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Quark model of pion photoproduction from protons by polarized photons
in the resonance region*

Steven B. Berger and Bernard T. Feld~

(Received 21 April 1975)

Measurements on the photoproduction of pions from protons by polarized photons are compared with

predictions of the conventional quark model in the photon energy range 0.8-1.6 GeV. The experimental data,
from an MIT-SLAC collaboration, are for the 90' (in the center-of-mass system) production cross section of
positive and neutral pions, both along and normal to the direction of polarization of the incident photons. The
computations include s-channel excitation of all observed resonances of mass up to 2 GeV, but neglect
nonresonant background effects. Resonances are assigned to the 56-piet (even parity) and 70-piet (odd parity)
representations of SU(6) &( O(3), assuming all baryonic states to be appropriate combinations of three quarks,
interacting in an harmonic-oscillator potential. Good qualitative agreement is achieved by appropriate choice
of the parameter corresponding to the strength of the potential. A greatly improved fit results from the

assignment of the SM(1535) level to the spin-3/2 'octet of the 70-piet, first excited baryon supermultiplet.

However, attempts at mixing between corresponding levels of the spin-1/2 and spin-3/2 states of this

supermultiplet fail to improve the fit. We interpret this as indicating appreciable mixing of the levels

concerned with corresponding states of higher supermultiplets of SU(6).

I. INTRODUCTION

Quark models have been applied successfully as
a basis for understanding the observed electro-
magnetic properties of mesonic' and baryonic
states. ' The original and most straightforward
quark model' assumes that hadrons are made up
of structureless spin--,' quarks of three types, q
=—6,X, A. , each carrying baryon number B = 3 and
with the other intrinsic quantum numbers, corre-
sponding to isospin (I, I,), strangeness (S), hyper-
charge (Y=B+S), and electric charge (e,/e =I,
+ —,'F), as given in Table L

According to this model, mesonic states are
constructed out of quark-antiquark~ pairs (qq)
while baryonic states contain a triplet of quarks
(qqq). Since the three quarks may be regarded as
corresponding to the elements of a fundamental
representation of the SU(3)xSU(2) =SU(6) group,
the internal symmetries of the various (qq) or
(qqq) states are respectively derivable from the
symmetries of the 6x6 or 6x6x6 representations
of this group. Consideration of the spatial sym-
metries (orbital angular momenta) of the multi-
quark systems thus permits classification of all
the hadronic states according to the representa-
tions of SU(6) xO(3) or, if the decomposition into
intrinsic and spin properties is useful, SU(3)
x SU (2) xO(3).

The quark combinations appropriate to the var-
ious states, available according to this symmetry
scheme, and the resulting hadron properties have
been considered by, among others, Dalitz, ' Fal-
man and Hendry, ' Copley, Karl, and Obryk, 7 Fesh-
bach and Kisslinger, ' Feynman, Kislinger, and

Ravndal, and Feld. ' These investigators have
treated the quarks as moving in an effective cen-
tr al field, usually of the har monic -oscillator va-
riety, generally imposing the requirement that
the wave function be symmetrical with respect to
interchange of any two quarks. (See, however,
Drel) and Johnson" for a variant that permits the
quarks to obey Fermi-Dirac statistics. )

In considering electromagnetic transitions be-
tween hadronic states, photon absorption or emis-
sion processes are generally computed as a sum
of possible transitions involving one quark at a
time, using an appropriate approximation of the
electromagnetic currents. Most calculations have
been based on the assumption of a conventional,
nonrelativistic form of the electromagnetic inter-
action Hamiltonian; however, the results do not
appear to be highly sensitive to the treatment in
this regard. '

The computations of partial widths for photon
emission, made on this basis, are in reasonable
qualitative agreement with observation, ' as are the
predicted cross sections for pion photoproduc-
tion, ' although the latter suffer from ambiguities
of interpretation arising from problems of taking
proper account of background effects due to other
mechanisms (e.g. , one-pion and vector-meson
exchange, "or the so-called Born terms").

Photomeson production experiments provide a
particularly sensitive test of models of hadronic
structure (such as the one here under considera-
tion) since the predictions depend in detail both on
the spatial distributions of the hadronic compo-
nents and on the assumed electromagnetic proper-
ties of these components. Observations of angular
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TABLE I. Quark properties.
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distributions of pions emitted in the absorption of
photons of different polarization are especially
useful for distinguishing between different models,
since such observations could permit the separa-
tion of electric and magnetic amplitudes corre-
sponding to specific changes of orbital and spin
angular momentum between the ground nucleon
state and the excited state to which the hadron is
raised by the photon absorption.

In this regard, the photon energy range of
= 0.5-1.5 GeV is the most interesting, since it is
above the region of complete dominance of the low-
est (I= J = —,'}isobar, but still in the resonance en-
ergy range (i.e., where resonance spacings are
greater than resonance widths), and yet remains
below the energy range where the aforementioned
background processes dominate over the s-channel
resonant photon absorption.

As long as it remains possible to ascribe the
meson production at a given energy mainly to the
effects of resonant absorption into a single inter-
mediate state, there is a strong correlation be-
tween the direction of meson emission and the di-
rection of the photon polarization; this correla-
tion is such that processes dominated by electric
multipole absorption and those dominated by mag-
netic tend to be orthogonal to each other, That is,
electric absorption leads to meson production
mainly in the plane of polarization (plane of the
electric vector}, whereas magnetic absorption

and

p +p «Pl+1T

p+p «p+7T (lb)

for photon energies between 0.8 and 1.6 GeV."
For comparison with these experiments, we

have explored the predictions of the quark model

gives rise to a tendency for meson emission nor-
mal to the polarization direction. Since electric
absorption would tend to be enhanced in processes
involving simple internal orbital angular momen-
tum changes, while magnetic absorption would be
preferred for spin-flip processes, it is not sur-
prising that the computed photoproduction ampli-
tudes will be sensitive to the details of the model
of hadronic structure (and the properties of its
constituents} being used. '~

The extent of such correlations may be observed
in Table II, in which we have separated the am-
plitudes for photomeson production into their mag-
netic and electric components, for absorption in-
to states of angular momentum —,

' ——,
' and both par-

ities. The photons are assumed incident along the
~ axis and the mesons emitted along the x axis.
The parallel amplitudes (columns 2 and 3) corre-
spond to photon polarization along the x axis (po-
larization in the production plane), while the per-
pendicular ones (columns 4 and 5) correspond to
polarization normal to the production plane (along
the y axis). The subscripts represent, respec-
tively, the initial and final proton polarization
states, always quantized with respect to the inci-
dent photon direction (z axis).

The conditions represented in Table II (photo-
production at 90' in the center-of-mass system
by plane-polarized photons) are precisely those
studied in the experiments of Alspector et al.'4
In this paper, we compare these observations for
the two reactions

TABLE II. Relevant amplitudes for electric and magnetic photoexcitation of intermediate
resonances, relative to the conventional helicity frame (all proton helicities measured with
respect to z axis, scattering in x-z plane).

Intermediate
resonance, J

1+
2

1
2

3
2
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2
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described above, very much along the same lines
as in the aforementioned work of Faiman and Hen-
dry, ' of Copley, Karl, and Obryk, ' and of Walker."

II. THE QUARK MODEL

positive-parity States

Mass (GeV)

I=—
I 2 I

Negative-parity Sta tes

The spectrum of baryonic states of zerostrange-
ness (hypercharge-l), according to the latest par-
ticle data compilation, "is shown in Fig. 1. It may
be noted that the levels tend to cluster into bands
of alternating parity, which may be associated
with the level ordering predicted by the (qqq) har-
monic-oscillator model. This level scheme, to-
gether with the quantum numbers associated with
the first three groups of levels (supermultiplets),
is summarized in Table III.

Thus, assuming wave functions symmetric with
respect to quark interchange, the ground level
(E,= —,'h~) would be an SU(6) 56-piet with total in-
ternal angular momentum I =0 and positive parity,
containing the nucleons [SU(3) octet with spin —,',
or P»j and the h(1236) resonance with spin and
isospin —, [SU(3) deciment with spin ~, or P»]. The
next level (E, = —,

'
h'ru) is expected to be an SU(6) 'l0-

plet, with L =1, negative parity and mixed spatial
symmetry, whose SU(3) x SU(2) decomposition is
shown in Table III. Note that all the baryonic mem-
bers of tMs supermultiplet have been identified
(i.e. , refer to cluster 2 in Fig. 1, and to Table IV).

However, the situation degenerates rapidly as
one proceeds to higher supermultiplets, owing to
the rapid accumulation of available states. Thus
the n =3 level (E,= @&u) contains the possibility of
13 nucleonlike and 8 4-like states, all presumably
associated with cluster 3 in Fig. 1. It is interest-

H)9

F)r

Pe
p))

F)5

D)3F» -Z.o

F35

))
D)s
D)5

l.5
D)s

Des

Sp)

p))

- l.O

FIG. 1. Spectrum of observed N*(I = 2) and A*(I =~)
resonances.

ing that, with just two exceptions, "these could all
be associated with the (56, 0') and (56, 2') members
of the n=3 supermultiplet, as might be expected if
the internal (degeneracy-removing) forces among
quarks strongly favored spatially symmetric states

TABLK III. Predicted quark-model spectrum of nonstrange baryons.

Energy
level

SU(6) assignment
(multiplet, L+)

Octets (I= ~)
multiplet (S), (l ~21 )J)

Decimets (I = 2)
multiplet (S), (l,2I 2J)

(56, o')

(7o, 1-)

(56, 0')

(7o, o+)

(56, 2')

(vo, 2')

(20, 1 )

8(-.'), (p«)

is is

s(2), (Dis, sii)

s(-,'), (p«)
8(-,'), {P„)
s(—'), (pii)

S(-,'), (~„,Pis)

8(-,'), (E «, „, is, ,i)
s(-,'), (s „,p„)
s(-,'), (p„,J «)

10(~), (Pss)

1o (-,'), (a», s„)

10(-.'), (P»)

1o(-,'), (P„)
10(—,'), (P»,E»,P», Psi)

1o(-,'), (a», p»)
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(see Table IV).
In this way, we have attempted in Table IV to

associate observed states with the members of the
basic (56, I -even) and (70, I -odd) multiplets
and their recurrences. It is, of course, important
to note that in the case of such a multiplet struc-
ture, the degeneracy-removing forces will also
tend to mix states with the same values of I, J,
and parity. We shall have more to say about the
mixing problem later on.

Finally, we note from Fig. 1 that the spacing
between the n =1 and n =2 clusters would corre-
spond to a harmonic-oscillator frequency (h&u) of
= 500 MeV, although the spacing of the higher-n-
value clusters seems to be somewhat less."

The baryon, composed of three quarks, may be
excited much like a triatomic molecule, into states
of higher rotational angular momentum. Compu-
tation of matrix elements is straightforward if we
assume that photon absorption by a single quark
is the dominant mechanism of excitation in photo-
production. " In this model, the interaction of a
quark with a photon depends on three parameters.

(1) The magneton of the quark, which is usually
taken equal to the magnetic moment of the pro-
ton"

g e e= 2. '79—
a 9

where p,,=quark magneton, e =unit charge, ~, =ef-
fective quark mass, and g =the gyromagnetic ratio
(2 for a Dirac moment). g=2 then implies M, =0.34
GeV.

(2) The harmonic-oscillator parameter is given
by n =cuM, . For M, =0.34 GeV and u=~ GeV we
obtain n'=0. 17 (GeV) . This agrees with thechoice
of Copley et al.' which leads to vanishing of the F»
amplitudes at 0' and 180, as indicated by experi-
ment. " However, an analysis of the experimental
uncertainties implies that n' is only determined to
within roughly a factor of 2 by this method. In this
work we will allow a' to vary within these rough
limits in order to obtain the best fit to the experi-
mental data of Alspector et al. '4

(3) The value of g has been chosen to be g=2.
This would correspond to a structureless, Dirac
quark. However, in the spirit of the quark model,
this choice is an arbitrary one, just as long as we
keep the ratio M, /g constant at 0.17 GeV [condition
(1) above]. Note that, by this criterion, a large g
implies a large M„and vice versa, . However, too
large an increase in M, would upset the value of
the parameter u' which, "as we shall see in the
analysis that follows, should not exceed = 0.2 GeV'
by a very large factor. Thus, we are here again
confronted with the classic quark-model dilemma
of computations requiring quarks of such small
mass that they should not have eluded observation

TABLE IV. Nonstrange baryon resonances ~ from the Particle Data Group compilation
(see Ref. 16) and possible quark-model assignments.

Oscillator
level

P«(939)

D(3 (1520)
S «(1535)
Dgg (1670)
S «(1700)
[Dg (1700)]

P«(1470)
Z„(16SS)
P gs (1810)

[D„(2040)]
[[S«(2100)]]
[[Dg5 (2100)]]
a„(219o)

P«(1780)
[E„(199o)]
[E„(2ooo)]
H pe (2220)

(56, 0+ —82)

(7o, 1 -s)

(70, 1 —84)

(56, o+ —s,)

(56, 2+ -S,)

(70, 1 +3 —82+84)
(70, 1 —82+84)
(70, 1 +3 —82+84)
(70, 3 —82 +84)

(56, o+ —s,)
(56, 4+ —82)
(56, 2' -82)
(56, 4 —82)

P» (1232)

S 3g (1650)
D» (1670)

[[p» (1690)]]
E35 (1890)
P„(191O)
E„(1950)

[[P» (2160)]]

[[S3g (1900)ll
[D35 (1960)]

H3 gg (2420)

(56, 0 —104)

(70, 1 —102)

(56, O' —1O4)

(56, 2 —1O4)

(7o, 1--1o,)
(7o, 3- -1o,)

(56, 4 —104)

' The number of brackets surrounding the resonance indicates the degree of uncertainty of
the identification.
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if they were real. We adopt, here, the classic
solution to this dilemma —which is to ignore it.

With the above choice of parameters we can now

compute the amplitude for photoexcitation of any
of the baryon resonances contained in Table III. In
terms of the A. »/, and A„/, amplitudes, "as de-
fined, e.g., by Copley et al.~ or in the Particle
Data Group compilation, "the cross sections for

dg
dg nf f=2(lg)) ~l2+lg)( ~ l2) (2)

where, for J~=l, +&,

pion photoproduction by photons polarized either
parallel or perpendicular to the production plane
are given by

A„f~ ——nonf lip amplitude

M l(t+1) ' ' ' (l+1) ' ' '}' (3s)

A =flip amplitude

Z/2
(gl )2 X rr

resonances ~ I" Ms s I(l+ 1)(I+2)

X/2
P'e"eA, l, + (l+1)'l*P'A (3b)

and for J~ =
Ef)

—p,
&/n M &/2) (I 1) &/2 I r /2

A Il, & (C e) —",
)

P', e'"A, l e — P', e 'eA, l,},477 res a ees . F Mg ~ l(l+ 1

- X/2 -Z/2
«52 X & 1 P 2y I PA1' M„ „ l(t —1)(t + 1)

In Eqs. (3) and (4),

M~ =nucleon mass,

M~ =resonance mass,

= elasticity = I'„/I' at resonance,

=spin of the resonance,

=I = orbital angular momentum
of the pion-nucleon system,

=width of the resonance,

C «„=the Clebsch-Gordan coefficient
in isospin space for the
matrix element (N*lN v).

Note that A.„/, and A.„/, are proportional to the
matrix elements for absorption of photons of heli-
city +1 into intermediate (resonance) states of re-
spectively, m J. =+-,' and m~=a-,'. While l&~l= I&-~l
their relative sign is determined by the appropriate
Clebsch-Gordan coefficient associated with the
spin-orbit coupling (X=L+5) for the resonance of
inter est.

The computations using the quark-model wave
functions give the values of the amplitudes at res-
onance, A.q, for extrapolating to energies off res-
onance, Breit-Wigner amplitudes were assumed,
of the form

A ~(y)= n 2 (ir&~),
x +r

where A. =I'/2 and y =E -Ms. For those cases
where the tables gave a range of values of I', the
smallest values were used, in order to separate
as much as possible the contributions of the in-
dividual resonances, our purpose being to study

the qualitative predictions of the model rather
than to attempt a detailed, quantitative fitting of
the experiments.

In Table V we list the matrix elements (A' s) for
photoproduction of the resonances of interest. In
listing the resonances we also show in parentheses
the values of Ms, I' (in MeV), and y assumed. We
note, first, the difference in dependence on the
photon momentum, k, of the terms corresponding
to the "orbital" and the "spin" contributions
and ~«, respectively; the coefficients of the lat-
ter are proportional to 0' while the former de-
crease with increasing momentum like k '/'.
Then, the dependence of the various "form fac-
tors" &;~ on (k/c() is of interest. Aside from the
expected Gaussian e " /'", the coefficients reflect
the wavelength dependence of the different electric
and magnetic multipolarities associated with the
various transitions in question. (See Table II for
a comparison with the conventional multipole de-
scription. )

III. THE FITTING PROCEDURE

The data we have tried to fit are shown in Fig. 2.
In this figure we have drawn freehand curves cor-
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responding to the limits of the uncertainties as
shown. Since our analysis only included excited
states of energy M„&2 GeV, we shall only carry
our comparison with the experimental data up to
the corresponding E& ~1.6 GeV.

We began by fitting the data for y+ p -n+n+; we
first tried the Copley' value for n (n =0.41). The
results are shown in Fig. 3. The predicted curves
are indicated by crosses (X). We note that the
computed points generally tend to fall below the
experimental values for y]~, but not for y~. One
way of raising the predicted values is through the
form factor's dependence on the oscillator param-
eter, e. Thus, we tried to see the effect of in-
creasing n, thereby increasing the value of the
exponential form factor and hence raising the pre-
dicted cross sections. The results for n =0.71,

shown in Fig. 3 by circles (0), clearly overshoot
the intended effect in the case of y~, although the
predicted curve for y~~ is reasonable in this case.
Hence we settled on n =0.51 as a reasonable com-
promise to the value giving the best fit. The re-
sults are shown in Fig. 4 for reactions (la) and in
Fig. 5 for reactions (1b).

The most interesting point to note, in consider-
ing Figs. 4 and 5, is that our model reproduces the
most significant qualitative features of the energy
dependence of the observed cross sections, al-
though the detailed fits leave much to be desired.
It is interesting, with respect to the m' production,
that the predicted points for the two directions of
photon polarization are either all to low [Fig. 4(a)]
or too high [Fig. 4(b)]. This is somewhat sugges-
tive of the possibility that the neglected background

TABLE V. Amplitudes for photoexcitation of baryon resonances for a proton target (after Copley st al. ) g=g/2 =1
(Dirac moment) .

Resonance
(mass, width, elasticity)

Pii (1470, 165, 0.60)

D i3 (1520, 105, 0.50)

S ii(1535, 50, 0.35)

Di5 (1670, 105, 0.40)

E i5 (1688, 105, 0.60)

Sii(1700 100 0 65

P i3 (1860, 180, 0.25)

[Di3 (1680, 128, 0.33)

P33 (1236, 110,0.994)

Ai/2

2v zk pRS~

i/2 p

—" ~kgR,', +R,',

2~2 m
'/2 p t(3)i/2k —RS R S

)&5 k g 2 g20-2i

20 2i)( )i/2k —RS +R S
)

—2W2
~zk pRs

A 3/2

-2(—) Vnk PR00

SU(6) && O(3) assignment

(56, 0'), 8(-,') (n =3)

(70, 1 ), 8(—') (n = 2)

(70, 1 ), 8(2) (n =2)

(70, 1 ), 8(2) (n =2)

(56, 2 ), 8(2) {n =3)

(70, 1 ), 8(2) (n =2)

(56, 2 ), 8(—') (n =3)

(70, 1 ), 8(2) (n = 2)]

(56, 0+), 10(-) (n =1)

S 3i (1650, 130, 0.28) ~R ip
—R" (70, 1 ), 10(—') (n = 2)

D33 (1670, 175, 0.15)

E35 (1890, 135, 0.17) 2'
k pR2sp

12 sPvm'k R20

(70, 1 ), 10(2) (n = 2)

(56, 2 ), 10(—) (n =3)

P3i (1910,230, 0.25)
2v2

m. k &R2sp (56, 2 ), 10(~) (n =3)

E37(1950,140, 0.45)
—4 s~ vm'k pR20

4 Sk pR20 {56,2'), 10(2) (n =3)

R s -0 /6n R s+ '" e-k /60'. R X '" e-k /6n2 1 b2 2 2 jk 2 2

00 e 00 2~3 3 2 ip

R ~ —z( )&/2~e & /6' Rs — & (2)&/2 — e " /6D~ R — ke & /6&2 2 k 2 2 2 2 2ee, 2p
——

6 3 e
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FIG. 2. Data of Alspector et al . (see Ref. 14) on photomeson production at 90 in the c.m. system by polari2'ed ph«»s.

effects may tend to interfere in opposite directions
in the two cases. For both polarizations, how-
ever, the qualitative fit is worst at the lowest en-
ergies (a point to which we shall return).

For the n' production, on the other hand, the
fits tend to be reasonable at the low-energy end,
while lying consistently on the low side for the
higher energies. Generally speaking, we should

not be too greatly surprised or concerned over
this kind of behavior, since we have neglected
resonances of energy above Ez —= 1.6 GeV (M„z2
GeV) in our analysis.

Returning to the problem of the low-energy be-
havior exhibited in Fig. 4, one may note that the
most important contribution to our predicted cross
section in the energy range 0.8-1.2 GeV comes
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FIG. 3. Comparison of experiment with the predictions
of the quark model for two values of the oscillator param-
eter n, 0.41 (x) and 0.7g (0). (a) yll+p--n + 7r+, (b) y~
+p —n +z+. The crosses and circles refer, respectively,
to the assumption n =0.41 and 0.71 for the value of the
harmonic-oscillator parameter.
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I
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I

1.6

FIG. 4. Comparison of experiment with the predictions
of the quark model for u =0.51 GeV. (a) yll +p n +a+,
(b) y~ +p n + 71'+ .
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10'

( P) $11+ P —P + 77

from the S»(1535) resonance. We find that the
(arbitrary) elimination of this resonance results
in a much improved fit (Fig. 6).

IV. EFFECTS OF RESONANCE MIXING

~& 10

O
0)
II

E

b

10-'—

This last observation is suggestive of an effect
which we have thus far neglected —that of the mix-
ing of resonances of the same spin and parity.
Within the n=2 (70, 1 ) supermultiplet, there are
two such states, the S» and the D» (see Table IH),
each of which appears both in the spin quartet and
in the spin doublet SU(3) octets ".Symmetry-break-
ing forces such as those responsible for the energy
splitting will generally also give rise to resonance-
mixing effects.

Such effects have previously been considered by
Faiman and Hendry' in their analysis of resonance
decay widths and branching ratios. Using the con-
ventional definitions of the resonance mixing angles
Ox and I93

S»(1535}= cos 8, S»(8,) —sin8, S»(84),

S»(1700)= sin8, S»(82) +cos8, S»(84)

(6a)
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[and analogously for 8, for D»(1520) and D,B(1700)
mixing], we have explored the effects of different
assumptions for the values of I9, and 8,. In parti-
cular, since we were faced with a double-infinity
of possible mixing angle combinations, we have
been guided by the values suggested by Faiman
and Hendry,

8, =35' or 90',

83 =35' or 127'.
(Va}

(7b)
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FIG. 5. Comparison of experiment with the predictions
of the quark model for a =0.51 GeV. (a) &II +p p +vI',

(b) Vi+p-p+&'.

However, we have also tried a number of other
combinations.

The results of this exploration have been rather
surprising (and disappointing}; we have not been
able to improve substantially the fits shown in
Figs. 4, 5, or 6 by any of the 8, -I9, combinations
we have tried.

Two examples of such attempts are shown in
Fig. 7. Thus, in Figure V(a) we show the predic-
tions for the reaction yI~ +p -n+II+ [compare
with Fig. 4(a}]for the values 8, =90', 8, =35' (0),
and 8, =90', 8, = 130' (&&) Note that while the fit
at the lower energies is subtantially improved,
especially in the 90'-35' combination, the effect
of moving the S»(8, ) resonance from 1535 to 1700
MeV is to effectively destroy the fit at the higher
energies.

A similar phonomenon is noted in Figure 7(b},
in which the predictions for y~+P -n+m are
shown for the combination 8, =35', 8, =35 (O) and
35'-130' (X) [compare with Fig. 4(b}]. All of our
other attempts to improve the fits via a variety
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Flo. 6. Comparison of experiment with the predictions of the quark model for o.' =0.51, with the S&& +535) resonance
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IO'

{a) J + P n + vr
II

of 0, -0, combinations have been equally disap-
pointing.

V. SUMMARY AND CONCLUSIONS
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FIG. 7. (a) y~~+p n +7I+ predictions for two mixing
angle combinations (see text). (b) y~ +p —n + &' pre-
dictions for two (other) mixing angle combinations. The
circles refer to the assumption 0~ = 90, 03 ——35' while the
crosses assume 8& =90', 03=130' for the mixing angles
of the two s&&(0&) and a&3(0&) resonances, respectively.

Taking into account the known baryon resonances
up to ~~=2 GeV, we were able to obtain reason-
able qualitative fits to the data of Alspector et al."
for single-pion photoproduction in the resonance
region by plane polarized photons, polarized both
in the production plane (parallel) and normal to
the production plane (perpendicular). Breit-Wig-
ner forms were taken for the resonance ampli-
tudes. The strengths of the perpendicular and

parallel photoproduction amplitudes were derived
on the basis of an SU(6)xO(3) conventional quark
model, in which the baryon states are assumed to
be appropriate three-quark combinations. The
even-parity resonances were assigned to the 56-
piet SU(6) representation, and odd-parity states
to the VO representation. Background effects,
such as t-channel exchanges or the Born term,
were not included in the computations. Further-
more we included resonances only up to mass 2

GeV. Nevertheless, we obtained good qualitative
fits to the data for the perpendicular and parallel
cross sections corresponding to the reactions
y+P -n+m' and y+P-P +no. %e found that the
over-all fits were improved if, instead of choos-
ing for the harmonic-oscillator well-width param-
eter n =0.41, as suggested in the paper of Cop-
ley et al. ,

v we choose n =0.5j., a slightly higher
value corresponding to a smaller baryon size.
This value of a still leaves appreciable discrep-
ancies in the quantitative aspects of the fits, al-
though the shapes of the predicted curves of cross
section vs energy are in generally good agree-
ment with the experiments. However, we believe
that the remaining discrepancies may be accounted
for in terms of neglected background effects and of
higher resonances —not included in our analysis-
as well as of level mixing.

The main problems with our model —both con-
ceptually and in its actual application —are asso-
ciated with the problem of level mixing or, in any
case, of the conventional assignment of the S»
(1535) and D»(1520) to the quark spin doublet octet
of SU(2) &&SU(3); their spin-quartet twins are then
associated with the low-angular momentum, neg-
ative-parity levels indicated by the conventional
phase shift analysesi2, i in the region Mz = 1'II00

MeV. Assuming the general, qualitative validity
of our analysis, the indications are that there is
considerable admixture of spin-quartet in the low-
er-lying levels, but that the spin-doublet levels
are not appreciably present in the 1700 MeV ener-
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gy region. This is, of course, contrary to the
normal operation of simple level mixing.

However, it should also be noted" that there may
be a third Spy Dy3 doublet in the mass region2000-
2100 MeV (see Table IV) presumably belonging to
the n =4, 'IO SU(6) supermultiplet. These are
sufficiently close in energy so that their mixing
with the other two doublets should not be neglected.
This renders the mixing problem sufficiently com-
plex, and its possible solutions sufficiently am-
biguous, so that we cannot exclude a situation in
which the two lower energy pairs are very appre-
ciably quark-spin —,'.

In this connection, in a comparison by Copley
et al, ' of observed backward pion photoproduction
in the resonance region with the predictions based
on the parameters from Walker's analysis, ' it
was also found that the same S»(1535), assumed
to be the 8, member, gave rise to difficulties.
These difficulties, as in our case, could be over-
come by an arbitrary reduction of the predicted
strength of this level.

Generally the D„(8,) resonance is less import-
ant in photoproduction from protons, and hence
the analysis is rather less sensitive to its mixing
properties. In any case, as is indicated in Fig. 7,
the assumption of appreciable mixing between the
1520 MeV and an assumed 1700-MeV level does
not improve the agreement between predictions
and observations.

In conclusion, we again call attention to the qual-
itative success of the harmonic-oscillator quark
model, as applied in this paper and others, in re-
producing the observations in pion photoproduc-
tion by polarized as well as unpolarized photons.
There remain some unresolved ambiguities; but
insofar as the model requires relatively large
symmetry-breaking forces, with the attendant
mixing of levels within and between supermulti-
plets, such ambiguities may well be inherent in
the model. In any case, it would appear to beuse-
ful to consider this problem further, as well as to
improve these computations by the inclusion of
background effects neglected by us.
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