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Pion photoproduction off nucleons via s-channel resonances up to a total c.m. energy of- 2 GeV, and also the e1ectromagnetic decay widths of such resonances, are investigated in
a recently proposed unified mode1 of EBI.P and BBJV couplings. In this phenomenological
model, which uses the quark" language only formally, the couplings BOP of baryon res-
onance (Bz) with pseudoscalar (P) mesons in broken SU(6) xO(3) are extended to incorporate
electromagnetic interactions through 'partial symmetry" for BBIV couplings, together with
the principle of vector-meson dominance. These supermultiplet LP-0+ transitions are
characterized by an empirical but relativistically invariant multiplying form factor, for
which two different forms are considered. The calculated electromagnetic decay widths for
the baryon resonances F*(1520) and 6(1238) are in extremely good agreement with exper-
iment. For the other resonances no direct experimental data are available, and comparison
has been made with other contemporary analyses. The results for the reactions yp —7t p,
yp ~+n, and yn x P are also presented with reference to the following types of data: (i)
total cross sections, (ii) the angular distribution of the differential cross sections, (iii) the
energy dependence of the cross sections at fixed angles (especially 0 =0, n), and (iv) recoil-
proton polarization. The agreement with the experimental data in all these respects is ex-
tremely good, thus suggesting that the direct s channel makes a large and dominant contri-
bution to the amplitude in the intermediate-energy region. The only discrepancy lies in the
forward direction for charge-exchange processes, where the t-channel pion pole is known
to be important, yet a partial simulation of duality seems to be indicated by our results.
Also, the qualitative features of pionic photoproduction are reasonably well reproduced by
our model. The Moorhouse selection rule for spin quartet states and a "charge" selection
rule proposed recently by Copley et al. are satisfied in the limit of m&

= m~ in our model.
The most prominent resonances turn out to be P&g, P33, Dye, E(5, and E37.

I. INTRODUCTION

Photoproduction of baryon resonances (Bi) rep-
resents a convenient tool for subjecting to experi-
mental test the BBiP and BBiV couplings (where
P and V are pseudoscalar and vector mesons, re-
spectively) on the one hand, and the principle of
vector-meson dominance (VMD) on the other The.
predominantly s-channel structure of the amplitude
characterizing the resonance region (1-3 GeV)
disfavors the Regge mechanism and emphasizes
the couplings of the BBi currents to P and V me-
sons. While the idea of VMD can be given a fairly
unambiguous meaning (except when some special-
ized polarization type of measurement is involved),
the question of BB~P and BBiV couplings is a
more model-dependent one. Some calculations on
this subject have been made using a specific ver-
sion of the quark model where the baryon (QQQ)
wave functions are given by the nonrelativistic
harmonic-oscillator model. ' ' However, several
of the interesting experimental results in these
processes have had to be used as inputs for the
determination of a number of crucial parameters
of the model, especially the ones which bear on
the Qyg interaction, so that a considerable amount
of experimental material is excluded from com-

parison with the quantitative "predictions" of the
model. We wish to present an alternative descrip-
tion in which it is sought to fix a considerable part
of the interaction structure (and hence the asso-
ciated parameters) from more theoretical consid-
erations, so that one has a better scope for com-
paring the predictions of the model with experiment
in a more substantial manner. We first describe
the general premises and essential features of the
model before proceeding with the calculational de-
tails and results.

For some time one of us (ANM) has been trying
to formulate ' ' a phenomenological model of hadron
couplings to P and V mesons using for the hadron
spectrum a supermultiplet representation based on
SU(6)xO(3). The baryons (Bi) are given by the rep-
resentations (56, 2L') and (70, (2L+1) ) of SU(6)
&&O(3), together with their radial excitations. "
This list is considerably smaller than the predic-
tions of the full-fledged harmonic-oscillator mod-
el, '' but seems to be more in accord with the
available data. "

The BOP interactions are given by a relativistic
extension of an SU(6)xO(3) model which is charac-
terized by the appearance of a relativistically in-
variant form factor fi multiplying the correspond-
ing Rarita-Schwinger interaction for an entire
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supermultiplet (L~-0') transition, which is more
fully described elsewhere. ' ' The BB~V interac-
tions are then obtained by using Schwinger. 's partial
symmetry, "or broken SU(3)xSU(3) symmetry, "
for the interaction of P and V mesons with "quark
fields. " This principle can be incorporated in the
following expression for the (P, V) meson matrix
"M" in the U(4) space of spin and isospin

M =i (m. 7 )o; q, + i e,z~ q& o, (p~ ~ T + (dg 1)

+ (m po' 'F+m~(d01) q

where the first term represents the pion coupling
as generally employed in quark-model calcula-
tions, while the second and third groups of the
terms generate the V-meson couplings of the
"magnetic" (-o,.) and "minimal" (-m ) type, re-
spectively. The coefficients of the various terms
in M are so arranged as to reproduce the corre-
sponding terms in the free Lagrangian with cor-
rect normalization factors when one evaluates
—,
' Tr(M') One .now sees immediately that the ma-
trix elements of M between various QQQ states
would generate the necessary connections between
the possible BB~P and BB~V couplings allowed by
the quark model such that the relative magnitudes
of the BB~P and BB~V interactions (both minimal
and magnetic) are all expressible in terms of a
common set of parameters characterizing, say,
the BB~P interaction.

Finally the electromagnetic interaction is sim-
ulated by the assumption of vector dominance"
wherein the photon couples to the baryon current
only via the p' or & terms in the BB~V interaction.
Thus our model of ByB~ coupling is based on the
use of three distinct ingredients: (i) a quark-
model coupling scheme for BB~P in SU(6)xO(3),
(ii) partial symmetry for BB~V couplings, and

(iii) VMD for electromagnetic interactions. On
the other hand, calculations in a more conven-
tional quark model" have generally been based
on the assumptions (i) nonrelativistic wave func-
tions for the baryons, especially harmonic-oscil-
lator wave functions, and (ii) a fairly general
form for the basic QyQ interaction with free pa-
rameters for the different types of terms (spin,
orbital, spin-orbit, recoil, etc.). Our model
therefore differs in considerable details from
such quark-model calculations inasmuch as it
makes use of the quark model more as a guide to
the evaluation of the couplings than as a formal
dynamical tool with all its implications. The real
dynamics in our model resides in the form factor,
which, though phenomenological in character, can
be given a direct relativistic meaning without any
reference to the (nonrelativistic) structure of the
three-quark wave function, and whose parametri-

zation is directly tuned to the various B~-PB de-
cays. Again, the partial-symmetry assumption
not only eliminates the need for separate paramet-
rizations for BB~P and BB~V couplings but even
specifies the relative contributions of the different
types (minimal and magnetic) of ByB~ couplings
via the VMD assumption. This hopefully elimi-
nates a major source of ambiguity present in the
more conventional quark-model treatment where
the different parameters in the QyQ interaction
have generally no relation to one another, and can
be fixed only through important experimental con-
straints. Thus we are able to effect a significant
reduction in the number of free parameters, and
predict several experimental results which the
more conventional quark model must use as input.

In this paper we shall be concerned with two
types of applications of this model, viz. , electro-
magnetic decays of baryon resonances and a de-
tailed study of photoproduction of charged and
neutral pions off both proton and neutron targets.
Being interested in the main resonance region
1-2 GeV, corresponding to L =0, 1, 2, we shall con-
sider only the s-channel contributions to the vari-
ous cross sections (total and differential). This
assumption, which may not appear adequate at first
sight because of the neglect of t-channel contribu-
tions to these processes, can nevertheless be de-
fended on the ground that one of our primary in-
terests is to test the duality hypothesis in at least
a limited fashion. Indeed, as we shall see from
the results for backward scattering (to be pre-
sented in Sec. V), the u-channel effects seem to
be quite well simulated by our limited list of s-
channel resonances. Similarly an analysis of the
cross sections near the forward direction will be
found to indicate some effect of the direct t-chan-
nel contribution, though the latter is much less
quantitative than the corresponding (u-channel) ef-
fect in the backward direction. Thus a comparison
of our s-channel calculation with experiment holds
out the possibility of judging if, and to what extent,
duality is (or is not) simulated by the addition of
a fairly representative list of s-channel ampli-
tudes. This possibility represents the main mo-
tivation for the explicit omission of the pion-pole
contribution. (which is of course considered by
most workers) to the photoproduction amplitudes.
Indeed a subtraction of our s-channel results near
the forward direction from the observed cross
section now provides a way of "estimating" that
part of the t-channel contribution which is 'not

simulated by our s-channel amplitude. A more
ambitious test of duality could be provided by the
inclusion of a further set of resonances in the
2-3-GeV region. This unfortunately has not been
possible in our calculation because their experi-



SINGLE - PION PHO TOP RODUC TION. . . 1805

mental pattern is not yet very clear, so that one
needs a bigger guideline, preferably theoretical,
for their collective inclusion.

Since the model has been more fully described
elsewhere, 4 we shall merely record only the es-
sential details. The calculation of photoproduction
proceeds on conventional lines, except that in-
stead of the helicity formalism, we shall find it
more convenient to use the method of invariant
amplitudes, which will keep us somewhat closer
to the original Chew-Goldber ger-Low-Nambu
(CGLN) framework" than the language of helicity
amplitudes which some recent authors'" have
used. Being interested in the intermediate- ener gy
region, we shall calculate the contributions of the
successive s-channel resonances N~ and A~ to the
invariant amplitudes for the processes yp- m p,
yp- v'n, and yn- v p (referred to as v', v', and

processes, respectively) as well as their elec-
tromagnetic decays.

In Sec. II we outline the essential features of the
couplings with special reference to the form fac-
tor, for which an improved version (over the ear-
lier parameters) has been obtained more re
cently. " Section III gives the results for the elec-
tromagnetic decays of several important reso-
nances, strange and nonstrange, together with a
comparison with numbers obtained by other meth-
ods. In Sec. IV we indicate the construction of the
yN- zN amplitudes contributed by various reso-
nances, and write down the necessary formulas for
the total and differential cross sections as well as
recoil-proton polarization in terms of the appro-
priate invariant amplitudes which can easily be
translated in terms of helicity amplitudes. Section
V is devoted to a critical presentation of the nu-
merical results in relation to the main experi-
mental features. The fits, which turn out to be
extremely good without the introduction of any free
parameters, are contrasted with the results of
some other recent calculations (especially the
quark model) which make much greater use of free
parameters to fit the data.

II. MODEL

The old BB~P couplings which have been given
elsewhere' ' are characterized by standard rela-
tivistic boosting of SU(6)&O(3) structures in the
low-frequency limit, except for the additional pre-
scription of q' -—p,

' for the (I.—1)-wave terms
(which are all proportional to q~). These couplings
are of the two types, (I) and (II), viz. ,

(') &u,""u.&»yu&u&u, &u,&'"
u 'Iu&u, ' ' '&u~&).

The form factor f~ for the supermultiplet transi-
tion I.~-O' is given by

(2.2)

where p and q„are the mass and 4-momentum of
the quantum; (M, pyg) are the masses of the parent
and daughter hadrons, respectively; P„ is the
4-momentum of the parent hadron; and m, is the
mass of the n meson. The indices L+ 1 are appro-
priate for decays in the corresponding partial
waves. The reduced coupling constants g~ hope-
fully satisfy "Regge universality" for the even-L,
couplings, viz. , g, =g2= ~ ~ ~ =g,~, a result which
was checked for A~ -Nm decays up to L = 8. For
the odd-L couplings this was merely a conjecture.
This is a simple enough scheme which not only
fits the data on B~-BP decays fairly well, but en-
sures the absence of otherwise free parameters,
a feature which is especially desirable for the
higher baryons.

More recently this parametrization has been
modified" on the following lines. The prescrip-
tion q -- p,

' is now replaced by q --m„', where
m~ is the mass of the 1' meson corresponding to
the P meson in the sense of partial conservation
of axial-vector current (PCAC). The form factor
is now given by

(2.3)

for L +1 wave, respectively, and where 0 is a
scale factor adjusted from absolute decay rates to
a value cr=1.8+0.1. The invariants a, 5, and c
are given by

a'=-2P p, b'=-2P q, c'=-2p q (2.4)

where P„and. p„are the 4-momenta of the parent
and daughter hadrons, respectively. The dimen-
sionless constants g~ are given by

Also,

f, '/4v =0.03 .

x'(P) =0.62 +0.1.

This modification, the motivation and results of
which have been described elsewhere, "not only
turns out to give a much better fit to the B~-BP
decays, but has the following additional properties:

(i) symmetry in the momenta off the mass shell,
(ii) Regge universality for the reduced coupling

constant g~, and
(iii) explicit absence of the mass of the reso-
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1 1 m'Pi 1

m„m~ m„& (m~m„)'i' ' (2.6)

A second modification concerns the multiplying
factor for the coupling of L- —,

' states, which is
(m„/m)(-m„) in the new scheme. However, for
the BB~V couplings of L ——,

' states such a modifi-
cation is not only too ad hoc but does not even take
care of the two types of (C) coupling terms given
by Eq. (2.5). In this respect we believe that the
simplest solution is to retain the old prescription
which is more natural and has been used success-
fully in connection with the n-p mass difference, '~

viz. , k'--m&' and q -- p.', where k' appears ex-
plicitly, and to write down the straightforward rel-
ativistic extension where k~ does not appear.

nance, which is now a variable quantity defined in
terms of the scalar products (2.4).

We shall call the expressions (2.2) and (2.3) the
"old" and "new" form factors, respectively.

The partial-symmetry principle" now allows us
to write down the BB~P and BB~Vcouplings in a
unified framework using the expression (1.1) for
the M matrix, and a straightforward relativistic
boosting of the resulting structures. For com-
pleteness we list the different types [(A}-(D)] of
BB~.V couplings -as

(A) i/0'~„k~E'„kp ' ' 'k~~$p

(B) imv$y„~„k„~ k„g„,
(2.5)

(C) gy~[ik k;m~y k]y&e&k& k& g . . .
&

(D) iPeq„q k„eely kq kN tgq

where k„and e„are the momentum and polariza-
tion vector of the photon, respectively, and m~ is
the mass of the vector meson (p, ~).

As to the structure of the form factors to be
used for the BB~V coupling, the "old" form factor
[Eq. (2.2)] gives an explicit prescription, viz. ,
the mass p, stands for the appropriate meson
(P or V). This prescription has been recently
used in connection with the n-p mass difference'~
with rather encouraging results. However, if we
use the "new" form factor [Eq. (2.3)] as it is, it
gives a factor (m /m, )'i' too large compared to
the "old" form factor even for the case L =0. On
the other hand, we should not expect any difference
between the two forms for L = 0, and this is indeed
the case for BB~P couplings. As for the vector
BB~V coupling, the present investigation being
the first example of use of the "new" form factor,
we find it necessary to normalize the latter so as
to agree with the "old" form factor for at least L
=0. Therefore for use of the "new" form factor for
for BB~V coupling we make the following modifica-
tion in the "new" form factor:

The electromagnetic interaction is now included
through the VMD assumption" which amounts to
the use of the "two-point" V-y vertex given by

(2.7)

where

2
Cp mp p C~ p mpm&y Cp Y 2 mpm&

and

(2.6)

1gp gpss G 2(s)2
4~ 4~ 4~ ~" ' (2 9)

The small P term will now be omitted henceforth.
As to the question of gauge invariance, it is clear
that types (A) and (D) of Eq. (2.5) give rise to
gauge-invariant interactions explicitly. Type (&)
can be made formally gauge-invariant through the

modification

(P+0)p
~P m+M Cp . (2.10)

Note that the second term gives a zero contribution
for the process yN- mN, though its effect becomes
more relevant for other processes where the pho-
ton is involved in a virtual state (e.g. , in a calcula-
tion of e.m. masses). In the same way, type (C)
can be seen to be gauge-invariant for a free pho-
ton. This is adequate for the present case. %e
should like to add that a further modification of the
type (C) coupling is necessary off the photon's
mass shell, but we prefer not to pursue this point
here.

Before concluding this section, we give in Table
I a list of the baryon resonances (together with
their likely quantum numbers) to be used in our
calculation. The supermultiplet classification
based on the SU(6}xo(3) group accommodates most
of these resonances in only two types of baryon
supermultiplets, (56, 2L") and (70, (2L+ 1)), where
L=O, 1, 2 (column 2), together with their radial ex-
citations. ~' ' The listed values of masses and to-
tal widths (column 3) for these resonances are
based on a judicious observation of the Particle
Data Group tables as well as more direct experi-
mental data. "

In columns 4 and 5 of Table I we list the BB~V
and BB~P couplings, respectively, which are ob-
tained by multiplying types (A) to (D) and types
(I) and (II) by (i) geometrical factors characteriz-
ing the Clebsch-Gordan expansions of the direct
product of spin and orbital function and (ii} by
SU(6) factors appropriate for v, p, and co couplings
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TABLE I. List of baryon resonances used in our calculations. For convenience we have used "pure" spin assignments
(doublet and quartet indicated by d and q, respectively) for L+ =1 resonances. Fortunately, most of the results to be
discussed are not very sensitive to the mixing effect. The coupling for Sii state in our model vanishes, in conformity
with the Moorhouse selection rule.

Resonance (BL,) Total width in MeV (I z) B BJ.V coupling B BIP coupling

(1)

(2)

(3)

{4)

(5)

(6)

(7)

{8)

(9)

(10)

(11)

(12)

(13)

(14)

N(938)

P ii (1470)

Zi5{1690)

Sii (1715)

Sii (1525)

Z„(1855)

Di3(1515)

Di3(1675)

Di~5 {1675)

P 33(1238)

F 37 (1940)

S3i (1630)

D33(1670)

F 35 (1880)

200

102.0

323.0

127.0

335.0

115.0

101.0

238.0

101.0

245.0

160.0

225.0

250.0

A (g Cp v'3 + C&) +B (cp v 3 +3c~)

(p cp v3 +c~) +B (cp'T3 +3c~)

-A(~cpv3+c )+B(cpv'3+3C~)

(2) /2(5 c v +c )c

{T) (& cp v 3+4C~)c

~2 [ A{~c v3+C )+cpv 3B]

(f) (c&rs 3c~)—

(g)i/2 (c ~ —3c )D

4(g)i/2C D

,)"'c,D
-(—) cpc8 i/2

27

~2cp(~A+B)
(-')"'Ac

7 P

5 I

3I5

(~)i/2 II

-', ~10 rr

&v2 I

(P)1/21

(i )i/2 II

(g)i/2 IZ

(g)i/2 II
i (i )i/2II
3 3

3 I

to the BB~ currents. Finally for the case of pion
production the appropriate charge structures are
taken care of through the following SV(2) isospin
factors associated with BB~P couplings: factors
1, W, and W (I= —,') and —vY, 1, and -1 (I= —,')
for the p', g', and g processes, respectively.
Here, a factor -1/W is already included in the
last column of Table I. For y coupling the com-
plete SV(2) isospin structure is displayed in Table
I.

uniquely (via the partial-symmetry principle) the
relative coupling strengths of the different types
of (magnetic, minimal, etc. ) interaction so that
our predictions are much more specific than, e.g.,
those of CKO. '

The amplitude Mz for a typical process K"-Ny

III. ELECTROMAGNETIC DECAY WIDTHS

The electromagnetic decays of baryon reso-
nances are not of as direct physical interest as
their photoproduction cross sections, but a study
of the relative magnitudes of the former should
nevertheless provide a sufficient indication of the
photoproduction rates of these resonances. Since
these decay widths are extremely small quantities,
little direct experimental guidance is available on
these numbers, and the effective "data" for com-
parison are (i) the results of multipole analyses
of pion photoproduction" and (ii) the e.m. decay
predictions of the harmonic-oscillator quark mod-
el. ' ' In respect of the latter it is important to
keep in mind that while in the quark model the in-
put values to be used for several important param-
eters in the basic QyQ coupling must be fixed
from experiment, the present model specifies

(a)

/

Tt(gp) ~
/

N(p

(b)

FIG. 1. (a) Electromagnetic decay of baryon reso-
nances. (b) Feynman diagram for the process yN —xV
in s channel.
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mkr= (3 2)

where ]if is the mass of the decaying resonance,
m that of the final nucleon, and 4 the energy of the
photon.

Table II lists the calculated decay widths for the
processes N*'-py and K" -ny for a few typical
states of (70, 1 ) and (56, 0') and (56, 2') baryons
using "old" and "new" form factors. The magnetic
(Ml) and electric (E2) modes for the more im-
portant states like Pyy Fy5 D» and D33 are listed
separately to bring out the relative strengths of
the All and E2 transitions in their photoproduction
cross sections.

The Moorhouse selection rule, ' which is also
supported by experiment, ' states that in a quark
model

r(D,', py) = 0, (3.3)

I"(D,5 ny) e 0. (3.4)

This is a consequence of the vanishing of the ma-
trix element of the magnetic term in the Qyg
coupling between a charged initial state of S = ~
and a py final state. Note that for the electromag-
netic transition of an S= —,

' state only the magnetic
(spin-flip) part of the Qyg coupling (and not its
electric part) contributes. In our model of vector
dominance (VMD) the charged decay of the state
D»(1675), although extremely small (-10, see
Table II), reduces to zero only in the limit of m
=m . Thus the (small) difference of the p and e
masses violates the Moorhouse selection rule in
VMD. Indeed, the limit &pe =ppg, which in the VMD
model signifies exact cancellation between the p
and w contributions to the electromagnetic cou-
pling of a proton-like resonance, corresponds in
the quark model to the assumption of "normal"
magnetic moments of the "proton" and "neutron"
quarks, and this last represents the essential clue
to an understanding of the Moorhouse rule. On the
other hand, the zero width for the decay of an S»
state to N+ y does not even depend on the cancella-
tion between the p and & contributions to the elec-

for the resonances listed in Table I is given by
[see Fig. 1(a}]

My
=fz (k ) VN* ~y ~ (3 1)

Here f~(k') is the supermultiplet form factors
given by Eqs. (2.2) and (2.3), and V~+„represents
the appropriate coupling structures [types (A) to
(D) together with SU(6) Clebsch-Gordan factors]
which are listed in the fourth column of Table I.
The electromagnetic decay width can now be writ-
ten as

tromagnetic coupling, since these contributions
are now separately zero so that the transition $»-Ny is forbidden for both protonlike and neutron-
like states. The case of D» is similar to that of
D» rather than the Spy state. The transitions from
the charged quartet states D» and D» are at least
four orders of magnitude smaller than those from
the corresponding doublet states but reduce to
zero only when the masses of p and cu are taken to
be same. The decays of D» and D» to the corre-
sponding neutral states on the other hand are
quite appreciable (see Table II), for the reasons
stated above.

A similar aspect of our VMD model is also
noticeable in the neutral decay of some of the
(56, L') stat, es, viz. , P»(1470) and E„(1690), via
the "minima. " electromagnetic term. Only in the
limit of m =m „is the "minimal" term propor-
tional to —,'(1+ v, ), and hence it gives vanishing con-
tribution for the transition N*'- ny. This result is
completely equivalent to the "charge" selection
rule of CKO valid for 56 states of I= 2. However,
a consideration of the actual (unequal) masses of

p and &u leads to a finite (though extreinely small)
violation of this rule. [On the other hand, the
"minimal" couplings of 70 states have a charge
structure which is quite different from the —,'(1+ T,)
dependence valid for 56 states. ] Both the Moor-
house and CKO selection rules are discussed in
greater detail in Sec. V, in connection with photo-
production data.

For a more quantitative discussion of electro-
magnetic decay widths we first note that the only
radiative decays for which we have direct experi-
mental evidence are P»(1236) —Ny and F "(1520)

Ay, whose measured values are 0.65 MeV (Ref.
22) and 0.15 +0.03 MeV (Ref. 23), respectively.
Our calculated values for P33 Ny are 0.528 and
0.697 MeV with the "new" and "old" form factors
(2.3) and (2.2), respectively; the lower value ob-
tained with the "new" form factor being merely
the result of dropping the factor (~m}'~' in the
"old" coupling structure. " For the singlet reso-
nance Y*(1520) we obtain similarly the values
0.106 and 7.824 MeV with the "new" and "old"
form factors, respectively. Thus for this case
the prediction of the "new" form factor is far bet-
ter than that of the "old". For the case of
Y'*(1405)- Ay, which is still awaiting measure-
ment, our "old" and "new" predictions are 0.0075
and 0.0381 MeV, to be compared with CKO's val-
ue of 0.157 MeV.

For the electromagnetic decays of other reso-
nances which are listed in Table II no direct ex-
perimental data are available for comparison, ' so
this table has been designed to bring out merely
two types of comparison: (i) one between the pre-
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dictions of the "old" and "new" form factors and
(ii}a second with the results of Refs. 2, 19, 20,
and 22. Our model which of course conforms to
both the Moorhouse and CKO selection rules seems
to give uniformly large magnitudes in terms of the
"old" form factor but moderate numbers when
calculated with the "new" form factor.

For a comparison of our results with other cal-
culations' "we note that the CKO prediction of
much stronger coupling of E»(1688) resonance to
protons than to neutrons is also borne out by our
model. Indeed while the electric transitions to py
and sy states are in the ratio of -10 (cf. "charge"
selection rule of CEO} even the magnetic transi-
tions to these states are in the ratio &2:1, as
may be seen from Table G. This fact seems to be
indirectly confirmed through a recent experiment
on photoproduction of this resonance. Another
interesting result is that the charged decay rate
of the P»(14VO) resonance is about twice as high as
the neutral decay rate. This mechanism is exactly
similar to the case of F» in view of the generally
accepted assignment of the P,,(1470) to a radially
excited state of 56,"P and gives almost the op-
posite prediction to that of the 10 representation
for this resonance, ""an idea which is now re-
garded as obsolete. Again, for the case of the D»
resonance, the charged decay rate is seen to be
higher than the corresponding neutral decay rate,
in full agreement with the harmonic-oscillator
model. '

On the whole, our decay predictions calculated
with the "new" form factor overlap fairly well
with the results of Refs. 2 and 19, but the numbers
obtained with the "old" form factor are apprecia-
bly higher.

IV. FORMALISM FOR PHOTOPRODUCTION

To calculate the amplitude for the process yN-wN via s-channel resonances (N and 6 type) let
the four-momenta of the initial and final nucleons
be p,„=(-k,iE,) and p,„=(-j,iE,), respectively,
and those of the (initial) photon (polarization e„)
and (final) pion be k„=(k, ik, ) and q„= (q, &,), re
spectively [see Fig. 1(b}j. The following symbols
establish the notations for the various kinematical
quantities used in the calculation, in the pion-nu-
cleon center-of-mass system:

s=-(k+ p, )'=IV',

In the center-of-mass system we have the fol-
lowing simplifications:

P„=(k+p, )„=(q+p.)„=(o,iIV),

P a=0 p c=-jg a=01

P2

(4.2)

(4 4)

The projection operator e(I+ 1), in turn, is that of
a "boson" of spin (I+ 1) off the mass shell. The
reduction of (4.4) is achieved through the use of
the following relations":

and
(4.5}

(4.6)

where Vu ls a vector standing for Pu cu or yu
and

q'=q. e q, k'=k e k, r=q e k/qk, (4.7)

p(I+1) = r(21+ 4)/[2'"r'(I+ 2)], (4.8)

A e B=A„e„B„,
e"„=5„,+ p„p„/M' .

(4.8)

(4.10)

The total s-channel amplitude is obtained by sum-
ming the contributions of the type (4.3) for the en-
tire catalog of resonances listed in Table I. It is
now convenient to express the total amplitude Q~
in terms of four invariant amplitudes A,-A, taking
account of the relations (4.2) which are valid in
the c.m. frame:

The amplitude for the process yN- nN via an s-
channel resonance of spin I+-,', mass M, and four-
momentum P„ is now given by

P„„,= 2V,ue(I+ ,', P)V.—/(P'+m'), (4.3)

where V& and V, are the vertices arising from
yK"N and zN*N interactions, respectively, de-
scribed in Sec. II, and e(l+-,') is the off-shell pro-
jection operator for the pP state"

i =- (k - q)' =m„'+ 2 ( lk l l q l cos 9- k,&u ),
~=-(k- p.)'=~'-2(lkl IZlcos&+k~a)

(4.1)
M, &

=u(p, )y,(A,iy a+A, y ky e

+ iA~q ey k+A, q. e) u(P, ) .

where 0 is the s-channel c.m. angle between q and

k; the metric used is A B=- A„B„=A B—A p Bp,
q'=-m ' and p'=p'= —m'.

(4.11)

The coefficients A, (i =1-4) can easily be ex-
pressed in terms of the contributions of the vari-
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ous resonances according to Eqs. (4.5}-(4.10).
The differential cross section is given by

the result of averaging over the initial spin can be
expressed as

do ~ m' lq l

da ~ 16 'W' i»i I (4.12)

where g denotes the appropriate sum and average
over the final and initial spins, respectively.

For the polarization structure of the amplitude,
it is possible to consider two types of effects: (i)
the asymmetry arising from the polarized photons,
and (ii) the polarization of the recoil proton using
an unpolarized photon beam. In our model of vec-
tor dominance, the former effect essentially re-
Qects on the polarization structure of the vector
meson (p or &u} to which the photon is coupled.
Since in the following paper'~ dealing with an ap-
plication of this coupling scheme to the process
vN- (p, ~)N the structure of the various density-
matrix elements is studied in detail, we prefer not
to duplicate, in this paper, this aspect of the polar-
ization problem, and concentrate merely on the
complementary problem of recoil-proton polariza-
tion. This quantity is most easily obtained in terms
of the standard four-dimensional operations on the
squared modulus of (4.11) except for not summing
over the polarization of the final nucleon. Thus

(4.13)

m- iy'P2
+(PQ)

[2 (@ )] g/2 ~(0) ~ (4.15)

Averaging over the initial photon polarizations
leads eventually to the three-dimensional structure
of the form

@0}f(RE&+(o a) I» I lq l»n8(IM&]~(0& (4.16)

from which the magnitude of the polarization vec-
tor (which is necessarily parallel to n) is deduced
as

I PI= I» I Iq I sin8(IM/RE),

where

(4.17)

where

e X=y, (A, iy a+A, y ky a+iA, q ey k+A, q e}

(4.14)
and

and

.(IA, I'(~'+&,&.-q»)+2k. 'W(&. +lqlcos8)(IA2I'+kq'»n'8IAsl')2m'

~ko x2(E2+ W+ lq Icos 8) Re(A,'A, )

+ —,'q' sin'8(2mk, (&u, —Iq Icos 8)Re(A,'A, ) —(A, )'(m' —E,E, +q»)
—2pg Re(A,'A, ) + 2koW[Re(A,'A, )+ Re(A,'A, )]}} (4.18)

gM=- ~ pmA'A +-' 'sin'HymA'g } mA;A, ~a ~E Iq lease)
m' m ' "'q "n m ' ''

2m m'm

(4.21)

(4.19)2m

Here, the RE part in Eq. (4.18) is proportional to the unpolarized differential cross section (4.12).
To illustrate the calculations and to specify our normalization for the amplitudes A, , we evaluate the

contribution from a typical resonance of V =I.+-,' for the case of couplings of type (A) of Eq. (2.5) and type
(I) of Eq. (2.1) for the BBiV and BBiP vertices, respectively. The amplitude for this case is

P"'"=f,"(q')f",(k')C, C,~„/(P'+kf'), (4.20)

where ff (q') and fbi(k') are the supermultiplet form factors for the BOP and BBiV vertices, respectively,
and Cz and C, are the appropriate geometrical factors (which are independent of momentum) and can be
directly read from the last two columns of Table I. The factor M, is given by

which simplifies on the use of Eqs. (4.5)-(4.10) to

1) p(P2)iysr q' r 8— (q„) "Pi„( )(k„) "r
k

(M-iy P)o„„k„~,u(p, }. (4.22&
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To extract the coefficients to the invariants A, to A, of Eq. (4.22) it is convenient to write down the expan-
sion of the Legendre function and to carry out the differentiation in a straightforward @ray. Prom the re-
sulting expression the individual coefficients are easily identified as

eg
!~"' (-1)"(2I.—2n+ 2)!

2"'(1.+ I)p(f. + I) ~ n!(f,+I-2n)!(I.+I- n)!

~2P k ng+M a+ 2z M+M + + 2 2'M+ —
2 m+MP kypg

' P AP q P'

(-I)"(2L-2n+2) ' i .. . .. ~ .. 2

2 +'(L+l)p(1 + I) „0 n!(1+1—n)!(I,+I- 2n)!

P m, qPPk P2
ay+ 2zq+m P k 2+———— 4m'- —

qM M M

A, 3
= 0.0,

(4.23)

(4.24)

(4.25)

Q4 = 0.0,
where the summation is to be done for n= ,'(I.+ 1)-and ,'I. if I.+ —1 is even or odd, respectively, and

g =P —2mM- ng

a = (I.+ 1 —2n)z[2nk'q~ q~+ 2nq'k~. k~+ Bn'z'q~ u~+ (4+ a'/M')Pq'],

5 = (I, + 1 —2n) (L —2n)q%' —4n'z',

(4.25)

(4.27)

(4.2S)

(4.29)

x I'Pp
Xjl Xp (x=q or!t). (4.20)

The quantity c& specifies the other factors apart
from M, in Eq. (4.20). Finally, for the propaga-
tor I/(P +M') we take M-M- fi'~/2 where I, is
the total resonance width indicated in column 2 of
Table I.

Contributions to A. , from the other resonances
as well as other types of BB~V and BB~P cou-
plings can easily be identified on similar lines.

V. RESULTS AND DISCUSSIQN

For a discussion of the numerical results for
photoproduction in the resonance region, it is
convenient to keep in mind the main experimental
features bearing on (i) the angular distribution,
especially the resonance characteristics in the
forward and backward directions, and (ii) the en-

ergy dependence of the total cross sections.
Some experimental features '" """ 2' which
are generally recognized, are: (a) Certain reso-
nances, e.g. , D»(1515) and E»(1680), which con-
tribute strongly to the total cross sections do not
show up in the forward and backward directions.
(b) In the backward direction (8= 1T) several of
the I = —,

' resonances only are prominent over a
wide energy range. (c) Certain low-J-spin reso-
nances are difficult to discover in the curves for
the cross sections. (d) In the forward direction

the cross sections for the charge-exchange re-
actions yp-m'g and yn- ~ p are about 12 times
larger than for yp- s'p (non-charge-exchange).

A. t-channel Effects

Let us first dispose of the last feature (d) above,
in terms of a short discussion on the t-channel
effects. The present model, which is based en-
tirely on the effect of s-channel contributions of
the various resonances, cannot of course be ex-
pected to account for the t-channel effects whose
most important manifestation lies in pion ex-
change. Thus for photoproduction off protons,
the model vrould be fairly adequate for z' produc-
tion, which receives no contribution from pion
exchange, but not for g' production, which is ex-
pected to receive a substantial contribution from
it especially near the forward direction. "'"
Therefore in our model the ratio of m' to go am-
plitudes veld reflect merely on the effect of
Clebsch-Gordan coefficients, and not the extra
contribution which arises from pion exchange in
the g' case. On the other hand, if duality holds
in a broad sense, one mould expect the t-channel
effects to be at least partly simulated through the
addition of a fairly extensive list of s-channel
resonances. Thus a comparison of the ratio of
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the p' to g' cross sections at )=0 should provide
some qualitative idea of the duality effect, after
taking account of the isospin Clebsch-Gordan co-
efficients which make the amplitude ratios for m

to v' production &2 and —1/W for the contribu-
tions from I =-,' and I= —,

' resonances, respectively.
A look at Figs. 4, 5, 6, and 7 (to be discussed
more fully later) already shows that near the
forward direction the ratios of these differential
cross sections -3, which, while falling far short of
the experimental value (&10), is nevertheless ap-
preciably larger than what one would expect of
Clebsch-Gordan coefficients alone, even taking
account of unequal interference from the various
resonances to the two cross sections. It is tempt-
ing to interpret this "surplus" over Clebsch'-
Gordan effects as indicating some sort of effect
of duality which is presumably simulated even
through our limited list of resonances. On the
other hand, the magnitude of the effect would seem
to indicate that our limited list of s-channel reso-
nances fail to produce the full effect of the direct
t-channel contribution. It may be noted, however,
that the effect of our omission of the I; channel
is much less pronounced at nonforward directions
so that we may expect our s-channel contributions
alone to provide the dominant mechanism for photo-
production at intermediate energies at all but the
near forward directions. We now turn to the other
items (a)-(c) of our listed experimental features,
keeping this general limitation of our model in
mind.

B. Total Cross Section (oz)

While the best test of the individual s-channel
contributions of the various resonances to the total
cross section (or) is provided by a comprehensive
partial wave analysis, e.g. , of the type given in
Ref. 15, it is nevertheless possible to obtain a
fairly good idea of the effect of the more important
contributors amongst the resonances from an ex-
amination of o~ as a function of energy. The theo-
retical o~ curves which were obtained by integrat-
ing Eg. (4.12) in a straightforward manner over
the complete solid angle with both the "old" and
"new" form factors are shown in Figs. 2, 3(a), and
3(b) as functions of photon energy in the lab sys-
tem (E~). The solid and dashed curves represent
the "new" and "old" form factors, respectively.
Specifically, the cases of p' and x have been
treated with the "old" and "new" form factors, re-
spectively, while for m' the effects of both form
factors have been included for a comparison. As
these p curves in Fig. 1 indicate, the difference
between the predictions of the old and new form
factors for this case is rather small, so that the

50

f 40

b

.—30

20

l0
0.6 .7 .8 .9 l.0 l. 1 1.2

E& fn GeV

FIG. 2. Total cross section (a,) in pb with "old"
(dashed curve) and "new" (solid curve) form factors far
the process yp —x p as a function of lab photon energy
E& in GeV compared with the data of (k) Ref. 30 and

(0) Ref. 31.

o~ data do not seem to be very sensitive to the
difference between the two. As to the experimental
points, they were obtained from Refs. 30 to 39,
where the o~'s were obtained from the respective
data on the differential cross sections after fitting
the latter to polynomials of varying degrees and
then integrating the resulting functions over the
complete solid angle.

An examination of the Figs. 1, 2, and 3 shows
that the theoretical curves indeed fit the experi-
mental points excellently, for both types of form
factors. The effect of I -channel exchanges on o~
does not appear to be important since the s-chan-
nel curves for n' and m overlap considerably with
the corresponding experimental points. This is
not unreasonable since the pion-exchange contribu-
tion falls off rapidly beyond t=Q, so that its over-
all contribution to o~ is probably not large. Sev-
eral resonances, especially P», +ps Eys stand
out prominently, in full accord with experiment.
For several other resonances, however, their
individual effects do not seem to be marked. Pre-
sumably, these resonances contribute collectively
to make an over-all quantitative effect, partly
overlapping with the contributions of the more
prominent resonances. Thus, e.g. , the peak near
the c.m. energy 8'= 1.5 GeV can at least partly be
ascribed to the effect of the P»(1470) resonance.
Similarly, the peak near 5'=1.65 GeV in g is
partly due to D33 and the spin quartet resonances
D~» and D,', . On the other hand, for the processes
m' and m', only the D33 makes a partial contribu-
tion to the peak near W =1.65 GeV, while the spin
quartet resonances D» and D» do not make any
contribution because of the cancellation of the p
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and & contributions to the electromagnetic cou-
pling of protons (see Sec. III). The effect of F»
is also visible in the theoretical and experimental
curves, though not so prominently as some others.
Finally, the effect of relatively low- J resonances
such as Spy and S» have been numerically found to
be so small (-—,', th of the contribution of their im-
mediate high-Z neighbors) that it is hardly sur-
prising that they do not show up in or (in spite of
their appreciable electromagnetic decay widths).
A similar argument applies also to F»(1860),
whose proximity to the E37(1940) peak, which has
a much larger J value, makes it difficult to distin-
guish in that energy region. These results on rel-
atively low- J resonance are in general accord
with experiment [cf. feature (c)], though not with

the results of CKO, ' who find an appreciable con-
tribution of S„and S3$ to Op.

The 0~ curves for g' and x are similar, but the
peaks of the latter are much less pronounced than
those of w', especially for E». This is a mani-
festation of cancellation between the isoscalar and
isovector parts of the "minimal" electromagnetic
term in yn coupling and their reinforcement in yp
coupling in agreement with the selection rule of
CKO. However, the much smaller accuracy for
g data compared with n' does not warrant a
strong conclusion on this point. Vfe shall discuss
this point again in connection with differential
cross sections.

C. Energy and Angular Dependence of

Differential Cross Section

260 I
240— (b)

200—

160 -„I

~ 120
C

To get a better insight into the contributions of
the different resonances to photoproduction we now

analyze the results for the differential cross sec-
tions as functions of (i) angles at fixed energies and

(ii) energies at fixed angles. It is convenient to
discuss the cases of m', p', and g production
separately for both types of analyses.

Figures 4, 5, and 6 show the angular distribu-
tion for the three cases at the indicated lab photon
energies E in GeV which have been chosen to
cover all the resonances up to -2 GeV. The angu-
lar distribution for s' (Fig. 4) seems to be in ex-
tremely good agreement with experiment (Refs. 40
to 48) at all the energies indicated. The charac-
teristic feature above 1 GeV is a pronounced peak
in the forward direction which moves to smaller
angles as energy increases. At E~ =1.175 GeV
this peak occurs at 8=40' and is well reproduced
by our model, demonstrating once again that the
s-channel resonances are adequate to describe
this process At E.

z
=0.7 and 0.8 GeV [Figs. 4(d)

and 4(c), respectively] the curves have a rather
simple form which has a peak at 6)=90'and is
nearly symmetric about it. For z' there is agree-
ment" "beyond 0~ 30', the discrepancy in the
forward direction being due to t-channel effects
which decline rapidly beyond about 10'. The same
is true for z except for somewhat lower accuracy
of the data. On the whole, the angular distribution
conforms to our theoretical expectations. To get
a more precise significance of the various reso-

60—

30—

I

1.2
I I I

1a3 1.4 1i5
I I

1.6 17 1.8

X)

XXX
X'

Xg
X

X
X „

I 80—

40-

33
0 I

0.2 0.4
I

0.6

4

~I ~

13 „F
0.8 1.0 1.2 1.4 1.6 1.8

W iri GIV ~ E in GeV

FIG. 3. (a) Total cross section with "old" form factor for the process yp x+n as a function of total c.m. energy
E& in GeV compared with the data of Q) Ref. 32; (k) Ref. 33; and p) Ref. 34 and Ref. 21. (b) Total cross section with
"new" form factor for the process yn m p as a function of E& compared with the data of () Ref. 35; (0) Ref. 36;
(x) Ref. 37; (L) Bef. 38; and g, ) Ref. 39.



SINGLE- PION PHOTOPRODUC TION. . . 1815

1.75

1.50-
(+) Eg 1 i )75 GeV

(& )

1.25—

1.0

.75

.50

Fig. 4. Differential cross section
do/dQ in p, b/sr for 7t

~ process as a func-
tion of pion-nucleon c.m. angle 0 in deg
at the fixed lab photon energies indicated,
compared with the following experimental
data:

2.0—

{b) E~ = 0,92 GeY

(~ )

(x} Ref. 30; (y) Ref. 42;

P) Ref. 31; (X) Ref. 43;

(4) Ref. 46;

(g) Ref. 47;

() Ref. 4o; (0) Hef. 44; (S) Ref. 48.

(6) Ref. 41; P) Ref. 45;

The Orsay data (Ref. 40) in both (a) and

(b) are at E&=1.15 GeV and E&=0.90 GeV,
respectively. The solid and dashed
curves are with the "new" and "old"
form factors, respectively.

C 0-
I

6.0

5.0—

4 0

. , (c) E~= 0. 8 GeV

(77 )

3.0—

2.0-

1.0 =

0—
I
I5-I

„(d) E 0.7 GeV

I l I I I I

0 20 40 60 80 100 120 140 160 180

e in deg~



R. MEHROTRA AND A. N. MITRA

nance contributions to these angular distxibutions,
it is necessary to make a partial-wave analysis on
the lines of Walker. " However, since oux' fits to
the data for the cases considered are almost as
good as Walker's" (not shown in the figures) ex-
cept for g-channel contributions, this part of the
discussion would be essentially the same as in
Walker's analysis.

We now come to the moxe interesting question of
the energy distribution of differential cross sec-
tions at fixed angles, which should indicate how the
capacity (or lack of it) of a particular resonance
to show up at the appropriate energy varies with

angle. This question, which has a bearing on the
experimental features (a) and (b) listed in the

beginning of this section, is closely related to the
features of the particular theoretical model one
is considering. For example, in the quax'k model
of CEO the lack of contribution of E„in backward
direction is ascribed to a cancellation between the
spin and orbital contributions to the helicity am-
plitude A.,~2 for the m and 3+ processes, while the
other helicity amplitude A3~2 does not contribute
in the backward direction. In oux' model the corre-
sponding terms in the interaction are represented
by magnetic [type (A)j and minimal [type (8)j,
proportional to charge, respectively. Specifically,
the respective countex'paxts of the two CKO spin
and orbital terms &~~0 and jj',~~» respectively, in
our model, apart from irrelevant factors, are

given by

I SgtII 8
W &~+1-

3m g

8.0

2 0-

~k-

W~™

o.

(b) E)[=O. v (ev
(37 )

respectively. Similax'ly, the selection rule of
CKO, which says that the A, ya helicity amplitude
vanishes identically for photoexcitation off neu-
trons of I =-,' resonances belonging to 56 (a result
borne out by recent experiment" ), is seen to be
automatically satisfied in our model, where the
minimal-coupling term represented by Eq. (5.2)
vanishes for neutrons. Note that the selection xule
is violated in our model of vector dominance only
to the extent that ~ w pyg,' on the other hand, our
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FIG. 5. Differential cross section for 71'+ process as a
function of 0 at fixed values of E& indicated, compared
with the experimental da'ta of (k) Ref. 21; g) Ref. 49;
(0) Ref. 50; and (-) Ref. 51.
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FIG. 6. Differential cross section for m process as
a function of 0 at fixed values of E& compared with the
data of Q} Ref. 35,«P) Bef. 39; and, (x) Ref. 36. The data
of Hef. 35 are at E& =0.95+0.05, 0.7+0.02, and 0.5+0.02
GeV in (a), (b), and (c), respectively.
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model does not have a separate L S term, which,
as- CKO point out, would lead to an independent
violation of their selection rule.

To discuss the more quantitative details of the
prediction between the theory and experiment we
now turn to Figs. 7, 8, and 9 which display the
energy distribution of the process m', g', and m

at the angles 45', 90', 135', 140', 150', and 180'.
For completeness we also show the curve for g'

[Fig. 7(a)] in the forward direction, as this case is
free from t-channel effects. From this curve we
notice the absence of D» and E» in agreement with
experimental data. As a matter of fact this curve
shows no peak other than the P». In the backward
direction the 3 curves are shown for both types of
form factors against experimental data. The new
form factor which gives slightly lower values as
compared to the "old" form factor seems to agree
with the more recent Cornell data, "while the
curves with the old form factor happen to give good
overlap with Orsay data." Further, the peaks ap-
pear to be somewhat sharper with the "new" form
factor rather than the "old". In the absence of an
independent judgment on the relative qualities of
Orsay and Cornell data, it is not possible to make

any further comments on these features.
A comparison with experimental data of the

curves for wo and w' [Figs. 'l(d) and 8(d)] in the

backward direction shows again the absence of the
D» and E„peaks. Presumably, this feature is a
result of cancellation of the right magnitudes be-
tween the magnetic and minimal terms [of the types
(A) and (B)] though no adjustment of parameters
is involved in this model unlike the quark model
of CKO. The 6 resonances P» and E» are seen
to show up quite prominently in the backward
direction, in agreement with the experimental
points. At the same time the other b, resonances,
viz S3g and D33 do not seem to show up, a re sul t
which again is not in discord with the data. The
quark-model explanation of this fact is simply that
the positive-parity 6's belonging to 56 have quark
spin S= —,', while negative-parity 6's belonging to
70 have S= —,'. As explained by CKO, this property
of the 56 b.'s excludes any contribution to the am-
plitude arising from the "charge" term [in our
language the "minimal" coupling (52)], thus leav-
ing no possibility of cancellation in the total am-
plitude due to such b, exchanges. However, for VO

6's of S= —,
' both charge and magnetic terms con-

tribute (though only via the p term) so that there
is now a bigger possibility of "smearing out" of
their respective effects. In our model which
makes use of all the basic qualitative features of
the quark model the same property is automatical-
ly present in the VBB~ couplings, via vector dom-

inance, so that only the 56 6's show up prominent-
ly, while the 70 6's do not.

Finally, we give a brief description of the ener-
gy distribution of the differential cross section at
intermediate angles (45', 90', 135', 140', 150')
for the three different cases as shown in Figs. 7,
8, and 9. The most prominent contributor is P33,
which shows up uniformly at all angles. However,
its Regge recurrence E37 seems to be prominent
at 180' and declines at other angles rapidly. The
effect of D» builds up from near zero at 180'to
maximum in the angular range 135' to 90', below
which it starts to decline. E» shows a similar
trend (though less prominently), its maximum
arising in the somewhat lower angular range.
There do not seem to be any more striking fea-
tures for the other resonances. The qualitative
features of mo and ~' are very similar at these
angles, while for m much less structure seems
to be visible, though this fact has to be seen in
the context of less accurate data.

Our theoretical curves, most of which have been
drawn with the "new" form factor, compare quite
well with the experimental points in general and
the above trends in particular. The cross section
data do not seem to be very sensitive to the dif-

ference in the "new" and "old" form factors, but

the electromagnetic decay widths obtained with

the latter are appreciably higher than the former.
This can probably be understood in the following
manner. Firstly, it is seen from the calculations
that the L= 0 resonances, viz. , N(938), N(1470), and
h(1238), give the most significant contributions to
the cross section, and for these states there is no
difference between the "old" and "new" form fac-
tors. , Secondly, although the electromagnetic decay
widths with the "new" form factor are much lower
than with the "old" one, the B~ -BP decays are
not much different. Lastly, we presume that since
with the two form factors there is no change in the
sign of any resonant amplitude, the cancellation
patterns arising from them for the two cases are
similar. Also, there seems to be a good deal of
"scatter" in the experimental data of different
groups.

Since we have made a single-channel calculation
our theorectical curves do not contain features
like g-threshold effects, """which are expected
to manifest themselves as cusps near the appro-
priate energy region. Experimentally this feature
seems to be barely visible in the w' case at 4
=O.V2 GeV corresponding to g threshold. However
since it is not a prominent effect, we prefer not
to discuss this point any further. On the whole
our theoretical curves agree quite well with the
data in sufficient detail.
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(0) Ref. 32; g) Ref. 49; () Ref. 50; (0) Ref. 54;
(k) Ref. 55; (x) Bef. 56; (-) Ref.- 21 and Bef. 57.

The experimental data of Thiessen et ul. (Ref. 50) are at c.m. angles 0=(90+ 5)', (143+5)', (153+3)' in (a), (b), and (c),
respectively, and the data of Alvarem et ul. (Ref. 54) are at 8= (140+4)' and (151+3)' for (b) and (c), respectively.
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D. Recoil-Proton Pohrization

14.0
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Finally, we have calculated the energy depen-
dence of the polarization, P(8), of the recoil pro-
ton in the reaction yp- g0p. The results are shown
in Figs. 10(a) and 10(b) corresponding to 8=60'
and 90', respectively, together with the experi-
mental data" '~ (which are predominantly nega-
tive}. In this calculation only the "new" form fac-
tor has been used, since the results for P(8) are
fairly insensitive to the actual magnitudes of the
couplings and depend more on their kinematical
(i.e., spin and angular dependent) structures. The
polarization experiments are of interest since they
show the interference between different-parity

states x9'eo In particular, an appreciable value o
IP(8) I in any region is expected to indicate the
presence of two interfering states with opposite
parity, while a small value is supposed to be a
signal for interference between like-parity states. '
The main experimental features of a prominent
p» in IP(8) I near E,-0.7 GeV and a much small-
er magnitude for the same quantity near E& -0.9
GeV are seen to be well reproduced by the theoret-
ical curves [which of course agree on the sign of
P(8)]. According to Sakurai" the peak in IP(8) I

[i.e., dip in P(8}, algebraically] is a result of in-
terference between the opposite-parity states P»
and D»(1515). As we have already seen earlier in
this section, in connection with the total and dif-
ferential cross sections, these two resonances
play an important role in reproducing many exper-
imental features. Our result for P(8) also seems
to bring out quite weLL Sakurai's conjecture" on
the relative roles of the D» and I'33 states with re-
gard to the polarization feature at E&-0.7 GeV.
As for the near-zero value of P(8) in the region
E& -0.9 GeV, a reasonable interpretation is that
it is due to the interference of a few important
negative-parity states which happen to be in that
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FIG. 9. Differential cross section for x- process as

a function of E& at the fixed values of 8 indicated, com-
pa~ed with the following experiments:

Q) Ref. 35; (0) Ref. 36; (x) Ref. 39; and (k) Ref. 37.
The data of Ref. 35 are at 0 =(145+5) and (45+5) in
(b) and (a), respectively.

FIG. 1Q. Polarization I'(0) of the recoil proton in the
reaction Vp sQ as a function of E at the indicated

y.
values of 0 compared with the following experimental
data:

(0) Ref. 5S; () Ref. 59; (x) Ref. 60; (4) Ref. 61;
p) Ref. 62; g) Ref. 63; (y) Ref. 64,
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region, the most likely candidates according to our
model being the d-state resonances D»(1520) and
D»(1670) rather than the s-state resonances
S»(1525) and S»(1630), which according to our re-
sults on differential cross section contribute much
less to the yN- wN process. "

VI. SUMMARY AND CONCLUSIONS

We have investigated pion photoproduction off
nucleons via s-channel resonances, as mell as the
electromagnetic decay widths of these resonances,
using a model of BB~P and BB~V interactions
based on the following ingredients:

(i) The quark model is used as a guide to the
evaluation of relativistic BB~P couplings of baryon
resonances, which in turn are classified accord-
ing to the (56, 2L') and (70, (2L+1) ) representa-
tions of SU(6)xO(3). These couplings are ex-
pressed in a multiple-derivative form together
with a relativistic (though phenomenological) form
factor governing the entire supermultiplet transi-
tion (L~ 0').

(ii) Partial symmetry is used for relating the
structures of both BB~P and BB~V couplings in a
unified framemork so that the same form factor
-can be used for both.

(iii) VDM is employed for obtaining the cou-
plings of the BB~ currents to the electromagnetic
field via p and ~ mesons.

This model makes use of much fewer parameters
than, e.g., similar calculations based on the more
conventional quark model, "or a partial-wave
analysis" where several parameters must be
"determined" through the use of suitable experi-
mental constraints. The study is confined to the
intermediate-energy region (1-2 GeV) which in-
cludes all the resonances of L=o, 1, 2 in the
above classification. We do not consider the
lower-energy region (W&1.2 GeV) for which ex-
cellent treatments already exist in terms of dis-
persion theory, "nor do we consider the much-
higher-energy region which is more economically
described in the Regge formalism. Homever, in
this limited energy range we have tried to explore
the possibilities of noticing "duality" effects by
comp"ring our results mith experimental data in
the forward and backward directions. Thus in the
backward direction our results agree quite well
with the experimental points mithout the inclusion
of a separate u-channel effect. On the other hand,
in the near forward direction our numbers fall
considerably short of the experimental data, yet
the ratio of the w' to n' cross sections is appre-
ciably larger than what would be expected simply
from considerations of isospin effects, thus lead-
ing to the conclusion that the t-channel pion ex-

change is presumably simulated, at least in a
partial manner, through the s-channel mechanism
provided by our limited list of resonances. Our
model automatically exhibits the features leading
to the Moorhouse selection rule" for S= —,

' reso-
nances and the CKO "charge" selection rule for 56
states of I =-,' resonances, in the limit where the
mass difference between p and u mesons is ne-
glected.

The calculations which have been done with the
two types of form factors (2.2) and (2.3), termed
"old" and "new, " respectively, not only exhibit
the main experimental features with respect to
the prominent resonances Dy3 Ey5 and some 56
6's, but give quite a detailed quantitative fit to the
experimental curves for g, g', and g photo-
production. These curves include the following
types of data: (i) total cross section, (ii) an-
gular distribution of differential cross section at
different energies, (iii) energy distribution of dif-
ferential cross section at different angles, and (iv)
recoil-proton polarization. From these data on
photoproduction it is difficult to distinguish be-
tween the effect of the two form factors, both of
which seem to fit the data fairly well, though on
the whole the resonance structures are found to be
somewhat sharper with the new form factor. Rea-
sons for this insensitivity of the photoproduction
cross sections to the form factors have been dis-
cussed in Sec. V. A greater sensitivity to the
structure of the tmo form factors seems to be af-
forded by the electromagnetic decay widths, for
which the "old" form factor predicts appreciably
higher magnitudes than the "new" form factor.
However in the absence of much experimental data
on radiative decay widths a direct test of this dif-
ference is not yet possible. The comparison
therefore has to be limited to the predictions of
other types of investigations, especially the quark
model" and multipole analyses of photoproduction
data, "which seem to exhibit fairly good overlaps
with the predictions of the "new" form factor. The
only available experimental data are on the reso-
nances P33 and A03 for which our model with the
"new" form factor gives excellent answers.

Before we conclude, it is useful to add some
remarks about the problem of gauge invariance
in our model. It might appear at first sight that
this property is being violated for the nucleon
Born term, since we have not included the pion-
exchange term (for v' production) and the u-chan-
nel nucleon Born term (for v' production) over
and above the s-channel nucleon effect. But then
a natural question that arises concerns the pos-
sible u-channel effects of the higher resonances.
Should each resonance be included in both s and u
channels to ensure proper gauge invariance? But
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then one cannot be sure if such a procedure does
not amount to violating the spirit of "strong"
duality, which we are more interested in explor-
ing in this paper than, e.g., an interference model.
While it is desirable, almost mandatory, to pre-
serve gauge invariance explicitly, there does not
yet appear to exist a model-independent way of
ensuring this in a phenomenological model. ' On
the other hand, the ad Aoc prescription of adding
all the resonances in the u channel together with
their s-channel effects (as one would do for a nu-
cleon pole) is too high a price to pay for gauge in-
variance within our approach, since in our model
the nucleon is merely one of a series of "poles."
A possible way out of this dilemma, at a time
when there exists no'foolproof guideline for con-
structing dual amplitudes for meson-baryon or
photoproduction processes, is the following point
of view that we take in this paper. Let us for the
moment believe in the usual "folklore" that s-chan-
nel amplitudes are not to be duplicated with con-
tributions from other channels if duality is to
make sense. As for the gauge-invariance problem,
we are forced to pretend that the inclusion of the
higher resonances in the s-channel probably "sim-
ulates" the effect of the u-channel nucleon pole,
though we cannot substantiate this point in any the-
oretical manner. " For the t-channel pion pole,
the problem is still more complicated, and for this
reason we have already recognized the futility of
comparison of g' production data for 8~ 10' to 15'.

The same limitation also applies to Coulomb ef-
fects which are well within this 8 region.

On the whole our model seems to work reason-
ably well in the intermediate-energy region.
While it is possible in principle to extend this an-
alysis to a higher-energy region through the in-
clusion of still higher resonances, the experimen-
tal pattern for the latter does not seem to be clear
except for a few ~-type states, so that such an
analysis will be-necessarily incomplete without
the use of further theoretical principles.

A similar procedure can be employed for the
photoproduction of other types of states like EA,
EZ, qN, and X+. In particular, the evaluation of
q photoproduction cross sections, for which
enough data are available in this energy region,
is currently in progress, and the results will be
reported in a separate communication.
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Another possibility which preserves explicit gauge
invariance is to take a less restrictive view of duality
and add all the u-channel resonance contributions, since,
after all, only the real part of the amplitude would be
affected in that way. We are, however, more interested
in exploring the possibilities of "strong" duality, where
even the real part is hopefully simulated. It appears
from the numerical results in retrospect that perhaps
the u-channel contributions are not significant, so that
the problem of gauge invariance in this context is more
academic than physical.


