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A recently proposed model (MM) of higher baryon couplings for P and V mesons is reformu-
lated by reviewing the fuller possibilities of the "recoil term" in the primitive quark-meson
interaction. While this introduces no basic change in the P-meson coupling structures, it
yields an entirely new (L -1)-wave coupling of V mesons to O'=I + ~ baryons, which is capable
of generating helicity-flip amplitudes. The advantage of this new coupling structure over the
earlier one is demonstrated through the excellent reproduction of (i) the E1 angular distribu-
tion in F*-Ay decay and (ii) the appreciable magnitudes as well as energy variations of the
asymmetry parameter Z(0) in pion photoproduction. In addition to a comparison of the two
coupling structures (old and new), the present paper is also designed to study the role of still
another parametric structure for the form factor —one which exhibits better convergence
properties at higher energies than those discussed in MM. The additional. processes studied
in this connection are (i) g and Xo photoproduction at intermediate energies (& 2 GeV), (ii)
polarization of the recoil proton in g and x photoproduction, and (iii) x photoproduction at
high energies (-6GeV), in accordance with our earlier scheme of s-channel resonances. In
connection with q photoproduction the roles of some pertinent I= 2 resonances such as 8&&, P&&,
and 6&~ are discussed, especially in relation to supermultiplet assignments.

I. INTRODUCTION

Recently, a general relativistic coupling
scheme"' was suggested by one of us (A.N.M.) for
baryon resonances (B~), which in turn are classi-
fied according to the (56,2L') and (70,(2L+ 1) ) rep-
resentation of SU(6) xO(8).' In this model, the
coupling structures are of the multiple-derivative
type connecting Dirac fields with generalized
Rarita-Schwinger fields-, and the geometrical fac-
tors multiplying the various coupling terms cor-
respond to certain form factors for each supermul-
tiplet transition and are given suitable parametri-
Eations so as to conform to a set of general re-
quirements. 4 So far, three different types of form
factors' have been suggested within this frame-
work, so as to satisfy the above "requirements" in
varying degrees, keeping in mind the fits to ob-
served decay patterns. We shall refer to these
form factors as I, ' II., and III,' in the chronological
order of their introduction. One seeks to connect
the structures of the BB~P and BB~V couplings in
all these. cases via the requirement of partial sym-
metry or' a chiral SU(8) x SU(3) at the level of
QMQ (M =P, V) interactions. Two recent applica-
tions of this formalism to several aspects of the
processes yN vK' and v-N- pN,

' which have been
made with I and II, show that they can indeed fit
the data quite well, II giving a somewhat better fit
than I. Since the general formalism has been
worked out in sufficient detail in these two papers,
we shall refer to them as MM' and SG,' respec-
tively, and make free use of their results.

The above coupling scheme, which is fairly un-
ambiguous for the (L+ 1) wave, has had to be sup-
plemented by additional assumptions for the (L —1}
wave, which corresponds in this formalism to the
lower-rank terms in the Clebsch-Gordan expansion
of the product of orbital and spin components and
pearly always involves the multiplying factor k'
(k being the 3-momentum of the radiation quantum
in the c.m. frame of the resonance). In order to
simulate the correct threshold behavior for the
(L —1) wave, the ansatz used so far has been the
replacement k'- k„k„, where the right-hand side
in turn has been replaced by a quantity equal to the
square of the meson mass (as in form factor I), or
is proportional to the square of the mass of the
axial-vector counterpart (as in form factor II).
One disadvantage of this prescription appears to be
that the (I, —I)-wave coupling does not generate a
helicity-flip amplitude which is important for re-
producing certain observed angular distributions
such as in the process K p- F"-Ay, ' which indi-
cates an almost pure E1 transition for the electro-
magnetic decay of Y~.

In this paper we extend the earlier model by re-
formulating the (L —1)-wave part of the coupling.
For this purpose we review the role of the recoil
term'0 in the primitive QMQ interaction from the
following point of view. The (I,+ 1)-wave couplings
of both pseudoscalar and vector mesons will be as-
sumed to be generated entirely via the "direct
term" within the partial-symmetry framework, but
the terms of lower rank in J', generated with this
formalism by the (L —1)-wave coupling will now be
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dropped in favor of a direct parametrization gen-
erated entirely by the recoil term in the primitive
interaction. Effectively, this will mean an inde-
pendent parametrization for the (L —1}-wave BB~P
coupling, unlike the earlier formulation which
sought to achieve this more economically through
the replacement k'- k„k„. However, we now hope
to incorporate certain additional features, espe-
cially helicity-flip structures in the coupling, for
the price of an extra parametrization in the (L —1}
wave. Indeed, such a parametrization can be made
comprehensive enough to incorporate both the
BB~P and BB~V sets via the partial-symmetry' re-
quirement iri the recoil term, as was done in the
earlier corresponding formulation with the direct
term. However, to avoid duplication, we shall fol-
low the original recipe of Mitra and Ross, "viz. ,:

'

to parametrize the entire (L+ 1)-coupling structure
via the direct term alone and the entire (L —1)-
wave structure through only the recoil term. More
specifically, we shall (i} ignore the various BB~M
couplings in the (L+ 1) wave via the recoil term
and (ii) drop the (I, —1}-wave terms in the corre-
sponding couplings generated by the direct term.
Thus, we will have two sets of supermultiplet form
factors for the BBzM couplings, the (L+ 1}-wave
terms being kept as before and the (L —1)-wave
terms replaced by the new structure. Guidelines
for the form factors in the new coupling scheme of
course mill be provided from the earlier results.
The new BB~V couplings for J=L+-3 states in the
(L —1) wave will now be found to generate helicity-
flip structures, which were missing in the earlie.
calculation.

In this paper we will consider the following appli-
cations of this extended formalism: (1}angular
distribution of the process K P- Y -Ay, (2) pho-
toproduction of z} and X, mesons, (3) polarization
and asymmetry in pion photoproduction.

For the second and third processes we shall con-
tinue to keep to the duality spirit of MM on pion

photoproduction, by including only s-channel reso-
nances such as was done by Dikmen, "rather than

use an interference model" or the one including the

partial effect of the t or u channel suggested by
comparison with the Veneziano model. " Our basic
motivation still remains the same as in MM, viz.
to study the role of the coupling structures and a
comparison of the off-shell effects of the form fac-
tors, through a consideration of s-channel reso-
nances up to -2 GeV. However, in the pion-photo-
production case, the comparison with data will be
extended to -6 GeV as a probe for possible duality
effects'4 whose meaning still retains its earlier
flexibility. As to the problems of gauge invariance,
our point of view has already been stated in MM.

In Sec. II we give the formalism for the recoil

term, summarize the structure of the new set of
(I —1) wave couplings, and give necessary formu-
las of the photoproduction amplitudes for calcula-
tions. Section III gives the photon angular distri-
bution i.n the process K p- F*-Ay. Section IV is
concerned with the input data on I= —,

' resonances
and their supermultiplet assignments, in terms of
which the results on q and X, photoproduction are
described in Sec. V. Section VI contains the re-
sults of polarization and asymmetry in pion photo-
production as well as differential cross sections at
higher energies up to -6 GeV. Section VII gives a
summary of our main conc1usions, and a compari-
son with related approaches.

II. FORMULATION OF "RECOIL" COUPLINGS

As described in Ref. 15, the complete structure
of the QQP vertex for emission of a P meson is of
the form

-m~po'V -m Vo (2 3)

where the first term represents the pion coupling
and the second and third group of terms represent
the V-meson couplings of "magnetic" and "mini-
mal" type, respectively. Now making the replace-
ment (2.2) in the derivative terms (proportional to
k) of Eq. (2.3), the partial-symmetry structure of
the M matrix arising from pure recoil effects may
be expressed as

M~e& =
M [z(w i)o&P. z+zezy&ore(P&'7+ mal)], .(2.4)

Q

which incorporates the necessary geometrical'con-
riections among the P and V terms at the primitive
(quark) interaction level. Note that the mass terms
in Eq. (2.3), which are not proportional to momen-

ta, do not have recoil counterparts. The rest of
the procedure for a fresh deduction of the coupling
structures arising from the recoil term is exactly
the shme as before, "' except that we have now two

fqQQ pn o I
k — pi (

Xn zzn~ (2.1)
(d

q a
~ ~ a~

a ay

where the recoil contribution represented by the
second term (associated with the momentum p, of
the quark) is obtained from the direct term merely
by. the replacement

k-k ——p;, (2 2)

which preserves Galilean invariance. It is clear
that the same recipe is applicable to the more gen-
eral QMQ (M =P or V) coupling, whose complete
expression generated by the direct coupling alone
is given according to partial symmetry by the M
matrix'

M„., =-z(v 7)g, q, —ze;,, o,q, (p„~ 7+(a„l)
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-J ki~s(p', p")(l)"'p"A(p' p" + (l}"k)dP'4"
(2.5)

which can be expressed as

f~ (k')B~"„„(h„h„"),
where f~ is a scalar function of k' involving no
threshold factors and B„",~, „ is an irreducible
spherical tensor of rank L. The free index n, in

(2.6)

independent sets of overlap integrals for the (I, + 1}
and (I —1) wave, respectively. However, as men-
tioned in Sec. I we shall ignore the (L+ 1)-wave
terms arising from the recoil effect in order to
avoid duplication with the direct terms. For the
(L —1) wave the overlap integral between two
supermultiplet wave functions g, and g~ is of the
form'

Eq. (2.6) gets contracted with the correct index
arising from the spin structures which have one of
the foll.owing forms:

~X o'n X~ ~X Xn (2.7)

Xi-(oxp),X X ic„„,&P&X (2.8)

for the P and V mesons, respectively, and X (X,) is
the Pauli (Rarita-Schwinger) spinor (nonrelativis-
tic).

The remaining manipulation for obtaining cou-
plings between definite J states can be made ex-
actly as in Ref. 2 to finally obtain the following
types of couplings (after effecting the necessary
relativistic boost) which are all related geometri-
cally.

(a) BB~P couplings:
u, + i'I'/'

(2.9)

and

2(2I. +1) '~' . ~,~, 2(L —1)(2I.+1) '~'
I,(r, 1)

' ""' '""» ' L(L+I)(2L-I)

(b) JIB~V couplings:

-iu„" h„X'(&x~)„XeB'."

(2.10)

~ ~ ~ .f2+ j./2 L+ ~
~ I ~ ~ ~

'i &-&/2 ] ke h "h»'~2
& ~ v 4" "&a+ [L(2L 1)] / ~ ~'r (»J~~ ~ &L"["L(2,L+1)] " 8&& 8 &» ~z, ~& " '~s,L 2L+1

(2.11)

and

X fesy&yk'~ "'yN X~B~ ~0
for 8= —,

' -—,
' and 2, respectively, for both the cases.

(2.12)

In all these expressions on the right-hand side we
shall henceforth divide by the factor [(2I.+ 1)/L]' '
in order to.normalize the spin part of. the PBB~
couplings for the J=L--,' to J=-,' transitions to
unity. It should be noted that for the BB~I' cou-
plings the present coupling scheme does not intro-
duce any new structure, except for a change in the
coupling constant for the (I, —1) wave. For the
BB~V couplings, however, the first term of Eq.
(2.11) represents a new structure not contained in
the (earlier) list [(A}-(D)]given in MM, generated
via the direct term. VTe designate tbi;s-interaction,
henceforth, as type (E):

(2.13)

which now connects a J=1+—,
' state to a BV system

mainly in a helicity-flip manner.
To summarize, the complete set of BB~M

(M = P, V) couplings to be used in the new coupling
scheme are

(1) only the (L+ 1)-wave parts of the BB~M inter-
actions listed in MM;

(2) the (L —1)-wave parts [Eqs. (2.9)-(2.12)] of
the same interaction as derived in this section.

As to the question of gauge invariance, type (E)
coupling can be made formally gauge invariant
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through the modification

-k„(P+p} ~ e/(P+ p) k, (2.14)

where P„ is the 4-momentum of the resonance.
However, the second term gives no contribution to
processes in which a real photon is involved. On
the other hand, its effect is nontrivial when the
photon is involved in a virtual state, e.g., in a cal-
culation of electromagnetic masses. "

Form Factors

Since our primary aim is to study the role of the
form factors multiplying the various coupling
structures, it is also of interest to compare the
new (I.—1) wave-coupling scheme with the earlier
version. Keeping these points in mind, we hence-
forth designate the earlier and present coupling
schemes for the (L —1) wave by the subscripts a
and P, respectively. Further, the words "old" and
"new" form factors used in MM, will now be re-
placed by the symbols I and II, respectively. In
this notation the form factors used in MM wi11 be
renamed as I„and II standing for the old coupling
scheme. Further, we introduce the symbol II&,
where the subscript (P) stands for the present cou-
pling scheme and the form factor is still given by
II for the (L —1) wave, except for a trivial adjust-
ment for the differences in normalization. Indeed,
the II& version differs from II„merely to the ex-
tent of absorbing a factor [L/(2L+1}1'~' in the defi-
nition of g~ for the (L —1}wave Howeve. r, the
VBBL couplings in the IIS version are controlled by
the geometrical ratios implied in Eqs. (2.9)-(2.12}
and are now different from the corresponding ra-
tios in the earlier version of the (L —1) wave. In
addition we shall use still another form factor
which we shall call Ill& (or III), implying that only
the (P) version of the (L —1)-wave scheme is being
used for it. This form factor whose motivations
and results are reported separately' has the fol-
lowing structure:

p
1/2 2$ ~~ 1/2 z 1/4 L+lg ~A2

1

(2.15)
for the (L+1) waves, respectively, where s~ is a
scale factor adjusted from absolute decay rates to

I

&,=e„, e], =e (2.16)

so that the polarized-photon asymmetry parameter
Z(8), defined by

Z (8)
O~.+O]i

works out as

(2.17)

a value 1.26; P„, P„, and q„stand for the 4-mo-
menta of the parent, daughter hadrons, and the P
(or V) meson, respectively; p is the mass of the
appropriate meson P (or V); m„and m„ the mass-

1
es of the axial-vector counterparts of the P (or V)
meson andA, meson, respectively; andMandm
are the masses of the resonance and the baryon,
respectively.

Vfe add a word about the off-shell extension of the
various momenta involved in the form factors.
While we take the off-shell value-P' for the reso-
nance and of course the on-shell value +m' for the
nucleon, there is a slight ambiguity about the val-
ue to choose for the momentum of the vector me-
son, whose values should strictly be taken as m~'
and zero (appropriate to the mass of the photon) on
and off the V-meson mass shell, respectively.
Fortunately, in this calculation (also in MM} the
numerical difference in these two recipes is negli-
gible. gcwever, one can expect much higher dif-
ferences in processes where the photon is virtual,
e.g. , electromagnetic mass differences. "

Finally, the vector dominance" as described in
MM provides the mechanism for the photon cou-
plings to BBL currents. Also, the kinematical
structure of the photoproduction amplitude as given
in MM continues to be valid for this investigation
on g, X„and m photoproduction as well as for the
formulas for differential cross section, total cross
section, and polarization of recoil proton. How-
ever, we record here the formula for the asymme-
try parameter Z(8) of linearly-polarized incident
photons, which was not discussed in MM.

In a coordinate system with k (photon momentum)
along the z axis, g (meson momentum) in the xz
plane, and /=0, k&&q in the direction of the y axis,
linearly-polarized photons with electric vectors
perpendicular and parallel to the production plane
have polarization vectors e~ and e~~ given by

d 0 64v'W' k
Z(8) =—,, [-]A,( (m'+p, .p, ) +2(A, ('p, ~ kp, k+2ReA, A,m(p, -p, )k

—2mReAtA, —2p, k(ReAtA, +ReA",A,)], (2.18)

Here de/dO is the unpolarized differential cross section, P, „and P» are the 4-momenta of the initial
and final nucleons, . and the coefficients A, -A4 are defined by the general structure of the photoproduction
amphtude, viz. ,
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I
& =u(P2)y, (A~iy ~ c+Amy ky ~ e+iAsq ~ ey ~ 0+A4q ~ e)u(p, ) . (2.19)

We conclude this section with a few remarks on
the structure of our coupling scheme. Now it was
found in MM that for the vector couplings of the

(A}, (B), and (C) types only the coefficients A, and

A, survive, while the other two coefficients A, and
A„which generate helicity-flip structures, re-
ceive contribution from only the (D)-type coupling,
and hence in general are very small in magnitude.
In the present coupling scheme P, however, we
have an additional (L —1)-wave coupling [(E) type]
for the J= I.+-,' state, and this makes significant
contributions not only to A. , and A,„but to A, and

A~ as well. This feature of the (E)-type coupling
will figure extensively in the subsequent sections.

fy ~2 $(ic~~ kP E~+ imvEPyP)k~ t/lP (3 1)

-1—
-fv ~ 4&pPp,

while the corresponding KNF" coupling is

(3.2)

-(2)"'fu6p'» qq~P (3.3)

The y Y*A eouplings can be worked. in terms of the
vector-dominance hypothesis"; the p contribution .

for this ease being, of course, zero. The term
(3.2) representing the (I —1) wave comes from the
present formalism and was absent in the tr'eatment
of MM.

Let the 4-momenta of the initial and final baryons
be p»(-pm, iZ, ) and p»(-p„iZ, ), respectively, and
those of the photon (polarization e„) and meson be
k„(k, ik, ) and q„(q, isv, ), respectively. Let the ini-
tial and final baryon masses (unlike the case of
pseudoscalar-meson photoproduction) be m and m',
respectively. Further, since the resonance is suf-
ficiently "long-lived, " we shall take it on the mass
shell, viz. , P'=-I'.

The complete amplitude for this transition after
some routine eimplifications in the center-of-mass
frame is proportional to

III. ANGULAR DISTRIBUTION FOR .Y*~ Ay

As the simplest example of the new formalism
for (L —1)-wave couplings, we consider the angular
distribution of the process K p- F"-Ay, which is
experimentally'. known to be almost a (5 —Scos'8)
distribution characteristic of an E1 transition. As-
suming the process to be dominated by the I'(1520)
resonance, the (La 1) BB~V couplings of this par-
ticle are

y[ fv(aa„~k„~),+en~a„y„)(k q —-',H kxfl)

-(i/~&)f~(f'I ~ ~la~. ~iq.)1 2(I + y4)y 4, (3 4)

a form which brings out the structure of (L+ 1)-
wave terms explicitly and leads to the angular dis-
tribution

a(5 —Scos'8) +b(l+ Scos'8) +c(3+cos'8), (3.5)

where the constants a, b, and c depend on the A

and photon energies as well as the form factors
f„'. The a term arising from the (E)-type (L —1)-
wave coupling gives a pure E1 transition and ac-
counts for the major effect, while the small phase
space is responsible for suppressing the (L+ 1)
wave as well as the interference contributions,
represented by 5 (which gives a decay into a pure
helicity- —,

' state distribution) and c, respectively.
Indeed, the numerical estimates of the parameters
a, 5, and c for the form of factors IIS and III& are
as follows:

a 5 c
II, 3.16 0.0635 0.3357

III, 1.123 0.012 0.0826

They yield the distributions (5- 2.51cos'8) and
(5 —2.7cos28), respectively. Both of these are in
excellerit accord with an observed, ' almost pure
(5 —Scos'8) distribution and a distinct improvement
over the almost pure sin'8 or (5 —Scos28) distribu-
tion from a quark-model calculation" using har-
monic-oscillator wave functions. Unfortunately,
this distribution could not be obtained in MM be-
cause of the absence of the (E)-type (L —1)-wave
coupling which can be recognized to produce a pure
E1 transition.

Further, the absolute decay width for the process
F*(1520}-Ay turns out to be 0.189 MeV and 0.205
MeV with form factors II& and III8, respectively,
as compared to the quoted experimental value
0.15+0.03 MeV. The above values are a fair im-
provement over that obtained by form factor II~
(0.0825 MeV) ' as well as calculated by Copley ei
al." (0.10 MeV). We would Uke to add that the in-
terference between e and P mesons for the BB~y
vertex according to vector dominance, makes a
significant contribution in the determination of the
above decay rate. The inclusion of the P meson
greatly improves the results.

IV. RESONANT STATES USED

FOR q PHOTOPRODUCTION

In this section we consider the sabent features
of, and the input data for, g and X, photoproduc-.
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tion. The isoscalar structure of the g meson keeps
out the 6-type intermediate states from an s-chan-
nel calculation and therefore provides a compara-
tively cleaner mechanism for the study of mixing
effects in certain N* resonances, especially the
Spy states. Some of the salient experimental fea-
tures of g photoproduction are

(1) The total cross-section (a„) curve"" shows
a sharp peak just above threshold, presumably
representing the effect of the S»(1525) resonance
which has a large Nq coupling. This identification
is confirmed by the near isotropy of the differential
cross section do/dA around this energy. "

(2) This peak is followed by a fairly sharp dip
in both o, and do/dQ (Refs. 19, 22, 23), which is
presumably the result of interference between S»
and Pyy resonances.

(3) The next structure shows up as a fairly broad
maximum in the do/dQ around 1.15 GeV, '4 which
is believed to be the effect of P»(1750) with possi-
ble interference from S»(1710).

(4} Again, around 2 GeV, the differential cross-
section curve shows a marked increase in the for-
ward direction, possible candidates for which ef-
fect can be G»(2190) or D»(2030).24

(5) Unlike pion photoproduction, the g differen-
tial cross section shows little structure as a func-
tion of angle. ""

(8) A recent experiment" indicates considerable
recoil-proton polarization effects at 90' from
threshold to W= 1700 MeV, thus pointing to a siz-
able interference between two opposite-parity
states, presumably S» and P».

In order to study the above and related features

systematically within our framework, we choose
the inyut set of nucleon resonances which are
listed in Table I together with their 4 values and
(L —1)-wave BB~P and BB~V couplings (in the no-
tation of MM) generated by the recoil term in cou-
plings scheme P. [The direct-coupling scheme a
as well as (L+ 1}-wave couplings for P can be read
from Table I of MM. j The mixing angle 5 between
the actual g, and gs states for calculational pur-
poses is taken as

g =qscos5+g, sin6,

Xo gssln5+ g icos 5,

(4.1)

(4.2)

with 5=10.5'+0.5', in conformity with the accept-
ed value" of the parameter.

Of the N* states listed in Table I we have also
considered mixing between S»(1525) and S„(1710)
states which are respectively taken as the orthog-
onalized states

S»(1525) = cosa~ (8') + sine~ (8'),

S»(1710)= -sine~ (8') + cose~ (8~),

(4.3)

(4.4)

where the superscripts q and d refer to the quark
spins —,

' and —,', respectively. The angle 8~ is deter-
mined through a fit to the experimental decay ra-
tios Nq/Nv (Ref. 29) with the three form factors,
the main problem being to reconcile the large
Nv/Nq rati'o of -23.3 for N*(1710) decay to the rel-
atively small ratio of -0.5 for N(1550). The value
obtained for 8~ works out nearly the same for all
the form factors, at 8~= 63'+ 2'. A second solution
corresponding to 8~= 4'+ 2', which would essential-
ly amount to putting N(1550) in an almost pure

TABLE I. List of baryon resonances (I=2) used in calculation of q phot@production, together
with their {L—1)-wave BBIP and BBIV couplings generated via the recoil term, in coupling
scheme p. 6 is the mixing angle between the actual g& and gs states. Column 3 is still to
be multiplied by P-meson coupling structures as defined in MM.

Resonance
(L —1)-wave

BBIP coupling
(L —1)-wave

BBzV coupling

1. N(938)

2. Pgg(1470)

3. P«(1750)

4.. Sgg (1525)

5. Sgg(1715)

6. D„{1515)

7. D)3(1675)

8. Dgg{1675)

9. P(3(1855)

10. S'(, (1690)

11. Git(2190

L+l
L, +2

L+-
L —2

1

L —2
1

L+21

1

L+2

L +-,'

L+21

(g)~~2 cos& + —sin62 2
vS

0
1 cosa+ (

—)~~2 sino2 i/2

0

~32 C{3C 7'3+ C )

{2)f/2~(2C & + C

T~(3C -D)(~ 7'SCp+ C~)

(2 )1/2E(@5 7. ~ C )

(Qq)~~2E(C p7'q+ ~~C~)
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5' p

O.O .7 I

.8 .9 1.0 1.1 1.2 1.3 1A 1.5
E& in GeV-

FIG. 1. Total cross section (cQ with form factorsI, II, II~, and HI for the process yp gp as a func-
tion of lab photon energy (E& in GeV) compared with the
data of () Ref. 19 and (O~ Bef. 20. In the right-hand
upper corner oz is compared with data of Ref. 19 from
E& =1 to 5 GeV.

quartet state and N(1710} in a pure d state, "is also
compatible with the above experimental ratios.
The value 8~= 63 + 2 is in fair agreement with the
harmonic-oscillator model'0 of 8 = 35', remember-
ing the correspondence 88= —,'m —8. The solution
8~= 4' was used in MM, but since the pion photo-
production amplitude receives a very small contri-
bution from this state, the distinctions between the
two solutions mould hardly show up in that process.
For the present yP -gp process, however, the
dominant contributors are the low partial-wave
states like S» and in this paper we choose the solu-
tion 8~= 63'+ 2', in keeping with the experimental
result of a copious photoproduction of this state in
relation to the Moorhouse selection rule. "

As for the P»(1'150} resonance, we believe that
its fairest assignment under our framework of
(56, 2L') an'd (10, (2L+ 1) }structures is a radial
excitation of (56, 0') [possibly this is a second ex-
citation, the first being the Roper resonance,
P»(14VO)]. Recently, "some doubt has been cast on
this assignment in favor of (10, 0') through a com-
parison of the data with quark-model ca1.culations
using harmonic-oscillator wave functions; so we
have .included for this state both possibilities of
(IO, 0') and (56, 0') for an evaluation of its coupling
to Nq. The supermultiplet coupling constant (gs)
for this state just as for the Roper resonance, may
be determined from its observed Nv width (-90-150
MeV)" for each of the three structures I, II, and
III assumed for the form factors.

Another point of interest concerns the quark-spin

assignments q or d of the state G»(2190), which
has been claimed as a quartet" [possibly a Regge
recurrence of D„(1615)]. More recently, Feynman
et al. ,

'4 using a new mass formula, arrived at the
same conclusion. On the other hand, if this state
is photoproduced (and the experimental information
on this question is not yet unambiguous) then it
should at least contain a substantial mixture of d"
under quark-model assignments. In this paper we
have kept both the d and q possibilities in mind in
order to be able to make a more positive inference
from the experimental data within the framework
of our coupling scheme. This resonance presum-
ably belongs to the J = 3 supermultiplet, so its
coupling constant is automatically determined from
Regge universality, viz. , g,'=g, ', for all the form
factors considered. "

Finally, we have not considered the resonances
D»(2030), F»(1983), and D»(1130) in our calcula-
tion, because experimentally their predictions are
still very doubtful. As would be seen fro'm the re-
sults in Sec. V, there seems to be no compelling
reason to include these resonances.

V. RESULTS ON q PHOTOPRODUCTION

%e give here the numerical results on q photo-
production in respect of (i) total cross section, (ii)
energy and angular dependence of differential cross
section, and (iii) polarization of the recoil proton.
(For Xc production only the total-cross-section
data" are available for comparison. ) Our main
interest in this comparison is to check on two in-
dependent aspects of our model: (i) the role of the
new coupling structure P described in this paper
in relation to the earlier version n and (ii) a com-
parison of the quality of fits to the data obtained
with the three different form factors with a view
to discriminating between their parametric struc-
tures. Further, in order to explore numerically
the quantitative aspects of duality, ' we have ex-
tended the comparison on total cross sections to
about 6 GeV, which is well beyond the "strict ju.-
risdiction" of the resonance region (1-2 GeV) and
bordering on the Regge domain (&5 GeV). (This is
not to claim that our model is automatically valid
at high energy. )

The region of the first peak [mainly due to the
resonance S»(1525) with some contribution from
P»(14'10) in the total-cross-section data" "] seems
to be well reproduced by the three form factors,
as seen from Fig. 1. In the region of the second
group of resonances (Ez = 1.0-1.2 GeV) there seems
to be little evidence for any structure in the total
cross section, which is again well reproduced by
all the form factors except I. The X, total cross
section, which also agrees reasonably with experi-
ment (Fig. 2},'9 shows some rise above the thresh-
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II and III}appreciably below the data points. This
result seems to be in disagreement with the q as-
signment to this state by Feynman et al. '4 on the
basis of Feynman's new mass formula.

The angular distribution (Fig. 4) shows little
structure, in conformity with experiment' "and
in keeping with the dominance of the low partial-
wave resonances. On the whole, the reasonably
good agreement with the data for g photoproduction,
demonstrates conclusively the importance of the
"Weisskopf factor" (m /m }'~' in the form factors
as well as the (E)-type (I, —1)-wave coupling. Both
of the above quantities contribute significantly to
the numerical values for the process.

In passing, we would like to draw attention to the
effect of the supermultiplet assignment of the

P»(lV50) resonance on the structure of the cross
section in the second resonance region. The two
assignments (VO, 0') and a second radial excitation
of (56, 0') seem to produce an almost imperceptible
difference in the results for differential cross sec-
tions in this region, so that it is not possible to
distinguish between the two possibilities. This re-
sult is in discord with the finding of Ref. 32 on the
basis of the harmonic-oscillator model, and en-
courages us to persist in our interpretation of a
second radial excitation of (56, 0') for this state, "6
independently of the details of a model as specific
as the harmonic oscillator. " More discriminating
evidence could come from an accurate diffraction

experiment in this region, "which, however, does
not seem to be in sight as yet.

Finally, in Fig. 5 we have compared the recoil-
proton polarization at 8 =90'- with experimental
data. " Though the coupling schemes a and P give
slightly different distributions, the data are too
ambiguous for any conclusion to be drawn from
them. A point to note is that the value of the polar-
ization vector just above the threshold is compara-
tively small. This indicates once again that the
S»(1525) state is the sole important contributor in
this region, since any significa'nt contribution from
P»(14VO), would have produced a larger value
though interference of opposite-parity states. On
the contrary, near Ez- 1.1 GeV the value of the po-
larization vector is comparatively large, indicating
a considerable S-I' wave interference. Despite the
inconclusive nature of the data, these general fea-
tures do seem to be there.

VI. RESULTS ON PION PHOTOPRODUCTION

Since a detailed account of pion photoproduction
within this model has been already given in MM,
we shall confine this section to a few salient fea-
tures on the process, viz. , those which were not
covered in the earlier analysis. Thus, we shall
not discuss again the results on total cross section
which are already in exceQent agreement smith the
data for both form factors I and II and shall deal
only with the high-energy features (2.-6 GeV) of the
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differential cross section. The role of the form
factor I will also not figure any more in this dis-
cussion. The main emphasis in this section will be
on making a comparison between (i) the recoil-pro-
ton polarization I'(8) and (ii) the asymmetry param-
eter Z(8) due to linearly polarized photons, where
much more accurate data are available than in the
case of q photoproduction discussed in Sec. V.
These comparisons should hopefully provide a
more discriminating test of the relative roles of
the coupling structures o. and P and possibly also
of the form factors II and III in the context of pion
photoproduction.

Though a comparison with experimental data" "
of the recoil-proton polarization was already given
in MM for the case of w' photoproduction with form

factor II, we reproduce in Fig. 5 the results of
similar calculations with the form factors II8 and
IIIS as well, in order to gain a further assessment
of our coupling scheme. It is clear from a com-
parison between the curves II on one hand, and

II&, III8 on the other, that the coupling structure
P gives much sharper dips and peaks than does n.
This feature of our new coupling structure P is a
direct result of the role of the (E)-type coupling
which has the effects of providing appreciable he-
licity-flip amplitudes (a factor mainly responsible
for producing the sharp peaks and dips) via the
lower (L —1) wave. This contrasts with the roles
of (A)- and (B)-type couplings which operate in the
higher (L+ 1) wave and produce very small helicity-
flip effects. While the data are not completely un-
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ambiguous (though much better than in the case of q
photoproduction), it looks, especially near E& 0-.7
GeV region (Fig. 5), as though the "sharp feature"
predictions of the coupling structure li (unlike those
of n} are in rather good agreement with Walker's
curve~ (based on an analysis of experimental data)
which is also reproduced for ease of comparison.

The asymmetry parameter Z(8), which is given
by Eg. (2.16) is shown in Fig. 6 for the reactions
yP-~'P and yP-m'n at 8=90 using the form fac-
tors II, II8, and III&. This comparison brings out
more directly the distinct superiority of the cou-
pling structure p over n, as had also been seen
(Sec. III) in connection with the angular distribution
for the process K P- F*-Ay. The main experi-
mental feature, ""which seems to be well repro-
duced by the coupling structure P (not n}, is an
appreciale fnagnitude (-0.2-0.6}of the asymmetry
parameter and its considerable fluctuations (-0.2)
with energy. This feature is in turn brought about
by the dominant contributions to Z(8) from helicity-
flip amplitudes A, and A, [Eq. (2.19}]which, as
mentioned in Sec. II, are significant for (E}-type
coupling only. This result thus brings out rather
directly the important role of the (E)-type coupling
in relation to experiment. On the other hand, the
data on Z(8) do not seem to discriminate much on
the parametric structure of the form factors, in
particular between II& and IIIB.

To attempt a more quantitative comparison be-

tween the form factors II8 and IIIS, we have chosen
to compare the energy distribution of the differen-
tial cross section for a convenient angle over a
wider energy range (1-6 GeV) than was attempted
in MM. A comparatively clean experimental curve
for this process is provided by the data of Busch-
horn et a/. ""for yP- m'p at 0= 180'. This is
shown in Fig. 7 together with the form factors II8
and III&, where we have included the two main res-
onances in the 2-2.5 QeV region, viz. , N*-', and
b,—2', over and above the list considered in MM,
so as (hopefully) to extend the physical domain of
the validity of this model. The curve III& seems to
reproduce reasonably well all the experimental
features including the resonance peak at E&- 2.5
GeV and a reasonably rapid fall of the cross sec-
tion at higher energies. On the other hand, the
form factor II8, though yielding a reasonable fit in
the lower-energy region (E~= 2.4), shows a tenden-
cy to increase with energy beyond E& &4 GeV, a
feature distinctly ruled out by experiment. " The
small disagreement between the theory and exper-
iment for the form factor III in the region E&-4.0
GeV is most likely due to our neglect of a few
still-higher spin resonances, e.g. , N —", , L—',
N —", , and 6—',
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VII. SUMMARY AND CONCLUSIONS

In this paper we have made a reassessment of our
coupling scheme and also introduced still another
parametric structure (denoted by III) for the form
factor' which combines in it certain desirable fea-
tures of the two form factors I' and II described in
MM. The motivation for a reassessment of the
coupling scheme has been twofold: (i) to avoid cer-
tain problems of ambiguity involved in the relativ-
istic extension ansatz k k- k„k„, which were ne-
cessitated for the (L —1)-wave terms in our earlier
framework and (ii) to explore more fully the possi-
bilities of generating additional coupling structures
with the help of the "quark-recoil term"' in the
primitive quark-meson interaction. This new cou-
pling scheme P does not introduce any additional
structure in the BB~P coupling, except for a new
"coupling constant" for the (L —1) wave, a feature
which is effectively present even in form factor II
of the earlier coupling scheme e. However, the
scheme P produces considerable changes in the
structure of the BB~V couplings, an imyortant one
being the generation of (E)-type coupling, viz. ,
ge„,k„, "k„g '„which connects a J=L+ —', state
via the (L —1) wave and gives significant contribu-
tions to helicity-flip amplitudes. Finally, within
the partial-symmetry hypothesis, ' there are now
two sets of coupling constants C' for the (L+ 1)
waves respectively, covering both P- and V-meson
interactions within a common framework of para-
metrization.

In this paper the scheme P has been applied to (i)
the angular distributions in I'(1520) -Ay, (ii) pho-
toproduction of q and Xo mesons, and (iii) polariza-
tion and asymmetry comparisons in pion photopro-
duction, in order to provide suitable experimental
criteria for distinguishing between n and P, on the
one hand, and the three form factors I, II, and III,
on the other. Thus the importance of (E)-type cou-
pling is convincingly demonstrated through (i) the
excellent reproduction of the (5 —Scos'8) angular
distribution for K p- Y'*-Ay process, an almost
pure EI transition effect, ' and (ii) the fairly sharp
energy variations as mell as comparatively large
magnitudes (-0.5) in the asymmetry parameter for
pion photoproduction. ' " The performance of the
form factor III is found on the whole to be, superior
to that of the earlier form factor II, which in turn
is superior to I, thus marking a hierarchy of suc-
cessive improvements in the description of hadron-
ic processes through the construction of form fac-
tors endowed with an increasing number of desir-
able features.

The q-photoproduction calculations were designed
mainly to bring. out the roles of certain crucial N*

resonances in this process on the basis of confi-

dence in the coupling structures acquired through
the F*-Ay and pion-photoproduction. processes.
The good numerical agreement with the data brings
out rather neatly the importance of the Weisskopf
factor (m„/m, )'" as well as (E)-type (L —1) wave,
both of which make substantial contributions to the
numerical values. We have also reexamined the
supermultiplet assignment for the resonance
P»(IV50), in the context of a recent controversy, "
but the results do not seem to warrant any revision
in the assignment of a second radial excitation of
nucleon to this state, '" which fits in naturally with
the description of resonances in terms of [56,
(even)'] and [ I0, (odd) ] states. As to the S»(1550)
resonance, a second solution for the mixing angle
that we have now found within our model, makes
our conclusions considerably closer to the results
based on the harmonic-oscillator model. ' Further,
the magnitude of the contribution to the g-photopro-
duction cross sections, of the G»(2190) resonance,
which is the most prominent one in the 2-GeV re-
gion, seems to suggest a doublet quark-spin as-
signment to this particle in apparent discord with
the result of Feynman et al.'

We conclude with a few remarks on (i) the role of
duality'4 within our present approach and (ii} the
difference between. our treatment and some con-
temporary analyses on photoproduction, based on
interference models" or purely phenomenological
descriptions"" "in terms of specified lists of
resonances. As we had seen in the s-channel anal-
ysis in MM, the results of several processes al-
ready seem to be in good qualitative accord with
the duality spirit inasmuch as no t- or u-channel
exchanges were considered. This feature not only
appears in the present investigation but its validity
seems to warrant extension even to higher energies
(-6 GeV) —a conclusion based on the good agree-
ment with data on the differential cross section
with the inclusion of additional resonances. Since
our approach is basically committed to duality, it
is not possible to make a direct comparison of
these results with those of Refs. 44, 54, or 55
based on entirely different principles, viz. , the in-
terference of s, t, and u channels in varying de-
grees. Our main object has been not so much to
obtain agreement with the experimental curves
mith a sufficiently flexible number of parameters
represented by a good set of resonances and their
partial widths as to test the following broad hypoth-
eses for hadron couplings in the over-all spirit of
duality: (i) existence of only (56(even)') and
(70(odd) ) states and their radial excitations, (ii)
partial symmetry in the BBJV and BBL,P coupling
structure, (iii) Regge universality in the reduced
supermultiplet coupling constants, and (iv) cross-
ing symmetry in. the form factors. In this respect,
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our approach can be regarded as a sort of bridge
between a full-fledged theory and a purely phenom-
enological analysis of experimental data. Very
similar conclusions on the validity of the above
four hypotheses seem to be indicated from calcu-
lations on vector-meson productions and pion-
nucleon scattering" as well.
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