
PHYSICAL REVIEW D VOLUME 4, NUMBER 5 1 SEPTEMBER 197j.

s-Channel Dominance and Charge Ratios in High-Energy Pion Photoproduction

I. Barbour and W. Malone
Department of Natura/ Philosophy, Glasgow University, Glasgow, Scotland

and

R. G. Moorhouset
Department of Physics and Lawrence Radiation Laboratory, University of California, Berkeley, California 94720

(Received 28 April 1971)

It is shown that an explicit quark model, or duality diagrams, imply certain charge ratios
of the squares of the imaginary parts of the amplitudes for yN & N and yN & 4, which
are observed to hold in experiments on the high-energy cross sections do/dt for 0.2
~ t ~ -0.8 GeV . A fixed-t dispersion-relation calculation, using knowledge of the low-en-
ergy photoproduction amplitudes, suggests that this may be due to cancellation of the con-
tribution of the low- and medium-energy s- and u-channel resonances to the real parts of
the amplitudes, so that the s channel dominates the dispersion integral, and the quark-
model relations also apply to the real parts of the amplitudes. In the extreme forward
direction f(-t) &0.2] the fixed-t dispersion relations indicate that the yN & N ampli-
tudes are predominantly real and dominated by the contributions to the dispersion relations
of the Born approximation and other very-low-energy resonances. Some possible impli-
cations for purely hadronic reactions are discussed.

I. INTRODUCTION

tfo'—(yn-v p)dt
(yp-v"n—) ~0 25. .t

Rather similar though more complicated features
exist in the high-energy differential cross sections
of the four reactions yN- m'4. It has been shown
that for 0& t&-m, ', the differential cross sections
are given, within their rather large errors, by a
gauge-invariant pion-pole theory' (in this case the
minimal part of the Born approximation that both
contains the pion pole and is gauge-invariant). For

It is well known that the differential cross section
for yp- m'n exhibits a forward spike in the region
0 & t & -m, ' and that a similar forward spike is giv-
en by the gauge-invariant pion pole (electric Born
approximation). Indeed, either the electric Born
approximation or the full Born approximation' gives
fair agreement with the data, ' for both unpolarized
and polarized photons' in the spike region, except
perhaps for the most forward points measured, as
discussed below.

Likewise the differential cross section for yn-r p for 0&t& -m, ' is found to be equal' to that
for m' photoproduction and thus also to be given ap-
proximately by the Born approximation. But for
-m,' & t the Born approximation fails badly for both
x' and w photoproduction; in particular, one of the
most marked features of the data at high energy is
that n photoproduction is less than n' photoproduc-
tion away from the forward-spike region. For -0.2
& t&-0.8 GeV',

0 & t& -m,' the experiments are compatible with

do ++ do—(yp- m-~") =—(yn- s'n, -)
dt dt

and

4(T + 0 . 6''
(yp- "t—') = (yn-. t—'), -

dt dt

8o, cd—(yn- v a') —(yp- v'a') = 0.3dt

cfo' ++ do'—(yp- v &") —(yn-v'a ) ~0.5,
CP CLt

do ++ do—(yp-v t ") (yp-v t')-I.—0.dt dt

(2a)

(2b)

(2c)

It seems that the high-energy experiments on the
forward photoproduction of charged pions exhibit
three regions of t where the data have definite and
distinct characteristics, though in all three regions
(s -M')'de/dt is approximately constant as a func-
tion of s.

(i) 0&t&-m„2. In this region the amplitudes are
strongly affected by the exchange of the gauge-in-
variant pion pole (the energy dependence of this
Born approximation agreeing with the observed en-

in accord with a gauge-invariant pion-pole theory. '
However, away from the extreme forward direction
these cross sections take on remarkably different
ratios, as shown in Fig. 1. In the same region of t
'for which the ratio (I) holds, namely, -0.2& t&-0.8
GeV', the m'4 photoproduction cross sections take
the following rather constant ratios:
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FIG. 1. High-energy differential cross sections
for the processes yN x 6, .

ergy dependence). The w'n and w p photoproduction
cross sections are equal.

(ii) -0.2 & t & -0.8 GeV'. The charge ratios for
w'n and w'b. photoproduction are given by (1) and (2)
throughout the region. In m'4 photoproduction the
logarithmic slopes of do jdt are constant to within
the errors and approximately equal to e' "; for m'n

the slope is approximately e '".' Denote the cross
sections corresponding to photons polarized perpen-
dicular and parallel to the production plane by 0~.
and oII, respectively, then by Stichels theorem o'~

and e
~~

correspond to natural- and unnatural-parity
t-channel exchange, , respectively. In yP- m'n, o j
is strongly dominant while in yn w p, o'~=OII.

(iii) -0.8 GeV'& t&(7). In this region the charge
ratios change and the slopes of the differential
cross sections become steeper, the w'4 slope being
about e""and the m'n slope about e"'.'

It appears that the extreme forward region, (i)
above, is partly understood in terms of the Born
approximation or a similar theory, and we shall
have some comment on that situation. It is the
main object of this paper to contribute to the under-
standing of the region (ii), -0.2 & t& -0.8 GeV', and
in particular the charge ratios (1) and (2).

First, it is rather clear that no simple Hegge-
pole picture can satisfy the data in region (ii). The
obviously dominant candidates for natural-parity
exchange (measured by e~} are the exchange-degen-
erate p and A, trajectories contributing P~(t)

x (1-e " "')jsinwa(t}+ P„(t}(1+e" ~')jsinwa(t) to
the amplitudes, with a(t}= 0 at t = -0.6 GeV*.

Strong exchange degeneracy with P„=P~ would give
a dip in e~(yP- w'n) from the necessity that P„=0
at /=0. 6 GeV'; such a dhp ls conspl, cuously absent.
Weak exchange degeneracy, P„&Pp, could perhaps
avoid the dip, but would lead to a purely real A,
exchange amplitude (isovector photon) and a purely
imaginary p exchange amplitude (isoscalar photon)
at t= -0.6 GeV'. Since the difference between yp

n'n and yn m p photoproduction comes from the
isoscalar-photon-. isovector-photon interference
term, this implies that e~(yP- w'n) would equal
o'~(yn- w p) at t= -0.6 GeV', contrary to the ob-
served ratio of about 4 to j.. Thus it is evident
that an explanation in terms of Begge theory re-
quires cuts. For example, using the strong ab-
sorption model, and varying 28 parameters, Kane
et al. obtain a fit to yp w'n, yn wp-(and yp-w p,
yp-np and pp-nn, np-pn}.

We attempt a unified view of the charge ratios (1)
and (2a), (2b), (2c) first by considering the nucle-
on, and the 4, as mainly composed of three, quarks
and by considering the process of photoproduction
as one in which the nucleon is first photoexcited
and then de-excited by pion emission. The basic
quark diagram is shown in Fig. 2(a); the photon
excites virtual intermediate states of the quark
which decay by pion emission; if the quark is spa-
tially excited, and does not de-excite by interac-
tion with the other two quarks in the diagram, the
sum over intermediate states points out the excited
quark as the one which emits the pion leading to a
quark impulse approximation.

In calculating the ratios (1), (2a), (2b), (2c) in
the foregoing quark model, the spin and isospin
sums over the intermediate quark states are re-
placed by the unit operator and, apart from the spa-
tial factors, one is left with matrix elements of the
form

P(Ã(H'(y)H'(w) ( H), g(tV(H'(y)H'(w) (~) . (8)

In (2) IN) and ~A) are SU(6) wave functions of the
$56) representation for the nucleon and E, respec-
tively; H'(y) and H'(w) are the interaction Hamil-
tonians of the ith quark with the photon and pion,
respectively. The isospin suboperator part of
H'(y)H'(w} is, with the usual electromagnetic cou-
plings of the quarks, proportional to

In evaluating the ratios (1) and (2) in our model,
the spin and spatial matrix elements cancel, what-
ever the particular form assumed for the interac-
tion. The operator (4) gives rise to the following
ratios:
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(a)
N,6 N

(b}

(c}
N, 6

dO' do'—(yn- v p) —(yp- v'n) = -, ,dt dt

da' . — + .
do'

y 0 a—(yn- v-~'} —(yp- v'd, ) = —.,dt dt

dO' ++ do'
(rp-v—&") —(rn-v'& ) =x,

dt dt

(6a)

(6b)

FIG. 2. (a) Quark-model diagram for pion photo-
production with s-channel excitation only. (b) Crossed
diagram representing I-channel excitation on1y. (c)
Duality diagram, equivalent to (a).

equal amplitudes for yp- w'n and yn- m p, as ob--
served.

One may put these questions in terms of the usu-
al duality picture. If one assumes vector domi-
nance, so that the isoscalar photon is represented
by an u meson and the isovector photon by a p me-
son, then the selection rules implied by the duality
diagrams will give relations between theimaginary
parts of various photoproduction amplitudes. '
Among these relations for the imaginary parts are
our ratios for yN- v~N'and yN- a*&. [This is im-
mediate on looking at Fig. 2(c), which pictures a
photon turning into a vector meson, followed by a
duality diagram for a vector meson scattering from
a baryon into a pion. This figure is just a stretched-
string version of Fig. 2(a), but not, of course, Fig.
2(b).] The figure also illustrates that in these rela-
tions the full vector-dominance assumptions are
not being used, but only the relations between pho-
ton coupling to isoscalar and isovector mesons
which follow from the photon being a U-spin scalar
member of an octet. Such relations seem likely to
endure strong modifications of the vector-domi-
nance hypothesis, such as the addition of further

(6c)

The values (5), (6a), (6b) are, in the context of the
model, an immediate consequence of the fact that a
v' can only be emitted from a proton quark [involv-
ing the matrix element —', in (4)] and a a can only
be emitted from a neutron quark [ involving the fac-
tor ——,

' in (4)]. In the region -0.2 & f & -0.8 Ge'P
the experimental values (1), (2a), (2b), (2c) are to
be compared with (5), (6a), (6b), (6c), respective-
ly. We note that there is almost quantitative agree-
ment, and we notice (as displayed for example in
Fig, 1) the remarkable change from the experimen-
tal ratios in the pion-pole region (0 & t & -m, ').

An important question in this picture is the pos-
sible contributions of the crossed graphs, Fig. 2(b),
which have been ignored. It is immediately seen
that these give contributions whose charge ratios
are the inverses of (5), (6a), and (6b) so that a
large contribution from the crossed graphs would
invalidate our ratios. The uncrossed graphs [Fig.
2(a)] give the ratios corresponding to the contribu-
tions of s-channel resonances, and the crossed
graphs [Fig. 2(b)] to the contributions of u-channel
resonances. The u-channel resonances are distant
from the forward direction so one expects their
contributions to the imaginary part of the ampli-
tudes to be small, but distant u-channel and distant
s-channel resonances might dominate the real part.
This is evidently happening for the particular case
where the resonance is the nucleon itself at t = 0
where the Born approximation is big and leads to

I

N N N
'

N

(0)

N

(b)

(c)

FIG. 3. (a) Feynman diagrams of Born-approximation
amplitudes for yN ~~N; these amplitudes give a for-
ward spike in the cross section. (b) Quasi-Born-approx-
imation amplitudes. for yN ~ N, with A instead of N as
an intermediate state; these terms when combined with
(a) give a more pronounced forward spike. (c) Schematic
quark-model diagram contributing to the Borri or quasi-
Born amplitudes.
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vector mesons through which the photon inferacts
with hadronic matter. These duality relations are
not ensured for the real parts, just fear the same
reasons as mentioned above, namely, the possibil-
ity of large u-channel contributions to the real
parts.

Nevertheless, the charge ratios indicate that the
u-channel contributions are suppressed and we will
seek verification and elucidation of this point by in-
vestigating, as explicitly as possible, the relative
importance of the s- and. u-channel contributions to
the real part of the high-energy amplitude. The
most. direct way to do this is through fixed-t dis-
persion relations, and the results of such an inves-
tigation are reported in Sec. II.

II. s- AND u-CHANNEL CONTRIBUTIONS

TO THE HIGH-ENERGY REAL PARTS

OF AMPLITUDES

We wish to consider the relative contributions of
the s and u channels to the real parts of the high-
energy photoproduction amplitudes, and the most
direct way of doing this is through the fixed- t dis-
persion relations. Because of the lack of detailed
low-energy data on yN- m'& we will have to confine
most of the discussion in this section to yN- m'¹
For either of these processes there are four invari-
ant amplitudes which we will denote by A;, (s, t) for
yP-s'n and by A& (s, t) for yn s p, where' =1, 2,
3,4. The fixed-t dispersion relations are'

ReA„(s, t) =B„(s,u)+ ds', ImA„(s', t)

~&+m~~ s -s
ImA;, (s', t)

a sl u

(Va)

where the Born terms (see Fig. 3) are given by

B„(s,u) = M2
4

ing to the ratios (5), (6a), (6b), and (6c) will hold
between the appropriate ImA(s', t) on the s-channel
cut, as shown in Sec. I. However, the ~ ratios will
not hold for the ImA on the u-channel cut, which
corresponds to u-channel resonances, as in Fig.
2(b), rather than s-channel resonances, as in Fig.
2(a). For high-energy photoproduction, though the
u-channel cut is distant from the physical s, we

certainly cannot say a Priori that the s-channel cut
will dominate the right-hand side of Eq. (V}. In

pion photoproduction itself near I;= 0 we already
know that the s- and u-channel Born poles, which
are near together and both very distant from the
physical s, are both very important in ReA(s, t)

implying an equal importance of an "s-cut" and
a "u-cut" contribution. Near t=0, then, all is con-
sistent with a totally real amplitude, into which
the Born terms and perhaps a few other low-energy
particles or resonances, notably the 4, contribute
most importantly from the right-hand side of (V).
Since the difference between the energy denomina-
tors in the dispersion relations is negligible for in-
tegration over low-energy particies or resonances
such as the N and h, , it follows from the crossing
symmetry between the A, and A amplitudes dis-
played in (V) that the amplitudes for yp s'n and
yn- m p must then be equal, as is indeed observed.

In the region of somewhat larger values of -t,
-0.2& t+ -0.8 GeV', the cross sections take on the
characteristic ratios (1) and (2), and we know from
recoil-proton polarization measurements that, at
least for yP- n'n, the amplitudes have an imagi-
nary part. There is no problem with the charge
ratios for the imaginary part but we are left with
the problem of the real part and there is no evi-
dence that it is small, either from the polarization
measurements, or from asymptotic energy-depen-
dence considerations discussed in Sec. III. (If it
zgey'e small then the smallness would have to be ex-

S-plane (t=0) yN~vr N

ge 1
B~,(s, u} = -M2

4 ( 2)( 2),

ge 1 . p~ p, „
4s 2M s-M' u-M'

I

Known u-channel
esonance region

X

0

u-channel cut s-channel c

Born poles
Known s-channel
resononce region

s for I6 GeV/c y's

20

B, (s, u) = ],B,,(u, s) .
In (Va) and (Vb) $;=+1 if i=1, 2, 4 and $, =-1, M is
the nucleon and m the pion mass. The first inte-
gral is over the s-channel cut and the second inte-
gral comes from the u-channel cut. The cut struc-
ture is shown in Fig. 4. In a quark, or duality-
diagram, picture the amplitude ratios —,',

, /4 lead-

FIG. 4. The s-plane cut structure used in the fixed-t
dispersion relations. The physical s'value corresponding
to incoming photon momentum of 16 GeV/c is shown,
and the diagram illustrates that the dispersion-relation
energy denominators s'- s vary little as s' ranges over
the low-energy cut region where the amplitudes are
known. (The cut structure is shown for t =0; as -t
increases the left- and right-hand cuts move towards
each other and eventually overlap. )
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plained by a cancellation similar to that we are
about to expound. ) In this section, we examine the
hypothesis that the combined contribution of the s-
and u-channel lo~- and medium-energy imaginary
parts (to the fixed-t dispersion relations giving the
high-energy real part) is negligibly small. We use
the term low and-medium energy relative to the
physical energy, and, for an s value of about 30
GeV', the low- and medium-energy cuts might ex-
tend up to s(u) - 5-15 GeV'. If this be so it leaves
the greater part of HeA(s, t) free to come from the
right-hand part of the s cut, say from s'& &s, just
from the smallness of the energy denominators on
the right-hand part of the s-channel cut compared
with the large ones from the left-hand part of the
u-channel cut. Such a dominance of s-channel
imaginary parts in the dispersion relation secures
the charge ratios also in the real parts of the am-
plitudes.

To sustain our hypothesis we have to investigate
whether integration over the low- and medium-
energy regions is likely to give a negligibly small
contribution to ReA(s, f), The result is shown in
Fig. 5, where we have plotted the contribution to
(s -M')'do'/df arising from the real Parts only of
the amplitudes, evaluated from the dispersion re-
lations (7). The evaluation is done for an incident
laboratory momentum of 16 GeVjc Is = 30 GeV'],
and the photoproduction helicity amplitudes used
are those of Walker. ' We discuss the results in
the region -0.2 ~ t ~ -0.8 GeV~.

The highest curve shown is that obtained by tak-
ing only the Born terms on the right-hand sides of

Eqs. (7a} and (7b) and in our f region the result is
clearly impossible. If we add to the Born terms
the effect of the L(1236} in both the s and u parts
of the dispersion integral (7), we get a dramatic
drop to the next highest curve, as shown. This ef-
fect was already noted by Engels, Schwiderski,
and Schmidt' in connection with photoproduction at
energies between 1 and 3 GeV. Next, adding to the
dispersion relations the P»(1470) and the s»(1560)
again leads to a decrease, while there is a further
dramatic drop on adding the d»(1520}. We should
note that at this stage the curve. has already.
dropped to the level of the proton data for -0.2
& t & -0.5 GeV', and to or below the level of the
lowest neutron data for -0.5& t&-0.8 GeV'. Ad-
ding the third resonance-region contribution to the
dispersioa relations leads to a further drop, but
takes us to the end of the helicity-amplitude anal-
ysis of Walker. There is one more thing we can
do in our examination of trends. The f»(1920) is
a prominent 4 resonance, the first Regge recur-
rence of the P»(1236). If we assume that like the
p», the f»(1920) has only magnetic coupling (as
suggested for example by the quark model) and that
the coupling is of the same sign as the P», and if
we take the magnitude of the coupling from back-
ward w' photoproduction, "then we get the bottom
curve (over most of our f region) shown in Fig. 5.
(In Walker's fit to the v' low-energy data nearly
all the imaginary part is due to the resonances;
the dots represent the final results when the non-
resonant background at all energies is also taken
into the dispersion integral. ) The curves apply
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FIG. 5. The contribution to
(s-M ) do/dt arising from the
real parts of the high-energy
charged-pion photoproduction
amplitudes as evaluated using the
fixed-t dispersion relations (7).
The various curves represent the
results as singularities and reso-
nances for successively higher
s' are included in ImA (s', t). The
lowest curve is the res~it when
all. the resonances in the solid
(Fig. 4) region are included plus
the f37(1920) which is just outside
the solid region. The dots show
the result when the nonresonant
background within the solid region
is also included. The curves
shown are for yp n.+n, but the
j n x p curves are almost in-
distinguishable. The curves, and
the experimental points showing
the x+n and m p data, are also
nearly independent of s, for s
large.
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with negligible error- to either w' or w photopro-
duction, as is evident from the crossing symmetry
in Eq. (7), since the variation of the energy denom-
inators in the low-energy resonance region is small
for large s.

The trend is obvious: As successively higher-
mass resonances are added to both the s- and u-
channel integrals in the fixed-t dispersion relations,
the calculated real amplitudes get successively
smaller, with the exception of the addition of
p»(1470) which has a small influence in the opposite
direction. In the interval -0.5 & t& -0.8 GeV' the
result is already of the order of or smaller than
the neutron data. The results are shown in another
way in Fig. 6, where, at the fixed value of I,= -0.4
GeV' we plot the same quantity as in Fig. 5 as a
function of the upper limit of integration in the dis-
persion integrals. It is also obvious that the trend
could continue since, though the partial-width high-
er-mass resonances are smaller, the residual am-
plitudes which they have to cancel are also smaller
We do not attach too much importance to the exact
numbers obtained through the dispersion relations
since, as pointed out by Walker' and by others, "
the results of the helicity-amplitude analysis in the
present state of the data are subject to quite large
errors. " "We rather point to the trend, which if
continued will lead to the mutual cancellation of the
low- and medium-energy resonances in the disper-
sion relations, and thus to satisfactory agreement

with the charge ratios for yP- m'n, yn- w P.
We may contrast this unidirectional effect of the

resonances in the fixed-t dispersion relations in
the region -0.2 & t& -0.8 GeV' to the varied effects
in the extreme forward region. We plot the same
quantities as before in Fig. 7, but now on the ex-
panded horizontal scale of (-t)'~' appropriate to the
extreme forward direction. The experimental
points shown are (s I')'-do/dt for yP- v'n, and the
evidence is that the yn- m P has an equal cross sec-
tion for (-t)'"&0.2 GeV'. As before, the curves
are the contributions to (s -I')'do/dt of the real
parts of the amplitudes calculated from the fixed-t
dispersion relations (7) for various resonances in-
cluded in the integrals. We see that the "Born+4"
curve is significantly different from the "Born"
curve but that the additional effect of adding all
other 'known" resonances is quite small, so that
the final curve remains near "Born +4." It is
worth noting that one of the forward experimental
points is considerably higher than "Born only" and

agrees more nearly with "Barn+&" and the other
curves clustered around it. In view of the qualita-
tive agreement of the experimental points and the
curve, in the extreme forward direction all is com-
patible with (i) totally real amplitudes, (ii) satura-
tion of the fixed-t dispersion relations by low-ener-
gy resonances, including the Born terms. Similar
conclusions on the extreme forward region have
been reached by previous authors. ' Our only new
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FIG. 6. The contribution to (s -M ) do/dt of the
real, part of the high-energy amplitudes at-a fixed value
of t = -0.4 GeV2, evaluated from the dispersion rela-
tions (V). The abscissa s' represents the cutoff in the
upper limit of integration in (7), and the plotted line
is the result of using (V) with upper limit of integration
s'. (This graph can be obtained from the values given
in Fig. 5 for t= -0.4 GeV2.)
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l

0.2
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FIG. 7. The contribution to (s —M~)2do/dt of the
real part of the high-energy amplitudes evaluated from
the fixed-t dispersion relations, plotted as a function
of (-t)» in the forward-spike region. The experimen-.
tal points are for yp-m+e at various energies (Ref. 2).
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2 2. H1 1 ~

3 1 ~2» -2 '. H2,

(8)

where the subscripts 0, ~1, and 2 represent no he-
licity flip, single helicity flip, and double helicity
flip, respectively. We define the normalization
and units of our helicity amplitudes to be the same
as those of the helicity amplitudes H„H2 H3 H4
of Walker's' Eq. (21), so that

(Hog Hgt H J~ H~)
—= (Hap Hlp H4p Hs}

and

(s -I')'—„=2vs(@,P+ g, P+ g, P+ @,P).

addition to their remarks is that the way the vari-
ous resonances are contributing makes saturation
seem likely, and that this may take place near the
"Born +b" curve, at any rate for (-t)'"60.05 GeV.

In view of the importance of s-channel helicity in
absorption models, ' or other models" which view
the nucleon as a spatially structured scattering ob-
ject, it is interesting to set out the role of the var-
ious s-channel helicity amplitudes in the curves .of
Figs. 5, 6, and V. To do this we introduce a mne-
monic notation for the helicity amplitudes. For
yN mN there are four independent helicity ampli-
tudes and we take these to be the amplitudes for
which the photon has helicity +1; in that case the
initial helicity is 2 or 2 and the final one 2 or -2.
We name the helicity amplitudes corresponding to
the various transitions as follows:

1 l, gg2» 2 ~ Exp'

3 1 ~ ~
2 2 ~ lp

the full "known" amplitudes are taken in the disper-
sion relations, both RetIp and ReH, become consid-
erably smaller (accounting for the drop in the
curves of Fig. 5), while ReH, becomes non-negligi-
ble over a small range around t = -0.3 GeV' (ReH,
is a "J,".amplitude and goes to zero at around
t = -O.V5 GeV').

HI. CONNECTiON WITH F1NITE-ENERGY

SUM RULES

In the definition of the finite-energy sum rules
(FESR) or continuous-moment sum rules (CMSR},
it is implied that the connection between low and

high energies is established through the assumption
of some asymptotic or high-energy form, for which

Regge poles are commonly used. Using the assump-
tion that all the relevant Regge trajectories have
small 0., which, if correct, makes their result in-
dependent of any particular high-energy Regge mod-

el, Jackson and Quigg" find a form for the real
part of their high-energy amplitude in terms of an
integral over the low-energy amplitude. The result
is the same as if one were to evaluate the fixed-t
dispersion relation ( I), neglecting the variation
with s' of the energy denominators; this is a good
approximation for large energy s, and the compar-
atively small s' associated with the low-energy res-
onances. The FESR and CMSR evaluations are
done for amplitudes having good s I crossing
properties; such araplitudes for photoproduction
are the isoscalar-photon amplitude A and the iso-
vector-photon amplitudes A and A ' in terms of
which the charged-pion photoproduction amplitudes
of (7} are given by

We now describe the relative magnitudes of the
various ReH as evaluated from the dispersion re-
lations (7). In the forward spike ReH, is strongly
dominant, being at t= -0.0002 GeV' [(-f)' ' = 0.045
GeV] more than ten times greater than any other
amplitude. This of course is to be expected since
the other (spin-flip) amplitudes must vanish at
8 =0; in the language of Harari" H, is a "Jp" am-
plitude. Just outside the forward spike at t= -0.02
GeV2 [(-t)' '-rn, ], ReH, is still the largest ampli-
tude, but only 40 larger than ReH„both ReH,
and BeH& are more than ten times smaller. . At
these two t values and- in the spike region generally,
there is only a few percent difference between ReHp
evaluated using "Born +4" only, and evaluated us:-
ing all the "known" amplitudes (the same. holds for
ReH, ).

The situation is very different in the region of
principal interest, -0.2& t& -0.8 GeV2. Here, for
"Born +4" only, ReH, is largest, ReH, is about 30%
of ReH„and ReH, and ReH, are very small. Vfhen

(
Ag =v 2 (AID~-AI ~), i=1, 2, 3, 4.

A, A»', Az are crossing even andA~', A, A,
are crossing odd for i=1, 2, 4 and j=s. The calcu-
lations of Jackson and Quigg are for isovector (-)
amplitudes (they use t-channel helicity amplitudes),
so they are approximately proportional to the dif-
ference of the yp s'n amplitudes (A&, ) and yn s p
amplitudes (A, ) calculated by our method of fixed-f
dispersion relations.

From the crossing relations, as exhibited in Eq.
(Va), the high-energy amplitudes ReA.„and ReA,
calculated by fixed-t dispersion relations using the
low-energy amplitudes are approximately equal
and of opposite sign for i=1, 2, 4; A„are of the
same sign but turn out to be smaller. Consequently,
from (7), our calculated ReA are dominated by the
isovector amplitudes ReA . We agree with Jack-
son and Quigg that the cross section of the forward
spike is dominated by ReA as calculated from
low-energy amplitudes, and we have reinforced
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that conclusion by observing the convergent behav-
ior of the amplitudes in that t region as a function
of integration cutoff. But Jackson and Quigg also
find agreement with some "average" of the yP- m'n

and yn- m P cross sections over a much larger
range of I;. We would not attach any significance at
all to this pseudomodel for ~t~ ~ 0.2 GeV' and we
rather consider the rough agreement attained to be
a fortuitous consequence of the particular integra-
tion cutoff which follows from our present state of
knowledge of the low-energy amplitudes; to support
this we pointed out in Sec. II the behavior of the cal-
culated real amplitudes as a function of integration
cutoff in the region -0.2 & t & -0.8 GeV', which is
qualitatively different from that in the spike region.

We point out one quite general feature associated
with the decomposition (11) into isoscalar and iso-
vector amplitudes, of good crossing properties. At
high energies, do/dt is proportional to 1/s', while
the polarized-target experiments" reveal that there
are both a real and an imaginary part in important
amplitudes. The simplest possibility to account for
both these facts is that both the real and the imagi-
nary part of the invariant amplitudes are propor-
tional to 1/s. If then the amplitudes are in a non-
oscillatory asymptotic region and contain no loga-
rithmic terms one can, as usual, apply the Phrag-
men-Lindeloff theorem to show that crossing-even
amplitudes are pure imaginary and crossing-odd
amplitudes are pure real. From Eq. (11) and the
crossing properties of the ~A,

~ and A~ it would
then follow that

do' + do'—(yP - v'n) = (yn —vP),-dt dt
which is contrary to experiment. The conclusion
is that we do not have a simple asymptotic regime
of the type just outlined and in support we note that
the polarization at 5 GeV/c is different from that at
16 GeV/c. It would be interesting to have results
over a considerable range of high energies in vari-
ous types of polarization experiments to elucidate
the situation.

IV. CHARGED-PION PHOTOPRODUCTION

BY POLARIZED PHOTONS

If o and o~~ are the cross sections for yN- wÃ

with photons polarized perpendicular and parallel
to the production plane, respectively, then at high
energies oj comes wholly from natural-parity I;-

channel exchange and o
t~

from unnatural-parity t-
channel exchange. At 2 GeV/c the asymmetry ratio
A' = (o~ —o

~, )/(o, + o
~, ) has been measured for v'

photoproduction, respectively. It is found that the
asymmetry ratio A' for yP- m'n is A'=0. 7 in the
range -0.2& t& -0.8 GeV' while the ratio A for
yn m P is A =0.0 in the same t range. Within the

V. & PHOTOPRODUCTION

In Fig. 9 we plot the contribution to the high-en-
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FIG. 8. The curve shows the high-energy yp x+n

or yn m p asymmetry ratio& =(o~-o~~ )/(o~+o;~ )
for polarized photons, where o~ and o~~ are the contri-
butions to the cross sections from the real parts eval-
uated using the fixed-t dispersion relations, integrated
over the low-energy resonances. Some representative
experimental pointss are shown as A for yp n+m and
~ for pe & p.

suggested quark model, A'=A (since the only dif-
ference in the model is in the charge of the proton
quark and that of the neutron quark} giving an ap-
parent disagreement between the data and the mod-
el. However, the cross section for w production
is small, so we would expect a large proportion of
this amplitude to be outside the model, for example
from pion exchange which is of unnatural parity and
contributes to o~~, thus reducing A. Indeed for
-0.2& t& -0.8 GeV' the charge ratio o~(yn v-P}/
o~(yj- v'n) is close to the exact model value of
25%%uo, while the charge ratio for o'~~ is approximately
unity. The inference is that the model contributes
only to o~ (natural-parity exchange) which domi-
nates yP- w'n and that the smaller o~t (unnatural-
parity exchange) only becomes important for
yn~ 7T p

We show in Fig. 8 the ratio A = (oj —o~~)/(o~+ o~~)

of the high-energy real parts as evaluated by the
fixed-t dispersion relations from the low-energy
resonances.
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it was shown in Ref. 19 by arguments based on our
simple quark model of Fig. 2(a) that

100.0

Al

C9

bl IO.O

CU

I

I.O

(13)

It should be emphasized that the arguments leading
to (13) involve the quark spine and thus (13) has not

quite the same status as the charge ratios (8) and

(8). The experiments give results at or somewhat
above the upper limit in (13), leading, as shown in

Ref. 19, to quark-spin scalar dominance and strong
dominance of 0~ in neutral-pion photoproduction.
Recent experimental results. on the asymmetry
A = (ai —ai, )/(aj + a, i) in w' photoproduction show

that A is in the region of 0.9 to 1.0, corresponding
to strong dominance of o~, except in the region of
t= -0.6 GeV' where there is a drop in A to about
A. = 0.8. At t= -0.6 GeV' there is the well-known

dip in m' photoproduction, where presumably pro-
cesses from outwith the model become relatively
more important.

VI. DISCUSSION AND CONCLUSIONS

O. l

0 0.2 0.4 0.6 0.8
-t (Gev~)

1.0 l.2 l.4

FIG. 9. The contribution to (s -M ) da/dt arising
from the real parts of the high-energy yp x p photo-
production amplitudes as evaluated using the fixed-t
dispersion relations (7) at 16 GeV/c. The different
curves show the inclusion of successively higher-mass

' resonances in (7) and the solid circles are a representa-
tion of the experimental high-energy data. Curves 1, 2,
3, and 4 include resonances through, respectively,

Sff{1560), di3(1520), f g((1690), f 37(1920) ~ Curve 5
includes resonances plus nonresonant background.

do' do'
8,=

d (yP- I P) d
(yn- s'n), (12)

ergy w photoproduction cross section of the real
parts of the amplitudes evaluated by the fixed-t
dispersion relations. We show curves correspond-
ing to the inclusion of successively higher-mass
resonances in the dispersion relations, as in the
charged-pion case. Unlike the charged-pion case
there is no uniform tendency; but like the charged-
pion case (for -0.2) i) -0.8 GeV') there is no evi-
dence of saturation of the dispersion relations by
the low-energy resonances. When we bear in mind
the uncertainties of the present data and the result-
ing partial-wave analyses, it is probably not worth-
while to comment further on the confusing situation
evident in Fig. 9.

There is no simple prediction on the ratio of neu-
tral to charged-pion photoproduction. However, if
one considers the ratio

We have noted in Sec. I how the duality diagrams,
combined with some weak vector-meson-dominance
assumptions, lead to certain ratios for the imagi-
nary parts of the amplitudes, Im A, for yN- m'N

and yN- m'4; we have shown how the same ratios
follow in an explicit quark model. Experimentally,
and in the region -0.2 ) t ) -0.8 GeV', the predicted
ratios on ilmAl' hold for da/dt which is propor-
tional to elm A P+ iReA i'; since the ratios are' not
predicted for ReA, because of the contribution to
ReA of distant u-channel resonances, a problem is
posed. The suggested resolution of the problem is
that the combined contributions to ReA of the "low-
and medium-energy" s- and u-channel resonances
are negligible, so that ReA is either small com-
pared to ImA or dominated by the "high-energy" s-
channel resonances which would maintain the
charge ratios in ReA. By explicit calculation, us-
ing fixed-t dispersion relations for yN- w'N, it was
shown that the cancellation of the contributions of
low-energy s- and u-channel resonances to ReA, is
strongly suggested by our present knowledge of the
low-energy resonances (and the associated ImA)
from multipole analysis. On the other hand, in the
region 0& t&-0.2 GeV', where the cross sections
for yP- m'n and yn- n P are tending towards equal-
ity in the forward direction, the fixed-f dispersion
relations are dominated by the very-low-energy s-
and u-channel resonances, in particular by the
(gauge-invariant) Born terms and the 4; thus (da/
dt),„z= (ReA)', where ReA is found from the fixed-
t dispersion relations.

The charge ratios for the imaginary part of the
yN- n'N photoproduction amplitudes are given by
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Im A(yn- v P)/1m A(yP- s'n) = 2 . (14)

The duality-diagram relations which, together with
the assumption that a photon couples to vector me-
sons as a U-spin scalar, lead to (14) are'

Im(s P- &o'n) = -Im(v P- p'n),

Im(s'n- (o'P) = -Im(v'n- p 'P) .
(15a)

(15b)

Since the square of (14) holds experimentally for
the cross sections, (~~ lmA~'+

~
ReA~') in the re-

gion -0.2 & t & -0.& GeV', it is interesting to see
whether the squares of (15) also hold experimen-.
tally for the cross sections (~( imA('+

) ReA[') in
the same t region. We do have experimental infor-
mation" both on m'n - co'p and w'n -p'p which sug-
gests that, for -0.2&t&-0.8 GeV',

dO' + 0 do'—(v'n- asap) = (n'n- p'p—) .dt dt (18)

Another duality-diagram prediction, related to
yN- w4, for which information exists on the cor-
responding cross section is

Im(m'P- (u'a") = Im(v'P -p'a")
and experimentally, "for -0.2 & t& -0.8 GeV2,

—(s'P - (u'S") —(v'P- p'a") = 1.5,dt dt (18)

which is perhaps in slightly worse agreement with
the square of (1V) than the photoproduction cross
sections (2) are with (6). (We wish to remark on
the empirical status of our observations that the
duality-diagram relations hold good for the whole
amplitude, in certain cases, and that concomitantly
in w' photoproduction the contributions of the low-
energy s- and u-channel resonances to the high-
energy amplitude cancel. Since we have no theory
we cannot foretell that such relations hold for all
reactions. In particular similar whole-amplitude
duality-diagram relations may very well not hold
for kaon-initiated reactions, since here the s and
u channels have a dissimilar nature, one being ex-
otic and one nonexotic. )

In the extreme forward direction 0& t&-0.1 GeV',
for w'n-p P, co P and for n P-p n the p cross
section rises as -t tends to zero and the aP cross
section falls to zero, agreeing with the photopro-
duction through a vector-meson-dominance pre-
scription. " Another way of stating this compari-
son, independently of any vector-meson-dominance

assumption, is that the experiments on both yN- m'N and m'N- p N, m'N- co'Nin the extreme for-
ward direction (0 & f & -0.1 GeV') are in some rough
agreement with the Born approximation. It would
be interesting to investigate in more detail the con-
tribution of the Born approximation and other low-
energy resonances (such as the lowest decuplet) to
the real parts of the amplitudes for other nonelas-
tic high-energy two-body reactions in the extreme
forward direction.

If we were to take the naive quark model serious-
ly, we might have in mind the following picture of
forward pion photoproduction. In the region of very
small invariant four-momentum transfer, the
(gauge-invariant) Born-approximation amplitudes
for yN- m'N represented by the diagrams of Fig.
3(a) for yN- v'N are important, maybe dominant,
and give a forward spike. The amplitudes with 4
as intermediate state illustrated in Fig. 3(b) when
added to the Born terms give a more pronounced
forward spike, as shown in Fig. V. This is com-
patible with a composite model insofar as for small
momentum transfer the quark that is struck by the
photon will tend to remain in the same spatial state,
so that the intermediate state will tend to be that of
the nucleon itself or the 4 which has the same spa-
tial wave function as the nucleon in the quark mod-
el, as in the nucleon pole term of thy Born approxi-
mation. When the struck quark is not excited the
sum over intermediate states allows the pion to be
emitted from a quark other than that which inter-
acts with the photon [Fig. 3(c)j; when such emis-
sions from all possible quarks are taken into ac-
count we then regain the nucleon pole as an impor-
tant part of the composite model. Strongly varying
extreme forward behavior, also presumably asso-
ciated with a gauge-invariant pion-pole term, is
observed for yN- m'4. At larger —,t than the ex-
treme forward, or pion-pole region, spatial exci-
tation of the quarks becomes more important and
the photoproduction situation is as in Fig. 2(a),
leading to the charge ratios discussed above in the
region -0.2» t& -0.8 GeV . For -0.8 GeV &t one
is in another region, which would presumably cor-
respond, in the quark model, to stronger interac-
tions of the initially excited quark with the other
quarks —that is, to multiple scattering.
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