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The photo- and electroproduction of baryon resonances are calculated in the constituent quark
model with chromodynamics of Isgur and Karl consistently to O(U'/c') for the quarks. We find

that the successes of the nonrelativistic quark model are preserved, some problems are removed,
and QCD mixing effects may become important with increasing q' in electroproduction. For the
first time both spectroscopy and transitions receive a unified treatment within the framework of a

potential quark model.

I. INTRODUCTION

For any composite system bound by a known potential,
gauge invariance dictates the form of H, for radiative
transitions between eigenstates. This has not always been
handled consistently in the literature. A particular exam-
ple is hadrons treated as systems of constituent quarks
bound in a potential with QCD-inspired single-gluon-

exchange spin-dependent effects. There are 0(u2/c )

terms in the H&cD that are important in fitting the spin-
dependent splittings in hardon spectroscopy' and which
induce configuration mixing among the SU(6)O(3) sym-
metry states. Electromagnetic gauge invariance and con-
sistency to 0(u /c ) then dictate that the H, includes
spin-orbit and Wigner rotation contributions and may be
written
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The first line is essentially H, ~Nz~ used in most work in
the nonrelativistic constituent quark model (NRCQM)
but where the first two terms replace the more usual

p A/m contribution. The second and third lines are
0(u /c ) contributions which have long been known to
be necessary even for systems of free particles if low-
energy theorems and the Drell-Hearn-Gerasimov (DHG)
sum rule are to be satisfied. ' For particles bound by a
scalar potential, the effect of the potentials is absorbed
into a redefinition of the mass parameter m *; one can
avoid the explicit appearance of any vector potential at
the price of replacing the p. A/m form of the usual
H, ~N„~ by the first two terms in the first line of Eq. (1.1)
(this is discussed in detail in Ref. 5).

In Ref. 5 we studied how these 0 (u /c ) corrections to
H, ~Nz~ (giving H, ~„,~) affect the well-known successes
of the NRCQM description of electromagnetic transi-
tions. We found that they give perturbations comparable
in magnitude to those found from QCD wave-function
mixing in Ref. 6. In this paper we confront data by com-
bining these two 0 (u /c ) effects, namely, H, ~„,I

at Eq.
(1.1) with the QCD mixings of Refs. 1 and 2.

The QCD-inspired quark model of Isgur and Karl
gives a good description of baryon spectroscopy and pre-
dicts that there is significant wave-function mixing in
some baryon states. Electromagnetic interactions are
rather clean probes of the internal structure of baryons
and, as transition probabilities are sensitive to wave-

42 2207 1990 The American Physical Society



2208 ZHENPING LI AND FRANK E. CLOSE 42

function mixings, the photo- and electroproduction of
baryon resonances promise to provide sharp tests of any
model. This is where the QCD-inspired relativistic
corrections become important; a question to be investi-
gated is whether the model can simultaneously describe
the energy spectrum and the (electromagnetic) transi-
tions. We find the phenomenological successes of H&cD
and H„i separately combine "constructively, *' improving
the overall fit to data. Perhaps most important, this is
the first attempt to study photo- and electroproduction
consistently in a quark model which gives a good descrip-
tion of the baryon spectroscopy and other properties of
baryons. Therefore, both spectroscopy and electromag-
netic transition can be and should be described within
one model.

In the next section we discuss electromagnetic transi-
tions between baryon resonances including QCD mixing
effects, and compare with the results obtained in the ab-
sence of QCD mixing. In Sec. III we will extend our cal-
culation to electroproduction, where we expect the QCD
configuration mixing to give characteristic q depen-
dences to amplitudes. In the final section the paper is
summarized and the role of QCD mixing emphasized by
comparison with our earlier calculation.

II. THE PHOTOPRODUCTION
OF BARYON RESONANCES

The quark potential model introduced by Isgur and
Karl' shows that the QCD-inspired relativistic correc-
tions to the quark binding potential are very important in
describing the baryon spectroscopy. Generally, the
quark-quark interaction can be divided into long- and
short-range potentials; the long-range potential corre-
sponds to the confinement of QCD which is treated as
linear or harmonic, while De Rujula, Georgi, and
Glashow attribute the short-range potential to the one-
gluon-exchange interaction, of which the nonrelativistic
limit corresponds to the Coulomb potential. The impor-
tant spin-dependent mass splittings arise from the
hyperfine interaction, i.e., the O(v /c ) Breit-Fermi gen-
eralization of one-gluon exchange.

Two main features have been shown in the model of
Isgur and Karl. First, the perturbations of the spin-
independent interaction including the Coulomb potential
are anharmonic; the largest energy shift is for the

i @baryon XCi i @sU(6)80(3) (2. 1)

and the coeScients C, can be found in Refs. 1 and 2. Fol-
lowing the notation of Isgur and Karl, the ground-state
wave function in terms of the SU(6)O(3) basis is

iN) =0.90iN Ss) —0.34iN Ss. )

—0.27iN SM) —0.06iN D~) . (2.2)

Therefore, since the configuration mixing determined
mostly by the Breit-Fermi interaction is at O(v /c ), we
should for consistency employ H, to the same order,
i.e., that given in Eq. (1.1).

Based on this model, the transition matrix elements
can be calculated in the SU(6)(3) O(3) basis. Following the
same procedure as in our previous calculation, we write
the electromagnetic interaction in Eq. (1.1) as

HAD +HNA (2.3)

where HAD is the additive part of Eq. (1.1) (namely, the
first two lines) and HN~ is the so called "nonadditive" in-
teraction due to the Wigner rotation of the quark spins
transferred from the frame of the recoiling quark to the
baryon center frame of the recoiling baryon. To em-
phasize the group structure we have

and

H~o=q' '(AL++BS++CS,L+) (2.4a)

HNA q' '(BN~S+ ——CNAS,
" 'L+ ) . (2.4b)

According Eq. (1.1), the coefficients in Eq. (2.4) can be
written as

SU(6) O(3) state ( 56', 0+ ), and vanishes for the
SU(6)O(3) state (20, 1+). This is why the resonance
P»(1470) in which the SU(6)O(3) state (56', 0+) is dom-
inant has a relatively low mass while the SU(6)O(3)
(20, 1+) has not been observed experimentally, in part be-
cause its mass scale is predicted to be relatively high.
Second, because of the tensor structure of the hyperfine
interaction, the total spin or total orbital angular momen-
turn are no longer conserved separately, which induces
the SU(6))3)0(3) configuration mixing. The correspond-
ing baryon states are therefore superposition of the
SU(6)(3)O(3) basis states,
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TABLE I. Photon-decay amplitudes of the P-wave baryon resonances (theory versus experiment) ~ The experimental data are
given by the most recent Particle Data Group compilation (Ref. 23). A is the nonrelativistic result, A are the nonrelativistic re-
sults plus the relativistic correction. Both A " and A are calculated in c.m. frame with the harmonic-oscillator strength
a'=0. 175 GeV, see Ref. 8. The A, is the result with QCD mixing effects and the relativistic corrections, in which the harmonic-
oscillator strength is a =0.175 GeV . A~ is the same as A, except the a is 0.09 GeV . All amplitudes have 100 GeV' unit.

Multiplet states
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0
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0
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0
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0
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where ko is the photon's energy and k is the photon's

momentum. These are equal in magnitude for the case of
real photons but differ if we extend our calculation to vir-
tual photon, i.e., for electroproduction. iiP;) and )iaaf )
are the harmonic-oscillator wave functions of the three-
quark system.

In Tables I and II we show the calculation of the pho-
toproduction amplitudes with and without QCD mixing

TABLE II. Photon-decay amplitudes for the positive-parity baryon resonances. The experimental data are given by the most re-
cent Particle Data Group compilation (Ref. 23). For the significance of A ", A, A i, and A 2, see caption to Table I.

Multiplet states
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—22

AM

—112
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—16
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—35+24
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effects for the P-wave baryon resonances and the
positive-parity baryon resonances. We show how these
magnitudes are built up: the nonrelativistic results and
the relativistic contribution (spin-orbit and nonadditive
terms combined) were calculated in the center-of-mass
frame with harmonic-oscillator strength a =0.175 GeV,
the value used in earlier electromagnetic calculations.
The calculation including the QCD mixing eff'ect is per-
formed in the Breit frame, in which recoil effects vanish
and so electromagnetic transitions correspond directly to
internal excitations. (We have also made similar calcula-
tions in the center-of-mass frame, and some fluctuations
exist, but generally do not affect the qualitative behavior
of the photoproduction amplitudes. ) We show the pho-
toproduction amplitudes with the harmonic-oscillator
strength a =0.175 GeV (A, in the tables), the stan-
dard value used in nonrelativistic calculation, and
a =0.09 GeV ( A z in the tables), the value suggested by
Isgur and Karl in their fitting baryon spectroscopy. Qual-
itatively, our results show that the photoproduction am-
plitudes are quite stable from a =0. 175 GeV to
a =0.09 GeV, if the QCD mixing effects are included,
and the success of the nonrelativistic calculation survives
the relativistic corrections in the transition operator as
well as in the binding potential. To the extent that the
A [the calculated amplitudes including mixing and
(U /c ) effects] agree with A'"~' we thus have, for the
first time, a unified consistent description of spectroscopy
and electromagnetic transitions within the framework of
the potential quark model by Isgur and Karl. [The small
component ~N DM ) in Eq. (2.2) is neglected in our cal-
culation. ]

The highlight of the original nonrelativistic calculation
by Copley, Karl, and Obryk is that, in addition to the
selection rules dictated by SU(6)SO(3) symmetry, there
are also dynamical selection rules which arise because
the photoproduction amplitudes for the resonances
D»(1520) and F»(1688) have the form

the amplitudes for the Roper resonance, P»(1470). Ac-
cording to the results of Isgur and Karl; the SU(6)O(3)
state ~N Sz ) dominates the wave function of the reso-
nance P»(1470), the matrix element between SU(6)80(3)
states ~N Sz. ) in Eq. (2.2) and in the resonance P» (1470)
contributes significantly to the photoproduction ampli-
tudes. Indeed, the QCD mixing effects play a crucial role
in determining the mass and photoproduction amplitude
of this state. But it is premature to say the nature of the
Roper resonance has been fully understood; the calcula-
tion for the pionic decay of the resonance with the rela-
tivistic correction and the mixed wave function has not
yet been done. Presumably one could expect that the
QCD mixing effect might also play an important role in
the pion decay of the Roper resonance. Furthermore,
without the relativistic correction H, [„&] the ratio be-
tween the Roper excitation amplitudes A, &z and A", zz
should be —

—,', which is the ratio of the magnetic mo-

ments of proton and neutron, but this is destroyed by the
relativistic correction. More accurate experimental infor-
mation on the Roper excitation amplitudes could there-
fore help to establish the importance of the relativistic
effects.

For the L =1 negative-parity baryon resonances we
find a large contribution from the matrix element be-
tween the state ~N SM) in Eq. (2.2) and ~N PM). There
is a major unresolved problem with the most prominent
of these resonances, namely, the photoproduction ampli-
tudes for the resonance S»(1535). These were found to
be too large in the nonrelativi. stic model and remained
large even after QCD mixing was incorporated. Our in-
clusion of H, [„„]does not essentially change this. The
transition from ground state to ~N PM ) dominates the
photoproduction amplitudes of the resonance S»(1700),
and so QCD mixing affects these amplitudes significantly;
the effect of H, [„]j is small here in comparison.

It is interesting to notice that the relation

D,~(1675 ), A 3/p
=&2 A, qq (2.7)

k
1 — for D»(1520),

a

1 — for F»(1688) .2'
(2.6)

Empirically these amplitudes are small and Copley et al.
forced this in the center-of-mass frame by choosing a
value for the oscillator strength a =0.175 GeV. The ex-
cited energies of baryon resonances can qualitatively be
described with this value and so the calculation is con-
sistent within the nonrelativistic framework. These
dynamical selection rules become nontrivial with the
QCD mixing eff'ects; the formalism becomes more com-
plicated because of large configuration mixing and rela-
tivistic corrections, and the harmonic-oscillator strength
required to fit the resonance mass spectrum is changed
due to the anharmonic perturbation of the spin-
independent interactions (both in the short range 1lr
and, possibly, long-range linear).

In some cases the QCD mixings make significant con-
tributions. The most noticeable examples are probably

for both the neutron and proton survives the QCD mix-
ing effects, and is independent of the choice of the frame.
This has been shown by Isgur et al. ; the result presented
here shows that this relation survives the use of H, [„]]
as well though the absolute magnitudes have changed be-
cause of our relativistic corrections and the change of the
harmonic-oscillator strength. This is very important; in
the Isgur-Karl model, the resonance D&&(1675) is a pure
SU(6)O(3) state; therefore, relation (2.7) is determined
by the symmetry and the experimental data are consistent
with this relation.

The QCD mixing and use of H, ~„&~ play an important
role for the resonances S3t (1620) and D33(1675) as can be
seen by comparing Table I with the results in Table VII
of Ref. 8.

Another important resonance is the P33(1600); it is the
partner of the Roper resonance in the 56-piet of SU(6) in
the unmixed spectrum, but as the QCD mixing plays an
essential role in making these states so light in mass one
may expect that photoproduction amplitudes may also be
significantly modified. If the state

~
b, Sz. ) dominates the
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P33(1600) resonance, as implied by the Isgur-Karl calcu-
lation, then the photoproduction amplitude should satisfy
the relation (M„+M~ )

' 1/2

(3.2)

A 3/2: &3 A ] /2 (2.8)

III. ELECTROPRODUCTION

Foster and Hughes' have attempted to extend the
quark-model calculations to electroproduction using the
interaction at Eq. (2.4a). In order to make a most direct
comparison we shall follow the procedure of Foster and
Hughes whose calculations were for an equal-velocity
frame (EVF) (which is very close to the Breit frame).
When the calculation is extended to electroproduction, it
becomes highly relativistic due to the large momentum
transfer, and the nonrelativistic wave function of a three-
quark system is no longer adequate to describe such dy-
namic process, so these authors introduced a Lorentz-
boost factor in the spatial integrals of Eq. (2.5); thus,

R(k)~ R
1 k (3.1)

y' y

which helps to remove the exponential decay with q
(same motivation is in Ref. 13). In the EVF frame, the
Lonretz-boost factor is

because it is pure magnetic dipole transition. This result
obtains in calculations either with or without QCD mix-

ing; however, the data look as if they may violate this,
though the error bars are too great to draw this con-
clusion definitively. Clearly this is an example where
better data may be crucial. The status of the resonance
P33(1600) is far from clear, and more accurate informa-
tion is needed; good data on the electromagnetic transi-
tions could help establish both the existence and the
internal-symmetry structure of this state.

Notice that for the P33(1232) the calculated magni-
tudes after the inclusion of both relativistic corrections
and the QCD mixing effects are essentially unchanged
from the nonrelativistic magnitudes (see Table II) and as
such remain unsatisfactory.

There has been a suggestion that the resonance
P»(1705) could be the lightest hybrid baryon in view of a
selection rule" that says this hybrid state is not pho-
toproduced from proton targets. The data were con-
sistent with this zero and inconsistent with the predic-
tions of the nonrelativistic quark model (column 1 of
Table II). However, we see that the relativistic effect and

QCD mixing change the predicted magnitudes
significantly such that they are now in better agreement
with data. Improved data and extension to electropro-
duction may help to elucidate the nature of this reso-
nance.

Overall the results show that the success of the non-
relativistic calculation is preserved by the QCD mixing
and corresponding relativistic effects, and there are im-

provements for some cases where the QCD mixing effects
become important. In the next section we discuss elec-
troproduction, where we expect that the QCD mixing
effects may become more noticeable as q increases.

where M„and M are the masses of the resonance and
nucleon. The relation between the momentum k and the
mass of the virtual photon in the EVF is

(M„—M ) q (M„+M )
k (EVF)= +

f P p

(3.3)
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0.08
C9

C4
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FIG. 1. The q dependence of the helicity amplitudes (a)

A I /2 for the Si l ( 1535) (b) A for the Dl3( 1520) (c) Fly( 1688)
where the solid (dot-dash) line represents A [&2(A(&2), and (d)

A [~2 for the P» (1470). The QCD mixing effects and relativistic
corrections are included. For the experimental situation, see
Ref. 14.

Substitute Eqs. (3.1), (3.2), and (3.3) into the photodecay
amplitudes A, /2 and A3/2 so we have the dependence of
helicity amplitude on virtual-photon mass q .

In the SU(6)O(3) basis, the photoproduction ampli-
tudes can be derived analytically, so we could easily ex-
tend our calculation to electroproduction with the help of
Eqs. (3.1)—(3.3). In Figs. 1(a)—1(d) we show the results of
our calculations of the transverse amplitudes for the reso-
nances S»(1535), D»(1520), F»(1688), and the Roper
resonance P» ( 1470).

For real photoproduction the amplitudes are not par-
ticularly sensitive to the value of a =0.09 to 0.175 GeV .
However for electroproduction u determines the scale of
q at which the form factor begins to die off and, in par-
ticular, controls the magnitude of the charge radius of
the nucleon. If one chooses a =0.175 QeV the corre-
sponding charge radius of the nucleon is about 0.5 fm,
which is too small compared to the data; therefore, one
cannot expect the NR calculation to give a good descrip-
tion of the q dependence. In order to overcome this,
Foster and Hughes introduced an extra ad hoc form fac-
tor, which is outside of the model, and fitted to the data.
If a smaller value of a, such as 0.09 GeV, is used, there
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2 2A 1/2 ~ 3/2
2 2A )/2+ A3/2

(3.4)

which is more sensitive to the structure of the wave func-
tion and independent of the radial behavior of the wave
function. Furthermore, the Drell-Hearn-Gerasimov
(DHG) sum rule and the Bjorken' sum rule suggest a
rather nontrivial dependence on q of the helicity asym-
metry. Indeed, Close and Gilman' have shown that
there is a dramatic change of the helicity asymmetry for

is no need for such an ad hoc manipulation and the corre-
sponding charge radius is closer to the data as indicated
by Isgur and Karl. '

The relative importance of different components in the
mixed wave functions varies with q for the following
reason. The transition form factors to components with
large-N quantum numbers has a larger threshold behav-
ior and hence falls less rapidly with q than does the tran-
sition to the small-N components. Therefore large-q
electroproduction feels increasingly the large-N com-
ponents in the wave functions which could cause the ra-
tios of helicity amplitudes to vary, perhaps significantly.

Comparing our calculations with the data, ' we find
that although the QCD mixing effects have improved the
photoproduction amplitude for the Roper resonance they
do not solve the problem of why this amplitude empiri-
cally appears to change sign with increasing q . A simi-
lar result has been shown by Warn et al. ' This might
imply that the wave functions given by the calculation of
Isgur and Karl do not have the correct internal structure
for the Roper resonance or we need another dynamical
approach to electroproduction. Gavela et al. ' have
shown that the quark-pair-creation model (QPCM) may
give a natural explanation of such behavior. It would be
a challenge to show that the success of the QPCM sur-
vives the QCD mixing effect and also gives a consistent
description for other baryon resonances. So, the q
dependence of helicity amplitudes may help us to distin-
guish the different dynamical approaches. Furthermore,
because of the large QCD mixing effect for the Roper res-
onance, the restriction of mixing to a single harmonic-
oscillator shell in the Isgur-Karl calculation becomes un-
realistic, especially as q increases. A recent study' sug-
gests that two resonances may be associated with the
Roper resonance which might support a scenario that
one of these is dotninantly a hybrid gQQQ state, and the
other is a conventional QQQ state. Comparison of yN
and ~N data will be interesting, since on proton targets
two states would contribute to mN, but only one to yN
(Ref. 12). The reversed process n p~N" ~yn could
access the neutron coupling of both conventional and hy-
brid baryon states. In electroproduction, this leads to a
zero contribution from the proton targets but a nonzero
one for neutron targets. Further study should be made
on the resonance P33(1600), which would be the 56-piet
partner of the Roper resonance in the QQQ model; but
for the hybrid baryons, no such partner exists.

In order to see the QCD effects on the structure of the
wave function, we turn to the helicity asymmetry of
baryon resonances, which is defined as

1.1-( )
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ ~

0.0 NR in c.m. Frame
RE in Breit Frame
With QCD mixing

1.0 2.0 3.0

1 1 (b)-
~ ~ ~

~ ~ ~ ~
~ ~

~ ~ ~
~ ~

~ ~

0.0

Frame
it Frame

Breit Frame

-1.1
0.0

I l l

1.0 2.0
Q (6eV/c }' 3.0

FIG. 2. The helicity asymmetry for (a) D»(1520) and (b)
F15(1688). The solid line represents the nonrelativistic results
(Ref. 18), dot-dash line is the results with relativistic correction
(Ref. 5), and the dotted line is the calculation with the QCD
mixing effects and the relativistic correction. See text.

the resonance D»(1520) and F»(1688) with increasing

q using the nonrelativistic quark model. Our calculation
with the relativistic correction and the QCD mixing
effects (shown in Fig. 2) has consistently confirmed the
prediction of Close and Gilman, which is also in agree-
ment with experimental data. Such behavior shows that
the magnetic-multipole moments become dominant at
high q . This is a very important result; if the Bloom-
Gilman duality assumption is correct, the dramatic
change in helicity asymmetry implies that the Bjorken
structure polarized function g, (x) could become negative
as x~0. Quantitatively, the QCD mixing effects have
improved the agreement with data for the resonance
F&5(1688), and made little change for D &3(1520).

Another interesting quantity is the ratio
A~&&2(D» )/2 f&~(S»). In the nonrelativistic quark mod-
el, both resonances S»(1535) and D|3(1520) belong to
the same SU(6)O(3) representation ~N PM ). Because
the magnetic-dipole transition dominates at high q, this
ratio should be the ratio of the magnetic-dipole matrix
elements in SU(6)O(3) states, which is the Clebsch-
Gordan coupling coefficient. Quantitatively, it can be
shown that the ratio should be &2 with q ~ ao for the
SU(6)O(3) state ~N Psr ), which is also true under the
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relativistic extension. Therefore it would be interesting
to see how QCD mixing affects this quantity. In Fig. 3
we show the results with the QCD mixing effects and the
nonrelativistic calculation from the calculation of Copley,
Karl, and Obryk. The two calculations are quite close to
each other, and neither gives a good description of the
experimental data at higher q . According to the Isgur-
Karl result, there is a large configuration mixing for
S»(1535), but rather little mixing for D»(1520). Be-
cause the matrix element between the state ~N PM ) and
the ground state dominates the transition amplitudes, the
qualitative behavior would remain the same as the non-
relativistic calculation. Therefore, here the QCD mixing
effects fail to improve the agreement with data at high q .
It may be that higher configurations in the QCD mixed
wave function are becoming increasingly important and
that we are seeing a transition where some other approxi-
mation or model approach needs to be developed. One
such suggestion (e.g. , Carlson ') is that there are effects
arising from the perturbative QCD which begin to show

up at moderately small q .
One still can test the validity of the static symmetry of

the quark model in electroproduction in order to under-
stand at what value of q the static symmetry begins to
fail. One such example is the helicity asymmetry for the
resonance P33(1232) which the model predicts should be
—

—,', and for D»(1675) which the model predicts —
—,
' for

the neutrons and protons independent of QCD mixing
effects.

IV. CONCLUSION AND DISCUSSION

In our earlier paper, Ref. 5, we showed that theoretical
consistency implies that calculations of electromagnetic

1.2

transition amplitudes between baryons whose quark wave
functions including QCD configuration mixing at
O(U /c ) require H, to be developed consistently to
0 (v /c') too. In this paper we have applied this H,
to calculate the electromagnetic transition amplitudes be-
tween baryons whose wave functions include QCD mix-
ings inspired by the Isgur-Karl QCD potential model.
We find that the successes of the NRCQM are preserved
and some, though not all, of its problems are removed. A
significant advance over previous work is that both spec-
troscopy and transitions can be described with the same
values of parameters, and with no need of the ad hoc
form factors, which are essential prerequisites for under-
standing the underlying dynamics of quarks within a
baryon in the nonperturbative region. We find the
overall results with QCD mixing effects do not change
very much in the photoproduction amplitudes from
cz =0.175 GeV to u =0.09 GeV, but the q depen-
dence of helicity amplitudes clearly favors n =0.09
GeV, which is also consistent with fitting of the baryon
spectroscopy. This calculation also confirms the dramat-
ic change of the helicity asymmetry predicted in the non-
relativistic quark model. In order to confirm whether the
model is indeed consistent, one should reevaluate the
pion decays of baryon resonances, including both the
QCD mixed wave functions and related relativistic
corrections in the transition operator. Only if this is phe-
nomenologically successful will one be able to claim self-
consistent treatment of baryon spectroscopy and dynam-
1cs.

Despite the successes of HFg(QCD) there are still many
problems unanswered in this model such as the role of
the spin-orbit interaction in spectroscopy. Furthermore,
if the energy shift due to the anharmonic perturbation of
the spin-independent interaction is quite large, one could
question the validity of the perturbation method itself. In
the wave-function mixing there is also the question of
how results are modified when one relaxes the Isgur-Karl
restriction of a single harmonic-oscillator shell. As noted
in the text, when

0.8 Mixing
0 I cu lotion

)q2

2M M
(4.1)

0.4

0 I I I

2.0

a (GeV/'c)
1.0 3.0

FIG. 3. The ratio 8 =
~
AI'~z{D~, )/A~~~2(S» )~, the solid line

represents the results of the QCD mixing and dot-dash line is

the results by Copley et al. (Ref. 8). For the experimental data,
see Ref. 14.

mixings involving N shells may become increasingly im-
portant, especially for the q dependence of helicity am-
plitudes. Therefore continuing effort should be made in
the relativized model of Capstick and Isgur, in which
there are many improvements and the calculations are
not restricted to a single harmonic-oscillator shell.
Furthermore, if hybrid baryons exist below 2 GeV there
should be a mixing between the hybrid and conventional
baryons, and gluon degrees of freedom wi11 play an ex-
plicit role in both the hadron spectrum and transition
processes.

In summary, when H, is consistently developed to
O(U /c ) the quark model with QCD mixing effects at
this same order is successful in describing simultaneously
the spectrum and electromagnetic transition processes.
There are however many unanswered questions, in partic-
ular, concerning the extension of q WO and certainly fu-



2214 ZHENPING LI AND FRANK E. CLOSE 42

ture experiments at CEBAF will provide more informa-
tion and challenges to the potential quark model.
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