 2, the following useful result:
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e, dQP* (s Jiign) i . _1 x
f dQy* sy= S fdﬂlﬂ Jnghtl/’—z—jlf dQy* Jjighetp- (AB)
By using Eq.(A6) we can write Eq(A2) as
() . D . Fof o 3
(=1 dnTJ dQ g (k' ,K3,1) Jiighe Lignetp (K K3,r)=(=1) d”Z—j| k’(k +l)_J'(J'+1)_Z : (A7)

For j,=k’ * 3 we get the diagonal matrix elements for both thdype as well as thé{-type fields:

1

, de -1, j|=k'—§,
) -

2 2k'+3) 1

“\2era) T2

where we useah=j,— 1/2.
For the nondiagonal matrix elements we consider the contribution to the potential due to the folfetypeyterm:

: — . F'(0) Cor Vo
_Ian(_l)nf d3XTr[HM1"-anMY5H#1--~#n#]:|fnTJ dQllbi*l'--in,m(k ,k ’r)T:jd’l?bil“-ini,dq(k ,k3,l’). (Ag)

This corresponds to the transition betwegrn+32 and j,=n+ 2 states. Now we notice that by construction any wave
function ¢ must satisfy the condition

(P2 Wiy it =ity i, s (A10)

whereP%? is the spin 3/2 projection operator
3/ 2 i i
(P¥) = 3 Sk — 3 €k |- (Al11)
The condition(A10) yields the identity

J' dQl/frl---in,dl(k,vké'r)Tidd/‘//i1~~~ini,d’l(k,vkévr)=fdQ(//i--in,dl(k/vkévr)Tijd/(PSIZ)jk;ll’l//il~~-ink,d’l’(klakéar)-

(A12)
Using the fact thaP®?7 commutes withK’, we get
(PS/Z)jk;n'Tzd/'lfil...in,dfl'(k’ykéyr):Nl/fil...inj,dl(k'aké,r), (A13)
whereN is a normalization constant. It is evaluated as
2 * ’ ot c 3/ k ’ ot 8
INZ= | dQy i (K ks D) 7a0 (P2 cicn: T gnti i, am (K ka.1)=3- (A14)
The nondiagonal matrix element is, up to a phase factor in(&9),
) 2
if ,F'(0) \/; Vk'#0. (A15)
Fork’=0 we have only one diagonal element wijil= 3. The second line of EqA8) provides
3
V(k’=0)=—§F’(O)dO. (Al6)

APPENDIX B: COLLECTIVE LAGRANGIAN

Here the relevant matrix elements associated with the collective coordinate Lagrangian are computed. We whl’ riastrict
be nonzero since there is no contribution k3k=0 to the collective Lagrangian.
The kinetic Lagrangian foH-type andH type fields is
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Lign= +inM; (=D"Tr[H, .. D,H, . _Mn]—inM; (=D"T{H, o DMy ] (B1)

In the following we will not distinguish between thé andH types of field. We need to consider the collective coordinate

Lagrangian for a giveR’ classical bound channel in the heavy meson rest framek'F60 the bound state wave function can
schematically be represented as

|bound states’)=alH,, ..., Y*BIH, .....), (B2)
where|a|?+|8]?=1.

The collective coordinate Lagrangiadl(.,), induced by the heavy meson kinetic term, is obtained by generalizing Eqgs.
(2.16 and (4.19 to the higher excited heavy meson fields, introducing the collective coordit{alerotation via

Hiyoi OGO =AMH; L (), (B3)
where theH_il,,_inc(x) classicalAnsatzis given in Eq.(5.6). The contribution for fixek’#0 is
q 2 * r ! ng/ rLe!
OLeon=—Q [a® [ dQyf i, | a(K kgDt iy, an(KKa,r)
40
+1812 | doy (K K )~ an(K LK)
iy i iU KG D)5 iy ani (KK,
E—lalzjdﬂ¢*<k',kg,j|=k'—1/2>ﬂ-Ingmmk',kg,j':k'—l/a
—IBIZJ dQy* (K’ Kg,J1 =K'+ 1/2) Q- lignp(K' kg, Ji =K' +1/2), (B4)
|
where the overall minus sign in E(B4) is required, as ex- SLeoi=—x(k"HQ-K'. (B6)
plained in Sec. IV. According to the Wigner-Eckart theorem,
The quantityy(k’) is given by
f dQ o™ gy
(k") l+ k’+l 29 (B7)
o =—|-% =|cos26|,
KK+ =i+ 1)+ 3/4] X k)2 2

dQy*K'y, (B5
2k (k' +1) f Ky, (BY)

where |a|?—|B|?= *cos® was used. In Eq(B7) the +

we thus obtain the following heavy meson contribution to thesign corresponds to the two possible eigenvalues in the po-

collective coordinate Lagrangian faar #0:

tential matrix for givenk’ #0.
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