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A scalar-isoscalar quark-meson interaction is used to mix fundamental pseudoscalar mesons

directly into the wave functions of baryons. The parameters of the model are constrained using

properties of the ground-state baryon spectrum, such as charge radii, strong decay widths, and the
pion-nucleon coupling constant. Physical wave functions of the ground-state baryons are presented.
With the physical wave functions, we calculate nucleon electric form factors and spin-2 baryon

quadrupole moments. The addition of mesons produces effects on baryon properties comparable to
effects due to spatial excitations of quarks. Although missing from most calculations, kaons and g s
are found to be as important as pions in the baryon spectrum. Including mesons in the physical
wave functions of baryons leads to the existence of low-energy resonances consisting primarily of
three quarks in the ground state surrounded by a meson field. Most of these resonances decouple
from the common production channels, but seven are expected to be observable. An additional
N( —,

'+) resonance state is calculated to have a mass close to that of the Roper resonance but a ~N
width much smaller. A 5( 2+) candidate state is calculated to have a mass and mN width close to

the experimental values for the 6(1600).

I. INTRODUCTION

In a multitude of basic forms, nonrelativistic quark
models (NRQM's) have been very successful in predicting
the overa11 pattern of ground-state baryon masses' and
magnetic moments. By including spatial excitations of
the quarks, NRQM's have also been able to make reason-
able predictions of resonance spectra and strong decay
widths. The most successful of these models is that of
Isgur, Karl (IK), and collaborators '" with refinements by
Forsyth and Cutkosky. In all of these calculations,
agreement with the data has been achieved without in-
cluding pionic degrees of freedom.

Relativistic calculations, on the other hand, would im-

ply that the role of the pion is important and good agree-
ment on many baryon properties can be obtained only by
including pionic effects. Unfortunately, other properties
such as electric form factors and decay rates are not easi-
ly calculated in relativistic models. NRQM s, in which it
is possible to define analytic wave functions, are often
preferred since a wider variety of observables can be cal-
culated within them.

However, calculations of pionic eS'ects within NRQM s
have been few and limited. The standard approach
has been to include a one-pion-exchange potential
(OPEP) between quarks, although the actual form of the
interaction varies slightly among the calculations. Physi-
cal wave functions and observables are then calculated
using the full set of quark-quark (qq) interactions to mix
the states in the model space. While effects are found to
be large, agreement with the data is not always improved.
In fact, some qq potentials are found to be better than
others for fitting some subset of data, but none of the po-
tentials is best for all the data. As long as there are ambi-
guities in the qq interactions that should be used, the role

of the pion will remain uncertain.
In separate studies by Weber and collaborators, the

correct form of OPEP (between quarks) is found to be not
completely determined. As in Refs. 6 and 7, pionic
effects are large, but only if the delta-function part of the
OPEP is included. Without the delta function, the fit to
the baryon spectrum is slightly better. Based on a variety
of theoretical grounds, such as the finite size of the con-
stituent quark, they believe this part should be neglected.
They conclude that pionic effects are small, and that the
pion plays a minor role in NRQM's.

These questions regarding the role of the pion in non-
relativistic models need to be resolved. This is especially
true considering the apparent success of approaches that
ignore pionic degrees of freedom. However, given the
uncertainty in the measured values of resonance energies
and decay rates, and the broad range of predicted values,
it remains optimistic to believe that these approaches are
wholly sufficient, complete, or uniquely capable of repro-
ducing the observed phenomena. Even though these ap-
proaches fit a large number of phenomena, a few
anomalies remain. For instance, instead of being a well-
defined excited state, the Roper resonance may actually
consist of two closely spaced states in the range
1400—1480 MeV (Ref. 10). Also, predicted energies of
the first excited state above the b, (1232) range from 1650
to 1900 MeV, while recent experiments [listed under
b, (1600)] are in the range 1500—1650 MeV (Ref. 11). In
fact, the two most successful studies of the excited baryon
spectrum both predict an energy of about 1800 MeV
(Refs. 4 and 5), which suggests that the IK and similar
models may not have a candidate state for the b, (1600).
The IK model has certainly demonstrated its ability to
reproduce and to be consistent with the excited baryon
spectrum of masses and decay widths, but given the un-
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certainty in the data, there is still room for other effects
not included by the IK model.

In the present work, we investigate an alternative ap-
proach to baryon structure and the resonance spectrum.
Fundamental mesons are admixed directly into nonrela-
tivistic baryon wave functions via a standard SU(3)
quark-meson coupling potential. The present approach is
the complement to those NRQM's that use spatial excita-
tions to reproduce baryon properties. In particular, we
will show that our approach is sufficient to reproduce the
negative charge radius of the neutron, as well as the
strong decay widths of the 6(1232) and X(1385), without
introducing any deformation of the three-quark wave
functions. Furthermore, it is done in a model-
independent way such that neither quark masses nor qq
interactions are explicitly specified.

II. DESCRIPTION OF THE MODEL

The present model is characterized by four major
features. First, quarks are assumed to form three-quark
clusters which are eigenstates of an unspecified quark-
quark interaction with parametrized eigen values.
Second, mesons are assumed to be fundamental; their
quark substructure is ignored and they are assumed to in-
teract according to their overall quantum numbers.
Third, enly one interaction is specified, namely, that
which couples quarks and mesons. Fourth, the model
space is made up of three-quark states and 3-quark —1-
meson states written using harmonic-oscillator spatial
wave functions and standardized color-spin-flavor wave
functions.

A. The Hamiltonian

A global, strong interaction between quarks, deriving
from the nonperturbative exchange of gluons, is assumed
to exist, but is left unspecified. The exact forms of the ki-
netic energy and rest-mass portions of the quark-quark
Hamiltonian (Hq„„k) are also unspecified. Therefore, un-
like other NRQM's, there are no quark masses in the
model, no strong coupling constant, and no strength of
the confining interaction. However, it is assumed that
the eigenstates of H „„k are three-quark, color-singlet
hadrons with good spin, isospin, and parity quantum
numbers. The spatial wave functions of the eigenstates
are unknown.

Each three-quark eigenstate can be associated with one
of the observed low-energy baryons. We restrict our-
selves to baryons within fiavor SU(3} (u, d, s} for which
there are two supermultiplets, the nucleon octet and the
delta decuplet. There are four multiplets in the nucleon
octet (N, A, X&/2, =&/z) and four in the delta decuplet
(5 X3/z 3/2 0 ). Together, the eight multiplets of
baryons will be referred to as ground-state baryons.

The three-quark eigenstates are notated ~B,v, K),
where B stands for the spin (j), isospin (i), and strange-
ness that distinguish the eight baryons. Similarly, v
stands for the z components of spin (p-) and isospin (p,-),
and K denotes the center-of-mass (c.m. ) momentum of
the eigenstate.

H „„kiB,v, K) =a)~(K)iB,v, K),

cor3(K) =(M&+K )'/

(2)

(3)

We allow coupling only to mesons in the ground-state
pseudoscalar octet (rr, K, r)} and treat them as pointlike
and fundamental. One-meson states are represented
~P, p&, p), where P stands for the isospin and strangeness
of the meson, p& is its z component of isospin, and p is its
momentum. The mesons obey the Klein-Gordon equa-
tion, so the eigenvalue equation for the meson Hamiltoni-
an H& simply

H~~0 V~ p&=~q(p)lk, eq, p),
~ (p }

—
( ~ 2 +p 2)1/3

(4)

where m& is the observed mass of the meson P. The un-
perturbed Hamiltonian (Ho) is taken to be Hq„„k+H&.

The perturbing Hamiltonian (H;„,) is a scalar-isoscalar
interaction which couples quarks and pseudoscalar
mesons, but it is not one of the many forms of OPEP be-
tween quarks (as in Refs. 6—9). Instead, the form is par-
tially reduced from the standard y5 coupling and reflects
the particle symmetries of the quarks and mesons. The
form is taken to be

H;„,= g rJ„V„A,„P(r„),
m

(6)

where G
&

is a dimensionless coupling constant, m sets
the energy scale (so that G

&
is unitless), and the sum is

over all quarks. The ( A, '„;a =1, . . . , 8} are the eight gen-
erators of SU(3) acting on the nth quark, and

[ P, ;a = 1, . . . , 8 } are combinations of the field operators
of the eight pseudoscalar mesons (n*,m, K*,E,K., 7))..
As in most previous calculations, the quark-meson cou-
pling constant is assumed to be independent of quark and
meson flavor. ' The use of m in the definition of H; t is
not meant to suggest that the pion is more important
than the kaon or g. Any energy may be used in place of
m and, except for a different ualue for G &, the results
will remain entirely unchanged. That is, all other param-
eters, all wave-function coefficients, and all observables
would have the same values, since it is the ratio G &/m
which determines these quantities.

The eigenvalues of H „„k are parametrized using Mz.
That is, for a baryon at rest,

H,„.,„iB,v, o) =M, iB,v, O) .

Parametrization suppresses quark degrees of freedom,
which eliminates the need to specify any qq interaction or
quark masses, and permits isolation of mesonic effects.
For instance, in most NRQM's, the one-gluon-exchange
potential (OGEP) is responsible for the N —b, mass
difference. In the present model, the same effect is repro-
duced simply by choosing different values for Mz and
M&. Similarly, the effect of a heavier strange-quark mass
can also be incorporated into Mz.

The eigenvalues are assumed to be independent of v
and the states are assumed to obey relativistic kinematics:
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B. The model space

In general, the spatial wave functions of the three-
quark (q }eigenstates depend on the exact form of H~„,„„.
Since H „„k is not known, the wave functions are as-
sumed to be harmonic-oscillator (HO) S waves of the
same length parameter a. So, for a baryon with c.m.
momentum K, the projection of a state vector onto spa-
tial coordinates is

CX

(p, 1(,,r, IB,v, K) = exp[ —
—,'a (p +I, )]

exp(iK r, )
X , , IB,v

(2n )

where p and A. are the standard Jacobi coordinates for the
internal degrees of freedom of the three quarks, r, is the
c.m. of the three quarks, and IB,v) is a standard, totally
symmetric, spin-isospin wave vector. Spatial excitations
certainly exist and will deform the spatial wave function,
but it is not known exactly how important these excita-
tions are. Furthermore, we wish to investigate the extent
to which mesonic excitations can reproduce baryon prop-
erties; therefore, spatial excitations and deforrnations are
ignored

Three-quark basis states and 1-meson states are com-
bined in relative HO wave functions to form a basis of 3-
quark-1-meson (q P) states. The notation for a q (!) state
1s

I ( C(() )II'„,«)
where C is the overall spin (s), isospin (t) and strangeness
of the three quarks, and P is again one of the spinless
mesons. The symbols k and I are the usual quantum
numbers of the HO wave function in the relative coordi-
nate between C and P. The symbols 8, v, and K are the
overall quantum numbers of the basis state.

The projection of a q (() wave vector onto spatial coor-
dinates requires uncoupling the spin and isospin quantum
numbers using Clebsch-Gordan coeScients. The result is

(R,R, I(CP)(3'„«)

exp(iK. R, )
u„((pR )

(2~)

x g (tp, (t(pt, Iip, , )

length parameter in R, and R, is the c.m. of the basis
state. The function u„,(x) is a standard HO wave func-
tion:

uk I(x) =Nk(exp( —
—,'x )x'yk I(x),

where yk I(x) is a polynomial of order k. For k =0, the
normalization factor Xkl is given by the expression

22+ I(22( + 3

(21+1)!!3/n
10

Although q3$ states will couple to 3-quark —2-meson
(q3(!) } states, the model space is truncated at 3-quark —1-
meson states. This is considered justifiable for the
ground-state baryons because the q P states are much
higher in energy than q P states (which are themselves
expected to comprise only about 20% of the physical
wave functions) and q P states cannot couple directly to
q states. However, 3-quark —2-meson states should be
important when studying excited states, but as we are
only interested in rough estimates of the masses and de-
cay widths, this simplification is considered acceptable
for the excited states as well.

C. Matrix elements

There are only three types of Hamiltonian matrix ele-
ments in the entire calculation: matrix elements of Ho
between q states; the same between q P states; and ma-
trix elements of H;„, connecting q states to q P states.
All matrix elements are taken in the K=0 limit.

Between q states, matrix elements of Ho are trivial be-
cause the states are assumed to be eigenstates of Hq„„k.

lim (8', v', K'IHOIB, v, K) =52(s.5„„.5' '(K')M(I .
K~O

At zero c.m. momentum, matrix elements of Ho be-
tween q P states with quantum number k =0 are given
by

lim ((C'(t(')~' „« IHOI(C(t()t(' «)
K~O

=5CC 5t~5((5((t( 5„„5' '(K')N (II1(/P)

2

X f p
'+

dp exp — [toe(p)+co&(p)], (12)
L

x g (sp, 1p(ljp')I'('(&II )Ic,p„p„(t(,pq&, (g)

where R is the relative coordinate between the meson P
and the c.m. of the three-quark eigenstate C, p is the

I

where p is the length parameter in the C —p relative
coordinate R, and cue and co& are given by Eqs. (3) and
(5), respectively.

The perturbing Hamiltonian H;„, connects q states to
q P states. In the K=0 limit, matrix elements of H;„, are

lim (8',v', K'IH;„, I(Cp)II «) =5(&5„&5t(t(5' '(K')No((1/p) (8IIH;„,IICp)

X ( )2t +2 f 4d —1/2( )
1 1

2P 6a
(13)
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where (B IIH;„, II C(t ) is one of the reduced matrix elements

shown in Table I. As a direct result of putting the quarks
into S-wave states, I = j. is required for the HO wave
function in the C —P relative coordinate.

D. Observables

All observables are calculated using physical-state
wave functions. A tilde over the physical state is used to
distinguish it from the three-quark basis state with the
same quantum numbers. Within our model space, the
most general physical wave function is written

+ y ((Cy),"'IB)l(Cy),"'„
k, l, C, Q

where (BIB) and ((CP)z'IB) are the coefficients of the
physical wave function and it is assumed that they do not
depend upon the z components v or the c.m. momentum
K. The coefficients are found by diagonalizing the full
Hamiltonian (Ho+H;„, ) within each sector (one for each
baryon B).

The physical mass of each ground-state baryon is as- b —= ( Bp;)=(j,i,—p;), , (16)

sumed to be the lowest eigenvalue of the diagonalized
Hamiltonian within the appropriate sector at K=0.
Therefore, given the eigenvectors of the diagonalized
Hamiltonian, the physical mass can also be found using

ms=(B, v, olHO+H; tIB,v, o) .

Eigenvalues that are higher than the ground-state mass
are the energies of excited states with the same quantum
numbers as the ground state.

Using the physical wave functions, we can calculate
observables such as electric form factors, charge radii,
quadrupole moments, strong decay widths and the pion-
nucleon coupling constant, without quark masses or an
exact form of the global qq interaction Hq„„k. Since
quark masses and H „„k are unspecified, the model is
somewhat quark-model independent, except that the
wave functions are more consistent with nonrelativistic
models than with relativistic ones.

Since many observables depend upon the charge of the
baryon, we introduce the symbol b to denote a particular
charge state of baryon 8. That is,

TABLE I. Reduced matrix elements of the scalar-isoscalar quark-meson interaction. The symbol K
is used to represent either a kaon or antikaon, depending upon the context.

(a) (BIIH,„,IIB'm)
B:

10

&128

&24

&48

—&24
8

—&32

1/2

&32

&128

20

&3/2

&48
&32

&160

3/2

—&32

~40

B'

N

~ 1/2

1/2

~3/2

3/2

0

(b) (BIIH.tllB'&)

—&32
—&32

10
&128

&32

2
10

—&32

&128

&160

&32

—&32
—&160

—&160

&32
&32

—&160

N

~1/2

1/2

&3/2

3/2

0

(c) (BIIH, „,IIB'vg )

~24

—&48

&48
—&32

—v'40
—&80

~ I /2

1/2

3/2

0
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where p, is the z component of isospin.
The electric form factor of baryon b is simply the

Fourier transform of the charge density:

wave function:

(re)e=(b, Ir, K , ge„r „bIe,,,K),
n

F betp)=(b, „IeK' Qe„e " bp, ,K),
n

(17) Qe (b F, K,Q e„(be, —r„) bp, , K), ,
n

(19)

where p is the momentum transfer, e„ is the charge of the
nth constituent (quark or meson) of the physical wave
function, and r„ is its coordinate.

The mean-squared charge radius and quadrupole mo-
ment of baryon b can be found either from the electric
form factor or by direct calculation using the physical

I

where n still refers to all constituents of the physical state
b.

Partial strong decay widths are well measured for
many spin- —', baryons, and roughly measured for many ex-
cited states. The defining equation for the decay width of
physical state b into state B' and meson P is

I t, tt.&= lim g fd p d K'5(E —E')~(b,p, K~H;„, ~B', v', K', P,p&, p) ~x-o 2J+1
PJ~Py

(20)

where E and E' are the energies of the initial and final states, and the sum is over z components of spin and isospin.
Unfortunately, this definition of the partial width has two problems. The final-state wave functions are simply products
of physical baryons and physical mesons; they are therefore not orthogonal to the initial-state wave functions which
contain explicit mesons. Furthermore, the outgoing meson (() can come from the bound-state meson in the initial state,
instead of being produced by the interaction H;„,. This form has been chosen for its simplicity, and it is not known how
a totally self-consistent definition will affect the final results.

The pion-nucleon coupling constant GNN is used as a measure of the strength of the pion-nucleon vertex function
(V~~„). Written in terms of nucleon operators, the form is

iGN
V„„(p)= (N, v, Klo'N'p~tt„e t' IN, v', K') .

777 N

We can also write VNN in terms of quark operators using an analogous form that is derived from H;„,:

(21)

Vev (p)= , b, rvXKu„pr„ee " N, v', K'),
P7l ~

(22)

where n refers only to quarks.
These two forms of the vertex function are evaluated in the long-wavelength limit (p=0) and set equal. Assuming

that the physical wave function of the nucleon is written in the form of Eq. (14), the relationship between the two cou-
pling constants is found to be

r

G~~ = 10(N~N)'+4 g ((Cn. )„'~N)((C'm)tt'~N)NNn
CC' p2+ (pe )2

' 5/2

1

2

X
S

'+(terms for which k )0) Gzq&,s t' (23)

where (C~~H;„, ~~C'm) is a reduced matrix element (Table
I), (s, t) are the spin and isospin of three-quark cluster C,
and (s', t') are those of C'.

Some of these observables will be used as model con-
straints, while the rest will be used as predictions of the
model.

K. Constraints on model parameters

There are four types of model parameters: a, the HO
length parameter for the quark degrees of freedom within
the three-quark eigenstates of Hq„„„;p, the HO length
parameter for the relative coordinate between the three-
quark cluster and the meson in the q P basis states; Ms,

I

the eigenvalues of ~qQQfkp and G~q&, the strength of the
quark-meson coupling interaction H;„,.

In general, the length parameter a of the internal
quark degrees of freedom can be different for each q
eigenstate, but for simplicity we use the same a
throughout. The length parameter p can also be different
for each choice of three-quark cluster C, meson P, HO
quantum number k, orbital angular momentum I, and
overall spin and isospin 8. For simplicity, we restrict
ourselves to a different p for each B, and notate them ps.

Each observable used as a constraint is chosen because
its calculated value is primarily determined by a single
model parameter. For example, the proton's electric
charge radius is 95—99 /o determined by the size of the
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three-quark core, which is given by the length parameter
a. On the other hand, the neutron's electric charge ra-
dius is zero without mesonic excitations or deformations.
Thus, the spatial extent of the C —P wave function com-
pletely determines (rF )„,„„,„, which is found from the
length parameter P~. The P's of the nucleon octet are
chosen to be equal since there are no firm constraints for
the A, X,&2, and:-, &z sectors.

Strong decay widths are most sensitive to the length
parameter P of the decaying baryon. In all multiplets,
the width of more than one charge state has been mea-
sured, so the best-measured width in each multiplet is
used as the constraint. The parameters Pa and Pz are

3/2

therefore set using the measured strong decay widths of
5++ and X3/2 Unfortunately, the 3/2 strong decay
width is not very sensitive to P-, so a value is chosen

3/2

which fits best into the pattern of P's among the states of
the delta decuplet.

The 0 is stable against strong decay, so the parame-
ter Pn is hard to constrain. However, the 0'(2253) is a
recently discovered resonance of unknown spin and pari-
ty which decays predominantly to 3/2K (Ref. 13). In
our model, the first excited state of 0 is dominated by
the basis state with the same constituents, and has the
same dominant decay mode. We therefore tentatively as-
sociate the observed resonance with our first-excited
state, and set Pn using the measured resonance energy as
the constraint.

The parametrized masses M~ of the three-quark eigen-
states are set using the observed masses of the ground-
state baryons. Since the observed masses are slightly
dependent on the z components of isospin, the physical
mass mz is taken to be the weighted average of the mea-
sured values within each multiplet.

The quark-meson coupling constant G
&

is constrained
by the pion-nucleon coupling constant using Eq. (23). To
leading order, 6

&
has the value

Om
(24)

The addition of mesons will renormalize G
&

slightly.
Given the chosen constraints on the parameters, we

have reduced the problem to a system of 17 equations,
some of which are nonlinear, and 18 unknowns. The only
unconstrained parameter is P= . However, if we consid-

3/2

er the 3/2 sector separately, and treat P= and M-
3/2 3/2

independently of the other 16 parameters, the choice of
P= does not significantly affect the solution to the

3/2

remaining system of 16 equations and 16 unknowns. Re-
sults are presented in the following section.

III. RESULTS

The basis has been truncated at q P states under the
assumption that contributions are negligible or unirnpor-
tant from states with higher numbers of mesons. In this
truncated basis, H;„, will mix only I =1 states into the
physical wave functions [see Eq. (13)]. The model space
is also truncated at states with HO quantum number
k =0 (in the C —P relative coordinate) since states with
k )0 will be considerably higher in energy. As a conse-
quence of both truncations, only rough estimates of the
properties of excited baryons are possible.

A. Determination of model parameters

The constraints used to set the parameters of the model
are shown along with the model values in Table II. Also

TABLE II. Results. The final values of the length parameters Pz and masses of the three-quark cores M~ are given in MeV and
used to calculate all observables. The values of the other parameters are a=258. 8 MeV and Gqqp

—0.628. The quantity m& is the
physical mass of baryon B in MeV. Underlined values are used as constraints. Where appropriate, measurement errors are shown in
parentheses.

Baryon Pz Observable
Calculated

value
Measured

value Observable
Calculated

value
Measured

value

1/2

176.3 1031.1 938.9 (r~)p„„„

176.3 1265.1 1193.4

176.3 1374.6 1318.1

176.3 1189.9 1115.6 ( rE ).„t„,

0.720

—0. 120

—13.4

0.72{0.02) fm2

—0.12(0.01) fm

—13.4

r(a++)
r(a+)
r(a')
r(a-)

112.0
113.8
115.8
114.8

35.0
35.8
36.7

112(1) MeV

120(2) MeV

35(1) MeV
36(5) MeV
39(2) MeV

&3/2

252.7

303.1

1406.6 1232.0 Resonance
energy of

1569.4 1386.9 0'(2253) 2253.0 2253(13) MeV
10.2
11.4

9.1(0.5) MeV
10.1(1.9) MeV

3/2

342.3

330.0 1708.4 1533.4 Full
width of

1837.6 1672.4 0'(2253) 140 81(38) Me V

B{X3+/2 )

B (+3/2)
B{X3/2)
Average

86.0
87.5
86.4
86.6 88(2)%

'Branching ratio: Am/total.
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included in Table II are the calculated and measured
values of some other observables. Data are taken from
the Particle Data Group. "

The values of all model parameters can be found in
columns 2 and 3 of Table II or its caption. While there
remains some freedom in the choice of the parameters for
the = and 0 sectors, the sets of parameters for the X, 6,
A, and X sectors are uniquely mell determined.

As shown in column 2 of Table II, p is found to be
about 175 MeV for the nucleon octet, and between
roughly 250 and 340 MeV for the delta decuplet. For
p= 175 MeV, the meson distribution peaks at roughly
twice the distance from the baryon c.m. that the quark
distribution peaks. The main reason that our calculation
results in a small value for p~ (and therefore a spread-out
meson distribution) is that the meson field is assumed to
be the source of the entire electric charge radius of the
neutron. If spatial excitations were to be included, repro-
ducing the neutron electric charge radius would require a
larger pz. For p=340 MeV, the peak of the tucson dis-
tribution lies just outside the peak of the quark distribu-
tion. This result is consistent with cloudy bag model
(CBM) calculations, ' ' for which the pion distribution
peaks at the surface of the bag.

The model values of p for the b, and X3/2 sectors are
well determined since a 2% shift in p would remove the
good agreement between the calculated strong decay
widths and the data. As mentioned earlier, the value of P
for the 3/2 is not well determined since the 3/2 strong
decay width is rather insensitive to p- . This insensi-

3/2

tivity of the strong decay width to p is a direct conse-
quence of the small role that pions play in the physical:-
wave functions. While values for p- closer to 400 MeV

3/2

would yield slightly better widths, a value of 330 MeV
has been used since it fit better into the pattern of p's.
Although a measurement of the kaonic decay width of

3/2 is unlikely, it would place a strong constraint on

Present model
Baryon m, K,q m only

Previous models (m only)
(a) (b) (c) (d)

N

~1/2
1/2

—92
—74
—72
—56

—86
—52
—42
—14

—50
—27
—33
—5

—108
—60
—56
—12

—199
—127
—71
—32

—160
—101
—56
—25

3/2

0

—175
—183
—175
—165

—139
—100
—50

0

—48 —108
—43 —79
—38 —52

0 0

—98
—60
—28

0

—92
—56
—25

0

models for the nucleon octet, but still slightly higher than
other models for the delta decuplet. Most notably, the
mass shift of the delta (5m z ) is larger than that of the nu-
cleon (5m&) in our approach, but smaller than 5mN in

I I I I I I I

TABLE III. Comparison of mass shifts due to meson cou-
plings. Key to table: (a) Nogami and Ohtsuka (Ref. 7), poten-
tial I, A=2m; (b) Nogami and Ohtsuka (Ref. 7), potential I,
A=2. 5m,' (c) Mulders and Thomas (Ref. 16); (d) Barik and
Dash (Ref. 17). The results using two sets of parameters within
Ref. 7 are chosen as typical of NRQM's, and the results of Refs.
16 and 17 are chosen as typical of relativistic calculations. A11
four sets of previous results are calculated using only pionic ex-
citations. All shifts are in MeU.

3/2

The model values of M& can be most easily interpreted
by considering the mass shifts due to meson couplings
(5m+ ——mz —Mz). These mass shifts are shown in Table
III along with values obtained in previous calcula-
tions. ' ' Within the nucleon octet, our mass shifts,
which range from 56 MeV for the =, /2 to 92 MeV for the
nucleon, are comparable to previous calculations, all of
which considered only pionic effects. Within the delta
decuplet, our model predicts mass shifts of around 175
MeV for all four multiplets, which are much larger than
other estimates. These differences are due primarily to
nonpionic effects rather than model dependence. One
clear indication of the importance of kaons and g's is the
mass shift of the A, which cannot couple to the pion.
To further demonstrate that kaons and g's have large
effects elsewhere in the baryon spectrum, we have redone
our calculation using only pionic couplings. The result-
ing mass shifts are shown in column 3 of Table III.

Comparing columns 2 and 3 of Table III, it is clear
that nonpionic effects are large, especially in the delta
decuplet. With nonpionic effects removed, the mass
shifts (column 3) are in rough agreement with previous

Il II--

10 e~
gW % %+~ lf g~g J -'~~

II

o.s
0.01

I l I I I I l l

0.10 1.00

q2 (Gev /c )

FIG. 1. Proton electric form factor. Data are taken from
Refs. 19-21. The calculated form factor is shown as a solid
curve. The data and calculation are divided by a dipole form
factor GD with (r ) =0.72 fm .
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others. The importance of kaons and g's, as well as the
relative mass shifts of the nucleon and delta, are more
closely examined in Sec. III D.

B. Wave functions and observables of the ground-state baryons

All observables are calculated from the physical wave
functions. The components of the model space, as well as
the dominant contributions of the ground-state physical
wave functions, are shown in Table IV. In the nucleon
octet, the three-quark content of baryons (as opposed to
the 3-quark —I-meson content) ranges from about 86% to
92%, so the truncation of the basis appears justified for
the octet. However, for baryons in the decuplet, the
three-quark content is only 70—80%, so it may be that
3-quark —2-meson states and/or k )0 states are impor-
tant for the delta decuplet.

As examples of other calculations that can be done
with the physical wave functions, the electric form fac-

tors of the proton and neutron are shown in Figs. 1 and
2. A monopole form factor has been used for the charged
mesons, to agree with elastic scattering data on pions. '

Data from Refs. 19—24 are shown for comparison.
Good agreement at low q is not surprising since the

slope of each plot at q =0 is used as a model constraint.
Although both sets of data are well reproduced out to
q =0.3(GeV/c), these results are not significantly
better than those of previous calculations.

Another example of a typical calculation is the baryon
quadrupole moment (Qb), which is nonzero for the states
of the delta decuplet. Although none of the Qb has been
measured, some have been estimated within different
models. Our estimates, plus those of other authors, are
shown in Table V.

We would like to stress that the estimates of columns 2
and 4 have been made without quark masses and without
deformations of the three-quark eigenstates. The defor-
mation necessary to yield nonzero quadrupole moments
is provided entirely by the meson distribution of the

TABLE IV. Composition of the physical ground-state baryons. The notation for a three-quark basis state is (B), where B refers to
the overall quantum numbers of the state. The notation for 3-quark-I-meson basis states is (CP;B) where C represents the overall

quantum numbers of the three quarks, P is the meson, and B represents the overall quantum numbers of the basis state. The spatial

wave function of the three quarks is an S-wave harmonic oscillator with length parameter a, which can be found in Table II. The
spatial wave function in the relative C —

(( coordinate is a harmonic oscillator with k =0, 1 = l, and length parameter Ps, as given in

Table II. The symbol K is used for both kaons and antikaons.

Baryon
Physical state

I(J ) Mass
Main components

Composition & basis Other components

X1/2

1/2

X3/2

3/2

0(-'+)
2

1(-'+)
2

1( 3+)
2

0{-3+)
2

939

1116

1193

1318

1232

1387

1533

1672

0.926
0.312
0.191

0.945

0.197
0.172

—0.171

0.938
0.220

—0.165

0.959
—0.196

0.110

0.852

0.390
0.303

0.877
0.245
0.228

0.891
0.224

—0.215

0.899
0.324

—0.227
—0.186

(N)
(N77', N)
(h~;N)

(A)
( X1/27ry A)
( X3/2T' A )

(NK; A)

{X1/2}

{X1/2~~ X1/2)
( A7T~ X1/2 )

( 1/2)

1/2K ~ 1/2)
(=3/277' =1/2}

(~)
(Nm. ,5)
(57T;5)

{Am", X3/2}
{X3/2~»3/2 }

{X3/2K:3/2 )

1/2~» 3/2 }

{0)
(~1/2K &0)
(:-3/2K; Q)
(Qg;0)

(N9;N)

(NK; X1/2)

(AK &X1/2)

(hq;5)

(NK; X3/2)

(hK;X3/2)

(AK;N)
(X1/2K;N)
( X3/2K 'N)

(Ag;A)

{X 1 /2 I~ X 1 /2 }

( X3/2~& X 1 /2)

{X3/29 Xl/2}

(AK &~1/2)

(X3/2K =1r2}

(Xl/2Kpk}
(X3/2K '6)

(X1/2~ X3/2)

(Xl/21 X3/2}

( AK 3/2)

{Xl/2K s =3/2)

( ~1/2K+A )

(~3/2K &A)

(:"1/2K;X1/2)

( ~ 3 /2K &
X 1 /2 )

1/2~s 1/2 )

1/2 I& 1/2 )

3/21 ~ 1/2 )

(X 1 r2K *X3/2 }

3/2K ~ X3/2 }

(=1/2n =3/2)

(:-3/2~~:-3/2)
(:-3/21~:-3/2)

(QK &~1/2)

(QK; 3/2)
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physical wave functions. The present approach yields
equivalent though slightly smaller results than most of
the other approaches.

We can also calculate transition quadrupole moments
(Q» ) as the expectation value of the quadrupole operator
[see Eq. (19)] between different baryons. In our model,
the nucleon to delta transition quadrupole moments are
calculated to be Q +=Q 0= —0.034e fm, indicating

pb nh
that the nucleon is deformed.

The calculated value of Q~a can be used to find a value
of the ratio of the electric quadrupole (E2) to magnetic
dipole (Ml) transition amplitudes for the process
y+N~b, (1232). In the long-wavelength limit, this ratio
can be approximated as

l I I 5i~
0.00—

—.05 ', I

0.01
I I I I I i I I

0.10 1.00

q2 (GeV jc2)

FIG. 2. Neutron electric form factor. Data are taken from
Refs. 21 —24. The calculated form factor is shown as a solid
curve.

E2 1 qQxa
M1 12 p

where q is the on-shell photon momentum (0.259 GeV/c)
and pzz is the nucleon to delta transition magnetic mo-
ment [3.76+0. 19pN=2. 0+O. leuc GeV ' (Ref. 11)]. Us-
ing the model value of Qza, this expression yields a value
of (0.94+0.05)%%uo for R, compared to (1.5+0.2)% (Ref.
27). Although the agreement is reasonable, one must
remember that the long-wavelength limit is not a good
approximation for this transition and that the transition
magnetic moment is not really an experimental number,
but an extraction made ignoring background contribu-
tions and unitarity effects.

C. Excited states

Baryon

Qb( X 10 'e fm')

Present
model

Previous
models

(X10 'e)
&re2&b

Present
model

Isgur, Karl,
and Koniuk

&3+/2
0

&3/2

~o
3/2

3/2

—6.0
—2. 1

1.8
5.7

—2.2
—0.01

2.0
—0.59

1.0

0.57

—12.6'
—6.3'

0.0'
6.3'

5.2'
1b

1.8'
0 4d

—4.3
—3.1

—27
—7.1

—3.1

2.7
—3.0

—32
—1.5

—0.92

—14
—7

0
—7

'Krivoruchenko.
Isgur, Karl, and Koniuk.

'Gershtein and Zinov'ev.
Richard.

TABLE V. Quadrupole moments of the spin- —', ground-state

baryons. Model parameters can be found in Table II, and wave
functions can be found in Table IV. For comparison, the results
of other theoretical calculations (Ref. 25) are shown.

The masses of resonances or excited states are
identified as the larger eigenvalues of the diagonalized
Hamiltonian within each sector. Since a quark-meson
coupling interaction is used instead of OPEP, excited
states are dominated by q P basis states, and are there-
fore completely different from the excited states in other
quark models. In Tables VI and VII, we display the ex-
cited spectrum predicted by our model for the strange-
ness S=0 and 1 sectors. The lowest spin- —,

' states are
missing from the tables because although they are reso-
nances, from a quark-model viewpoint, they are actually
ground states.

The most common production mechanism for S =0
resonances is pion-nucleon scattering, although electron
scattering is often used to study the b, (1232). The rrN
widths therefore provide a good measure of which of the
predicted excited states should be observed in the data.
Similarly, kaon-nucleon scattering is usually used to
create S =1 resonances, and the KN widths will indicate
which S =1 states are observable. Approximate ranges
of the data are also provided for comparison.

In the N —b sector (Table VI), most of the predicted
states have very small mN widths. Therefore, they decou-
ple from the primary production channel and will not be
observed. However, the predicted P» state at 1413 MeV,
and the P33 state at 1556 MeV have large enough partial
widths that they should be observed. The reason most
states have a small mN width is that only a small fraction
of the physical wave function is composed of a nucleon
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TABLE VI. Nonstrange excited baryon spectrum with ground-state quantum numbers. Masses and partial widths are shown in

MeV. The main components of the physical wave functions are also shown. The notation for three-quark and 3-quark —1-meson

basis states can be found in the caption of Table IV.

Partial
wave Data

Mass
Model

~N Width
Data Model Main components

1400—1480
1680-1740

2000-2200

1500-1650
1860-2000

1413
1682
1766
1802
1863
2165

1556
1926
1999
2148
2273

60—250
10-25

10-45

30-75
15-85

11
1

2
1

0
0

23
0
3

1

1

0.95(Nn"j N)
—0.998{Ng; N)
0.87( hvrj N)
0.89(AK'; N)
0.997(X, K;N)
—0.998(X K;N)

—0.91(Nn"j 6)
—0.76{A~; 6)
0.77( X1/2K; ~ )
—0.97(b,g; b )
—0.97(X3/2K; 4 )

—0.28(N)

—0.46( AK; N)
0.42( An"j N)

0.32(h)
0.61(X1/2K j5)

—0.51(Am'j 6 )

0.14(X„,K;5)
0.18(h )

—0.14(b n'j N)

—0.16(N)
—0.17(N)

0.23(h~; 5)
0.20(h )

0.30(h)
0.13(h)

and a pion. As shown in Table VI, those states with
small widths are dominated by other combinations of
three-quark clusters and mesons. Furthermore, both ob-
servable states are dominated by the (Nm ) combination.

The Roper resonance has a four-star rating from the
Particle Data Group, " but remains controversial
nonetheless. ' The data suggest there could actually be
two separate states within the nominal range of

1400—1480 MeV, while the IK and similar models pre-
dict only one state in this energy range. Our model sug-
gests that if, in fact, there are two states, the other could
be composed of mesonic excitations. However, our cal-
culated width is much smaller than either of the observed
widths, so to agree with the data the two resonance states
would be strong mixtures of the excited states predicted
by the two approaches.

TABLE VII. Singly strange excited baryon spectrum with ground-state quantum numbers. Masses and partial widths are shown
in MeV. The main components of the physical wave functions are also shown. The notation for three-quark and 3-quark —1-meson
basis states can be found in the caption of Table IV.

Partial
wave Data

Mass
Model

KN Width
Data Model Main components

1550-1650

1730-1860

1630-1690

1750-1850
1850—2000

1700—1900

2050-2200

1609
1657
1838
1925
1972
2306

1531
1618
1637

1900
1912
1977
2021
2213
2301

1775
1822
1852
2078
2133
2148
2242

2494

20-80

35-45

5—25

=5
45-75

=45

unknown

14
21
0

13
1

1

0
3

34

2
21

3
0
0
0
1

0

0.91(X1/2n jA )

0.90(NE; A )
—0.99(Ag; A)
—0.96( X3/2n, ' A )

0.99{:-„2E;A—0.996(:-3/2K; A )

0.98( An"j X1/2)-0 94(X„,-;X„,)
0.97(NK; X1/2)

0.96(X3/2Wj X1/2 )

0.96{X1/2g; X1/2)
0.93(:-, K;X, )

0.92( AE; X1/2)
0.995{X)/2gj X1/2)
0.997(=3/2E j X 1 /2)

0.93{An. ; X3/2)—0.85(NE; X3/2 )
—0.81(X1/2n'j X3/2)—0.97( X1/2g; X3/2)

0.76( 1/2E X3/2)
0.62(AE j X3/2)—0.71(AE; X3/2)

0.96{=3/2 j 3/2)

0.39(NK; A )

-0 35(X'„,-;A)
0.11(X3/2n j A )

0.20(A)
0.12(X3/2n, ' A )

0.17{X1/2n"j X1/2)
0.22(NK ' X1/2)—0.20( X1/2n"j X1/2 )

0.26( X1/2g; X1/2 )
—0.24( X3/277 j X1/2 )

0.35(AE j X1/2)—0.32(:"1/2K;X1/2 )

0.23(NK; X3/2)—0.52( X, /2n; X3/2)
0.45(NK; X3/2)
0.23(X3/2n X3/2)
0.60( X3/2n j X3/2)

0.60( 1/2K j X3/2)—0.50(X3/2n X3/2)

0.22( X1/2)

—0.11(A)
0.21(A)

0.13(~1/2E j A)

0.12(X1/2 )

0 21{X1/2)

0.10( 1/2K j X1/2)

—0.18(X1/2 )

—0.22( X1/2n. , X3/2)

—0.24(An j X3/2)

—0.23( AE; X3/2)—0.50( X3/2n. j X3/2 )

0.32( X1/2)
—0.11(X3/2n j X3/2)
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The b, (1600) is a P» resonance with a two-star rating. "
The data covers a wide range, but is most consistent with
a mass near 1550 MeV and a mN width of about 50 MeV.
Quark models using spatial excitations predict masses in

the range of 1650—1900 MeV (Refs. 4, 5, and 29), but the
two most reliable estimates are both very close to 1800
MeV (Refs. 4 and 5). Spatial excitation models therefore
have no viable candidate for the b,(1600). Although the
calculated value of the mN width (23 MeV) in our ap-
proach is slightly outside the expected range (30—75
MeV), we conjecture that this observed state could still be
a mesonic excitation of quarks.

For the S =1 sector, it is very difficult to make any
comparisons between theory and experiment because it is

impossible to count the actual number of observed states
in the data. For instance, the comments from the Parti-
cle Data Group for the A(1600) and the A(1800) suggest
that there could be two states within each energy range.
The existence of the X(1770) is based on a single listed ex-
periment, yet con6rming evidence appears to be listed un-

der X(1880). In general, the measured masses and widths
vary so greatly that almost nothing can be said
de6nitively. The IK model predicts that there are three
states in the Pp& channel that are observable. They also
predict three states in the P» and three states in the P&3

channels. Our model predicts three additional Pp& states:
at about 1610, 1660, and 1925 MeV. We also predict one
additional P» state at around 1640 MeV, and a P» state
at 1820 MeV. All of these additional states couple

strongly to the EN channel. The rest of the predicted
states should not be seen. As in the case of the N —6
sector, KN widths are largest when the excited state is
dominated by the (NK) combination and smaller other-
wise (see Table VII). In both the strangeness-0 and
strangeness-1 sectors, the existence of observable model
states does not contradict either the results of spatial ex-
citation models or the data.

D. The importance of nonpionic degrees of freedom

It is clear from Table III that our results for the baryon
mass shifts due to H;„, (column 2) are very different from
previous calculations. It is not obvious, however, where
to attribute the differences. It is typical for most calcula-
tions to choose the same pion distribution for all states.
Therefore, to reduce model dependence and make a prop-
er comparison with other calculations, we have repeated
our calculation using the same value of P for all the states
in the model space. We have chosen a value of 300 MeV
as a compromise between those values of P which repro-
duce the 4 and X3/2 widths. Results are shown in Table
VIII. Also sho~n are results using the same set of pa-
rameters, but including fewer species of mesons in the
basis.

Column 4 (m. only) agrees very well with the results of
other authors shown in Table III, especially calculations
(b) and (d). Because of the extretnely light mass of the
pion, most calculations assume that pionic effects dom-

TABLE VIII. Results using a single value of the length parameter P. The parametrized masses Ms
of the three-quark eigenstates are set as before, but a=237. 8 MeV, P=300 MeV, and G~~&= —0.622
are used throughout. The quantity 5m& is the energy shift of baryon B which is due to meson couplings

(mz —Mz). The parameters Mz can be found by subtracting the energy shifts from the physical
masses. Underlined values have been used as constraints. Where appropriate, measured values are
shown with errors in parentheses.

Fit/calculated values using
a=237. 8 MeV, P=300 MeV,

and Gqq~= —0.622
Parameter/
observable

6~, (MeV)

Baryon

N

~1/2

1/2

3/2

0

No
mesons m only

—140
—90
—63
—24

—116
—78
—40

0

~,K only

—159
—140
—123
—103
—139
—129
—111
—86

m, K, g
—160
—144
—137
—125
—146
—135
—124
—114

Measured
value

(rs)b (fm') 0.688
0.000

0.716
—0.026

0.719
—0.022

0.720
—0.023

0.72(0.02)
—0.12(0.01 )

GNN rr

I b q (MeV) g++
+

~0
3/2

—13.5

56.0
27.5
10.8

—13.4

100.0
40.4
11.2

—13.4

103.0
42.4
12.1

—13.4

103.0
42.9
13.1

—13.4

112(1)
35(1)

9.1(0.5)

ABR'(%)

'Average branching ratio.

85.2 87.5 87.3 87.0 88(2)
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inate, and do not include contributions from kaons and
etas. However, our calculations indicate that mass shifts
are not saturated by pionic effects, as shown by compar-
ing columns 4, 5, and 6. As the strangeness of the baryon
increases, the contributions from the kaon and g also in-
crease, and partially compensate for the decreasing con-
tributions from the pions. In fact, pionic effects are dom-
inant for the nucleon only. The reason is that it usually
requires about the same energy to create a pionic excita-
tion as a kaonic excitation. For instance, the X,&z three-
quark state can couple to A~, X»zm, and X3/2n. , as well

as NE and hE. The g becomes important when the
masses of the three-quark states are so large that the rela-
tive mass difference between the pion and the g is not
very large. In general, we find that kaons and g's are as
important as pions in the baryon spectrum.

As mentioned earlier, Table III indicates that, with or
without kaons and g's, 5m~ is larger than 5mN. Howev-

er, when we use a single value of P, our mass shifts agree
qualitatively with all previous work, which have found
that 5m~ is less than 5m~. We conjecture that others
have not observed the possibility that 5m& & 5m& since
the spatial distributions of the meson fields were not al-
lowed to be different for different baryons.

IV. DISCUSSION

%e have developed an approach to modeling the
baryon spectrum which has sufficient freedom to repro-
duce the mean-squared charge radii of the proton and
neutron, as well as strong decay widths in the 5 and X3/2
sectors. The model presupposes the existence of explicit
mesons in the physical wave functions of the baryons,
and as a consequence, predicts the existence of low-lying
resonant excitations made up predominantly of three
quarks and a pseudoscalar meson.

The present model has demonstrated that mesonic cou-
plings have measurable effects on the masses and charge
distributions of the ground-state baryons. Mesonic cou-
plings lead to quadrupole moments comparable to those
predicted by other models. %e have also shown that
pionic couplings are dominant for the nucleon only, and
that the three pseudoscalar mesons are equally important
for the baryon spectrum.

The present mode1 does not reproduce the observed ex-
cited spectrum of masses and decay widths. In fact, only
a very few of the predicted states couple strongly to the
production channels most commonly used. Thus, other
effects such as spatial excitations are clearly necessary to
reproduce most of the excited spectrum. However, the
present approach is not inconsistent with the IK and
similar models. Instead, our model resolves two possible
controversies among excited states with ground-state
quantum numbers: %e find a second state in the mass
range of the Roper resonance, and a candidate state in
the region of the 5(1600).

Our model also predicts five states in the A —X sector
that should be observable in KX scattering experiments.
Including those predicted by other models, there are now
six observable A( —,

'+) states in the range 1S50—1950 MeV.
There are also four X( —,'+) states between 1600 and 2000

MeV, and four X(—', +) states between 1700 and 2100
MeV. Given the acknowledged variety of experimental
results, " and the number of predicted states, further ex-
periments are certainly necessary to distinguish the excit-
ed baryon spectrum.

Although many studies of nonrelativistic quark models
calculate the effects of mesonic couplings, in fact, mesons
have not been explicitly included. For instance, in Ref. 7
OPEP is used to estimate energy shifts and wave-function
perturbations, but charge radii are calculated with
corrections due to the implicit presence of pions. By "im-
plicit" we mean that fundamental mesons are not includ-
ed as part of the physical wave function. In nuclear
physics, these are usually called meson-exchange
currents. This hybrid approach of using OPEP for some
calculations and implicit mesons for others is justified in
nuclear physics because much less energy is required to
excite a nucleus than to create a pion.

In contrast with most nuclear calculations, in our mod-
el, mesonic excitations have about the same energy as
spatial excitations of quarks. Studies of multiquark had-
rons (q q ";m+n )3) have found similar results for
q q states in the bag model. ' ' Adding a single qq exci-
tation, however, may not necessarily be equivalent to
adding a meson. For instance, Bernard et al. have
shown that, when the pion is treated as a Goldstone bo-
son, the pion wave function can be written with large
contributions from many-quark-many-antiquark excita-
tions. By extension, we might expect the structure of the
rest of the pseudoscalar mesons to be complicated as well.

By treating the mesons as fundamental, it is possible that
higher-order combinations of qq pairs in the meson wave
function are taken into account.

Since the energies of mesonic and spatial excitations
are roughly the same, it may not be sufficient to calculate
effects as though mesons were present. We believe it is
necessary to include meson degrees of freedom explicitly.
In an approach that combines mesonic and spatial excita-
tions, the strength and form of the quark-meson coupling
interaction will remain largely unchanged, since the
strength is determined by the pion-nucleon coupling con-
stant and the form is determined from particle sym-
metries. The freedom to adjust parameters will come
from the quark-quark interaction, which has been left
unspecified in our approach, and is uncertain in other ap-
proaches.

V. CONCLUSIONS

An approach to baryon wave functions and proper-
ties has been developed which isolates in a model-
independent way the effects of a standard, scalar-
isoscalar, quark-meson coupling interaction. The model
successfully correlates a wide variety of observables, but
its predictive power has not yet been fully tested, since
most of the observables calculated are used as model con-
straints. Agreement with the data has been achieved
without including any deformed three-quark states in the
model space. Instead, deformation of the physical states
is provided by explicit 3-quark —1-meson states mixed
into the physical wave functions.
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Explicit mesons implies the existence of low-energy
resonances composed primarily of three quarks and a
meson. Most of the predicted states are not observable
because they do not couple strongly to the experimental
scattering channels. In fact, the present approach fails to
reproduce most of the excited baryon spectrum. Howev-
er, there are a number of strangeness-0 and strangeness-1
resonance states that should be observable in mN and KN
reactions, but are not predicted by other models. None
of the observable states is inconsistent with the data or
the IK model.

In contrast with previous studies, we find that kaons
and g's are as important in the strange baryon sector as
pions are in the nonstrange sector. Furthermore, meson-
ic couplings are found to be an important part of
ground-state baryon properties, and provide an excellent
complement to spatial excitations.

Therefore, we conclude that a complete study of the
baryon spectrum should include all ground-state pseu-

doscalar mesons, and that they can be added explicitly to
the three-quark basis, with mesonic and spatial excita-
tions being treated equally. We also conclude that more
precise measurements would be helpful to fully under-
stand the excited baryon spectrum, especially in the re-

gion of the Roper resonance as well as the b, ( —,'+), A( —,'+),
X( —,'+), and X( —,'+) sectors.

ACKNQWLEDGMENTS

The authors wish to thank Professor John F.
Donoghue and Dr. Robert J. Dufresne for valuable sug-
gestions and discussions. One of us (W.J.L.) would also
like to thank Professor John F. Dubach and Professor
James F. Walker for helpful discussions, especially while
the original idea was being developed, and Professor
Nimai C. Mukhopadhyay and Mr. Lie-Sheng Zhang for
assistance with the transition amplitudes and their ratio
in the nucleon-delta channel.

'Perhaps the earliest success was N. Isgur and G. Karl, Phys.
Rev. D 20, 1191 (1979).

~There are numerous examples. Among them, consider C.
Quigg, in Gauge Theories in High Energy Physics, Les
Houches Summer School of Theoretical Physics, Les
Houches, France, 1981, edited by M. K. Gaillard and K.
Stora (North-Holland, Amsterdam, 1983); C. Hayne and N.
Isgur, Phys. Rev. D 25, 1944 (1982).

3N. Isgur and G. Karl, Phys. Lett. 72B, 109 (1977); Phys. Rev.
D 18, 4187 (1978); 19, 2653 (1979); R. Koniuk and N. Isgur,
ibid. 21, 1868 (1980);44, 845 (1980).

~S. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986).
5C. P. Forsyth and R. E. Cutkosky, Z. Phys. C 18, 219 (1983).
M. A. Preston and A. K. Dutta, Phys. Rev. D 28, 2780 (1983);
J. Navarro and V. Vento, Nucl. Phys. A440, 617 (1985); W.
Blask, M. G. Huber, and B. Metsch, Z. Phys. A 326, 413
(1987).

7Y. Nogami and N. Ohtsuka, Phys. Rev. D 26, 261 (1982).
M. Weyrauch and H. J. Weber, Phys. Lett. B 171, 13 (1986);H.
J. Weber and H. T. Williams, ibid. 205, 118 (1988).

R. K. Bhaduri, B. K. Jennings, and J. C. Waddington, Phys.
Rev. D 29, 2051 (1984); M. V. N. Murthy, M. Dey, J. Dey,
and R. K. Bhaduri, ibid. 30, 152 (1984);36, 3526(E) (1987);M.
V. N. Murthy and R. K. Bhaduri, Phys. Rev. Lett. 54, 745
(1985);M. V. N. Murthy, M. Brack, R. K. Bhaduri, and B.K.
Jennings, Z. Phys. C 29, 385 (1985); M. V. N. Murthy, R. K.
Bhaduri, and E. Tabarah, ibid. 31, 81 (1986).
A. Mokhtari et al. , Phys. Rev. D 33, 296 (1986).
Particle Data Group, M. Aguilar-Benitez et al. , Phys. Lett.
170B, 1 (1986).

'2It is now standard practice to estimate $88' coupling con-
stants in terms of the ~NN coupling constant using the quark
substructure of 8 and 8' and assuming that Pqq coupling con-
stants are independent of meson and quark flavor.
D. Aston et al. , Phys. Lett. B 194, 579 (1987).
S. Theberge, A. W. Thomas, and G. A. Miller, Phys. Rev. D
22, 2838 (1980).

5A. W. Thomas, S. Theberge, and G. A. Miller, Phys. Rev. D
24, 216 (1981).
P. J. Mulders and A. W. Thomas, J. Phys. G 9, 1159 (1983).

N. Barik and B.K. Dash, Phys. Rev. D 33, 1925 (1986).
C. J. Bebek et al. , Phys. Rev. D 9, 1229 (1974); 13, 25 (1976);
G. T. Adylov et al. , Nucl. Phys. B128, 461 (1977);C. J. Bebek
et al. , Phys. Rev. D 17, 1693 (1978), and references therein.
G. Hohler et al. , Nucl. Phys. B114,505 (1976).
G. G. Simon, Ch. Schmitt, F. Barkowski, and V. H. Walther,
Nucl. Phys. A333, 381 (1980).

'S. Blatnik and N. Zovko, Acta Phys. Austriaca 39, 62 (1974).
R. W. Berard et al. , Phys. Lett. 47B, 355 (1973).
K. M. Hanson et al. , Phys. Rev. D 8, 753 (1973).
F. A. Bumiller et al. , Phys. Rev. Lett. 25, 1774 (1976).
N. Isgur, G. Karl, and R. Koniuk, Phys. Rev. D 25, 2394
(1982); J. M. Richard, estimate made for Isgur, Karl, and
Koniuk, 1982 (unpublished); M. I. Krivoruchenko, Z. Phys. C
36, 243 (1987);S. S. Gershtein and Yu. M. Zinov'ev, Yad. Fiz.
33, 1442 (1981) [Sov. J. Nucl. Phys. 33, 772 (1981)].
L.-S. Zhang (private communication, via N. C. Mukho-
padhyay).
R. Davidson, Nimai C. Mukhopadhyay, and R. Wittman,
Phys. Rev. Lett. 56, 804 (1986).
Nimai C. Mukhopadhyay (private communication).
R. Sartor and Fl. Stancu, Phys. Rev. D 31, 128 (1985); C. S.
Kalman, Nuovo Cimento 94A, 219 (1986).
A list of studies of multiquark hadrons is much too long to in-

clude, but the subject was first introduced by R. L. Jaffe,
Phys. Rev. D 15, 267 (1977); 15, 281 (1977).

'Numerous theoretical calculations have been done to estimate
the masses of multiquark hadrons, the earliest of which were
done by D. Strottman, Phys. Rev. D 18, 2716 (1978); 20, 748
(1979). Based upon mass estimates, a number of experimental
searches were launched for unmistakable evidence of multi-
quark states. Most failed to find convincing evidence, but
Abdivaliev et al. did find a series of isospin- —, states: A. Ab-

divaliev et al. , Yad. Fiz. 37, 629 (19&3) [Sov. J. of Nucl. Phys.
37, 375 (1983)]. Unfortunately, all experimental evidence
remains unconfirmed, and the existence of multiquark hadron
states is considered doubtful.
V. Bernard, R. Brockmann, M. Schaden, W. Weise, and E.
Werner, Nucl. Phys. A412, 349 (1984).


