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Exclusive photoproduction cross sections have been measured for the processes yp~vr+n, yp m p,
yp~m b, ++, yp —i p p, yp —l K+A, and yp~ K+X at large t and u values at several energies for each process
between 4 and 7.5 GeV. These measurements taken together with past data taken at small values of t and u

provide complete angu]ar distributions. The data show the usual small t and u peaks and a central region in

which the cross section decreases approximately as s '. The results are discussed within the context of parton
or constituent models.

I. INTRODUCTION

This paper presents angular distributions for
exclusive photoproduction processes at large val-
ues of t and u measured with a missing-mass
spectrometer technique at the Stanford Linear
Accelerator Center (SLAC). These data, taken
together with previous data at values of t from
0 to —2 (GeV/c)' and small values of u from 0
to —1 (GeV/c)', provide complete angular distri-
butions for several'exclusive photoproduction pro-
cesses at photon energies in the range from 4 to
7.5 GeV. The exclusive channels for which mea-
surements have been made in this experiment are
listed in Table I.

The results for the process yP m'n have been
published in preliminary form. ' Prior to this set
of measurements, data existed over a limited re-
gion of the forward t channel and the backward u

channel. Cross sections at large t and u values
are much smaller than cross sections for the ex-
treme forward and backward regions and conse-
quently are difficult to measure. The data of Ref.
1 showed that the forward and backward regions
are quite distinct from the region of large c.m.
angles in that the large-c. m. -angle cross sec-
tions at fixed angle are characterized by a fairly
steep energy dependence (approximately s ').
This "central region" for a variety of exclusive
processes is the focus of the present measure-
ments.

The large-c. m. -angle region is currently a very
active area of study, both experimentally and theo-
retically. The inclusive or inelastic hadron pro-
cesses at large transverse momentum have been
observed to show a transverse-momentum behav-
ior considerably in excess of the e '~~ predicted
on the basis of thermodynamic models, and ex-

elusive scattering processes have been observed
to show a simple power-law energy dependence
at fixed c.m. angle. These features have gener-
ated considerable theoretical thought, focusing
primarily on parton or constituent models. The
exclusive processes reported in this paper will
be examined from the standpoint of these constitu-
ent models to determine if any simple scaling fea-
tures at large c.m. angles emerge.

Exclusive processes in Regge-type theories are
expected to factorize in the form do/dt-f, (t)s~2~'~

for t-channel behavior and do/du-g, (u)s'2 "l for
u-channel behavior. This behavior has been con-
firmed for the small t and u regions, but is not
expected to deal adequately with the large t and
u region. Models which deal with this region
are the constituent or parton models, of which
a comprehensive summary may be found in the
review paper of Sivers, Brodsky, and Blank-
enbecler. ' Constituent models of the type of
Gunion, Brodsky, and Blankenbecler, ' and Lands-
hoff and Polkinghorne, ' while not scale invariant,
nevertheless show a scaling behavior. These con-
stituent models, in general, predict cross sec-
tions for the large t and u region to be of the

Process

yP 7t+n

yp ~7l p
yp m 4"+
yp ~p
yp -K+A
yp ~+++0

Energy (GeV)

4, 5, 7.5
4, 5
4, 5
4, 6

4, 6
4, 6

TABLE I. List of reactions and photon energies covered
in this experiment.
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do 1——~f(cos8*),
8

a lower limit on the Compton-scattering cross
section by using the vector -dominance contribu-
tion to the cross section through the relation

where 8* is the c.m. scattering angle.
The constituent-interchange model of Brodsky,

Blankenbecler, and Gunion' makes specific pre-
dictions for the power dependence of s and the
functional dependence of f(cos8*), but does not
predict absolute cross-section values. General
dimensional counting arguments of the type of
Matveev, Muradyan, and Tavkhelidze, ' and Brod-
sky and Farrar' also make specific predictions
for the s dependence of exclusive processes.
Specifically, the s-power fixed-angle behavior
for exclusive processes is expected to be

do 1
ir s f (cos6i+) IS

where E is the number of "elementary" fields
participating in the reaction. If the photon is as-
sumed to be one elementary field, then the pre-
(bction for meson photoproductxon ~s

do' 1—- —f(cos8*) .
8

It mill be shown that the results of the present ex-
periment are consistent with these predictions in
the large-c. m. -angle region.

Both Regge and constituent models also closely
connect the exclusive and inclusive cross sections.
The connection is prescribed for any theory; the
correspondence principle of Bjorken and Kogut'
is the connection for constituent-type theories.
In a subsequent paper, we will report the results
of inclusive photoproduction of m, &, and P in the
energy range 5-20 GeV, and discuss the quantita-
tive connection between the exclusive and inclus-
ive domains.

An additional area of interest is large-angle
proton Compton scattering. Constituent models
of the above types mill apply to this process and
similar predictions can be made. However, this
process can be treated more specifically, since
yP- yP in a constituent model is simply the elas-
tic scattering of photons from the constituents,
and an absolute cross section in terms of the
Klein-Nishina expression, constituent charges,
and the proton form factor can be derived. Pre-
vious results on inelastic Compton scattering and
large-angle muon-pair production suggest cross
sections considerably higher than the constituent-
model predictions. While the large-angle exclu-
sive Compton-scattering cross section has not
been measured directly in this experiment, the
exclusive large-angle photoproduction of p me-
sons has been measured and can be used to set

The comparison to a constituent-model prediction
is made in the last section.

II. EXPERIMENT AND APPARATUS

This experiment was performed at SLAC using
the 8-IGeV/c spectrometer facility in End Station
A. Figure 1 shows the beam setup. The detailed
aspects of the experiment are discussed below.

A. Beam preparation and monitoring
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FIG. 1. P1an view of experimenta1 layout.

Where lower photon intensities were sufficient,
a pure bremsstrahlung beam was prepared with a
radiator 52 m upstream from the liquid hydrogen
target (distant targeting) followed by a well-
shielded dump magnet to remove the main elec-
tron beam. In order to obtain maximum photon
beam intensities, a radiator was inserted 2 m
upstream of the hydrogen target (near targeting)
and both electrons and photons passed through the
hydrogen target.

The distant-targeted pure photon beam mas colli-
mated to a spot size of approximately 1 cm by 1
cm at the target by a high-power mater-cooled
collimator about one-third of the distance between
the radiator and the hydrogen target. A secondary
collimator, located two-thirds of the distance be-
tween radiator and target, intercepted any halo
surrounding the beam after primary collimation.
The charged-particle spray remaining after this
collimation was removed by a second sweep mag-
net and intercepted by a lead brick wall, which
contained a collimator of fixed size to pass the
main photon beam. To keep backgrounds down
after passing through the hydrogen target, the
beam went through a 54-m-long helium duct. The
beam was stopped and monitored in a secondary-
emission quantameter (SEQ) located in a well-
shielded cave just inside the end station. The
secondary-emission quantameter was a second-
ary standard and was periodically calibrated rela-
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tive to a silver calorimeter that served as the pri-
mary standard. ' A beam intensity of 5@10"equi-
valent quanta (EQ) per second was typically ob-
tained.

For the near-targeting operating mode, remote-
ly controlled radiators of vaxious thickness were
inserted just befoxe the target, the SEQ was low-
ered out of the beam line, and the primary elec-
trons plus the radiator-produced photon beam
were deposited in the high-power water-cooled
beam dump (Beam Dump East) buried in a hill
91 m behind the end station. The helium duct be-
yond the target significantly reduced backgrounds
by reducing the material with which the electron
beam could interact.

B. Targets

The hydrogen target cells were aluminum cylind-
ers 8.89 cm in diameter with 0.025-cm-thick walls
and 0.010-cm-thick aluminum end caps. The tar-
get-cell lengths were 15.2 and 30.6 cm, and iden-
tical dummy cells were used to measure empty-
target backgrounds. The liquid hydrogen was cir-
culated through the cells and to a heat exchanger
by a pump in order to eliminate any variations of
density induced by heating due to the electron
beam.

C. Particle identification

The counting system is shown in Fig. 2. The
system was designed to simultaneously identify
pions, kaons, and protons over the full range of
spectrometer momenta. In addition to trigger
counters and hodoscope systems to measure
angles and momenta, the system contained three
threshold Cerenkov counters and a time-of-flight
system which could be used in various configura-
tions to give simultaneous particle identification
over the full range of the experiment. The three
threshold Cerenkov counters consisted of a Lucite
counter, a Freon-12 counter operating up to 5

atm, and a Freon-13 counter operating up to 19
atm. The Lucite counter was used to discriminate
against protons below 1.5 GeV/c and nonrelativis-
tic background particles. The Freon-12 counter
was set to count pions only. At full pressure, the
Freon-43 counter thresholds for pions, kaons,
and protons were 0.77, 2.75, and 5.2 GeV/c, re-
spectively. In addition, a time-of-flight system
could be used to identify kaons with momenta be-
low 2.75 GeV/c, and protons with momenta below
5.5 GeV/c. To measure times of flight, the pri-
mary electron beam was modulated into 0.5-nsec-
wide bursts, occurring at 25-nsec intervals. The
spectrometer counting system measured the rela-
tive arrival times of the detected particles at the

D. Spectrometer hodoscope systems and focusing properties

To first order, the focusing of the 8-GeV spec-
tx ometer was parallel to point for the production
angle in the horizontal plane, and point to point
for the momentum in the vertical plane. " The
production-angle focal plane was perpendicular
to the central ray and separated from the momen-
tum focal plane (P coordinate) by 0.5 m. Two
hodoscopes placed at each of the respective focal
planes allowed separate measurements of produc-
tion angle (8 hodoscope) and momentum (P hodo-
scope). Additionally, a 21-unit "X hodoscope"
was installed 2 m in front of the 6) hodoscope. In
conjunction with the 8 hodoscope, it permitted the
reconstruction of the interaction point in the tar-
get. The solid-angle acceptance was determined
for the vertical plane by variable entrance slits,
and for the horizontal production plane by the
scintillation counters at the 6) focus.
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FIG. 2. S-GeV Spectrometer-counter layout.

scintillation counter S-2, which was 22.86 m from
the hydrogen target. The time resolution obtained
in this experiment was 1 nsec full width at half
maximum. The time-of-flight system was only
used when necessary, as the required modulation
of the primary electron beam xesulted in a sub-
stantial reduction in beam intensity.

Pious below 1.4 GeV/c were identified by using
the Lucite counter, and for momenta above 1.4
GeV/c the two gas Cerenkov counters were used.
Protons were identified with a "default" trigger
by placing the Lucite counter in veto at low mo-
mentum, and at least one gas Cerenkov counter
in veto at higher momenta. For kaons with mo-
menta below 2.75 GeV/c, time of flight gave ex-
cellent discrimination between protons and kaons.
A "missing mass" technique looking for a kine-
matic step at the appropriate missing mass was
used to analyze the particle yields. Since un-
wanted particles appear as a monotonic back-
ground underneath the step, only moderate re-
jection of unwanted particles was required. This
monotonic background was small for all the mea-
surements.
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E. Event processing

An event satisfying the appropriate combination
of scintillation and Cerenkov counters triggered
the fast electronics and initiated an interrogation
strobe for the hodoscope elements. The informa-
tion from the hodoscope elements was stored in
buffers, arranged as one buffer bit per hodoscope
scintillator. The strobe pulse was 5 nsec in width

and only one such event could be stored per accel-
erator spill (1.5 p, sec). Photon-beam intensities
were adjusted such that the computer dead-time
effects were always less than 15% (typically 5%).
Bate effects in the fast electronics were kept to
less than 5%. These dead-time effects were well
understood and the data were corrected according-
ly.

The on-line computer (SDS-9300) decoded the
hodoscope-bit patterns during the time interval be-
tween accelerator pulses with the following criter-
ia for event selection.

(1) A single "good" event pattern in each of the
three hodoscopes (X, 8, and P) was required for
unambiguous event identification. For the X hodo-
scope with nonoverlapping elements, a good event
pattern required counts in a single counter or two
adjacent counters. For the 8 and P hodoscopes,
which were constructed of two overlapping rows
of scintillators, counts in one to three adjacent
elements represented an acceptable event.

(2) In the 8 and P hodoscopes, the particle was
required to be within a fiducial region restricted
to a well-understood region of the spectrometer
acceptance. This fiducial region was symmetric
about the central spectrometer ray, and corre-
sponded to a momentum acceptance of &P/P
= 3.76% in 18 bins of 0.209% each, and a 8 accept-
ance 48 of 10 mrad in 33 bins of 0.302 mrad each.
The vertical acceptance, 4Q, was set typically to
24 mrad by adjustable slits at the spectrometer
entrance.

(3) The event was required to originate from the
vicinity of the target. This cut was made by re-
constructing the particle trajectory from the co-
ordinates determined at the X and 8 hodoscopes.
The spatial resolution was of the order of one
target length, sufficient to achieve substantial re-
jection of unwanted background particles penetrat-
ing the shielding. A few percent of true events
were rejected by this cut.

When the time-of-flight system was used, the
events passing the hodoscope and target cuts
were subjected to a software time cut applied to
the output of a time-to-pulse-height converter
(THC). A single channel in the THC corresponded
to a time resolution of 0.37 nsec.

Events which satisfied the above conditions

were within the well-understood acceptance of the
spectrometer and had a precisely determined mo-
mentum and a precisely determined production
angle. The particle identity had previously been
determined by the combination of Cerenkov count-
ers in the trigger, and that information was
passed to the computer through special flag bits
set by the fast electronics. The missing mass
associated with the particle was then calculated,
and the event was entered into the corresponding
missing-mass histogram for that particular type.
Displays for these histograms, as well as those
for monitoring hodoscope and THC performance,
were readily available during data taking.

F. Data taking

Data were taken over a range of missing masses
about the kinematic threshold. The missing mass
was more efficiently stepped by changing the spec-
trometer momentum rather than changing the spec-
trometer angle. Thus, to determine a cross sec-
tion, the spectrometer angle was fixed and the
spectrometer momentum was stepped to make a
set of runs. The duration of an individual run
was typically 5 to 20 minutes. At the end of an
individual run, the counts per missing-mass bin
were normalized to the number of equivalent
quanta (EQ) measured by the beam monitor, and

the result was stored on an external magnetic
drum of the computer. The computer software
combined the set of runs taken at a fixed specif-
ied spectrometer angle into a missing-mass
"sweep. " In order to eliminate systematic er-
rors, the data for a sweep were accumulated in
interleaved order.

The final data from a running period therefore
consisted of a series of missing-mass sweeps
which were subsequently analyzed off-line in or-
der to determine the size of the kinematic steps
and ultimately the cross sections.

G. Data analysis

The cross sections were obtained from an analy-
sis of bremsstrahlung yield curves where the angle
and momentum of the detected particle are deter-
mined by a spectrometer. ' For a two-body pro-
cess such as yp- n'n, the angle and momentum
determinations of the m' meson determine the en-
ergy of the photon which initiated the reaction.
As the threshold for the process is crossed by
changing the angle or the momentum of the spec-
trometer, a step rather than a peak is seen in the
yield curve since the bremsstrahlung spectrum is
continuous up to the end-point energy. The size
and shape of the step reflects the magnitude of the
cross section at the step and the shape of the end
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point of the bremsstrahlung spectrum. The step
occurs, of course, at a missing mass correspond-
ing to the recoiling particle. As the yield curve
is continued to larger missing-mass values and
other processes become kinematically possible,
additional steps will appear in the yield curve at
the appropriate value of the missing mass.

Thus the detection of the reaction yp- m'n corre-
sponds to a step in the detected pion yield mea-
sured as a function of w' momentum for a fixed
angle and a fixed bremsstrahlung end-point ener-
gy. The step appears at a missing mass corre-
sponding to that of the undetected recoil neutron,
while for the process yp- n 4" the missing mass
corresponds to the mass of the ~" resonance.
Similarly, for the reactions yp —7t'p and yp —p p
the recoil proton is detected, and the steps in the
proton yield correspond to the m' mass and p
mass, respectively. For the processes yP-K'A
and yp-K'Z', the K' mesons are detected, and
the missing-mass steps in the yield curves cor-
respond to the A and Z' masses, respectively.

Figure 3 shows typical yield curves for each of
the processes studied in this experiment. The
figures show the typical kinematic step at the
threshold for producing the appropriate particle
at fixed momentum and angle. Each cross-section
measurement corresponds to a separate yield
curve except for the processes yp-K'A and
yP-K'Z ', where the thresholds are kinematically
very close. The yield curves are analyzed by
fitting them with a smoothly varying background
function plus a function with the appropriate shape
for the kinematic step. The figure shows the back-
ground function plus the kinematic step function
as solid lines. The ordinate is proportional to the
yield per EQ, and the abscissa represents the
missing mass squared in (GeV/c')'. In each case the
threshold step is clearly visible. The kinematic
function with the appropriate shape for the kinema-
tic step consisted of the following components:

(1) the bremsstrahlung spectrum,
(2) the Jacobian, J(k, t I P, 8) for the reaction being

fitted, where k is the effective photon energy, t is
the 4-momentum-transfer squared, P is the mom-
entum for a missing-mass bin, and 8 is the particle
produc tion angle,

(3) a linear approximation to the k and t depend-
ences of the cross section as the values for these
variables varied over the range of missing mass
used in a fit to the kinematic step;

(4) a Gaussian smearing term to include the
spectrometer resolution function.

In addition, for the cases of 6 and p production,
the expression for the shape of the kinematic step
was folded with the appropriate Breit-Wigner mass
spectrum. A standard fitting procedure was then
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FIG. 3. Typical. missing-mass sweeps at E& =4.0 GeV
for the processes measured in this experiment, showing
(a) yp —a b,++, (b) and (c) yp -a a, (d+) and (e) yp-ap,
(f) and (g) yp -K+(A/~ ), and (h) and (i) yp —(p +~)p.
The solid lines show the best fits to the data assuming
the functional forms for signal and background discussed
in the text. The meson c.m. angle 8* is indicated for
each figure. (h) and (i) also show the subtracted signal
as a separate solid line.

used to determine the best values of the coeffici-
ents for the sizes of the kinematic-step and back-
ground terms. The separation of the background
from the signal depended to some extent on the
assumptions made as to the functional dependence
of the background. The background subtraction
was assigned an uncertainty of 25% to take into ac-
count this dependence on the analysis assumptions.
This error assignment was believed to be conserv-
ative.

To obtain absolute cross sections, the following



R. L. ANDERSON et al. 14

set of corrections was made:
(1) The 8 and momentum hodoscopes, consisting

of overlapping arrays of scintillation counters,
were 99% efficient, while the X hodoscope (a single
row) was 98% efficient. The overall efficiency of
the hodoscopes was (96+ 3) /0.

(3) Electron knockons in the material of the de-
tection array caused ambiguities in one or more
hodoscopes, resulting in "good" events being re-
jected by the on-line software. This loss through
knock-on events was (7+3) /0.

(3) Particles were removed by interactions in
the material of the counter array. This loss was
(16 +3)%.

(4) For spectrometer angles less than 64 the full
target length was seen by the spectrometer, while
at larger angles a small effective-target-length
corx ection was made.

(6) The loss of particles by absorption in the
target was between 1% and 2%.

(6) The efficiencies of the gas Cerenkov counters
were typically 97/p, and the Lucite-counter effici-
ency was 95 jp.

(7) Rate-dependent losses in the fast electronics
were always less than 5%.

(8) For pions and kaons, a, correction was made
for the losses by decay in the 22.8-m flight path
thxough the spectrometer.

The data were normalized using the absolute
beam intensity calibration arri the known solid-
angle acceptance of the spectrometer. As a check,
electron-proton elastic cross sections were mea-
sured and agreed with the known cross sections to
5'.

The systematic errors (in addition to those dis-
cussed in the fitting procedure) were estimated
to be 7 jp. These errors came chiefly from the sol-
id-angle calibration and the uncertainties associat-
ed with the absorption corrections and detection
efficiencies of the particles.
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inary report of which may be found in Ref. 1. The
errors were calculated by adding, in quadrature,
the statistical errors, systematic errors, and the
error introduced by the subtxaction of the back-
ground underneath the kinematic step. A detailed
discussion of the errors is found in of Sec. II(G).

For ~t1 values up to about 3 (GeV/c)', the data
show the typical exponential (e'") falloff of the
cross section observed by Boyarski et a/. " The

m. RESULTS

The results of these measurements are tabulated
in Tables 2-6 and shown in Figs. 4-18. The cross
sections do/dt are shown plotted both as a function of f
and cos8*, where 8*is the c.m. scattering angle. The
cross sections are also plotted as s'dtJ/dt versus
cos8* on a common plot for each exclusive process
in order to show the features of the fixed-angle en-
ergy dependence relative to the s ' behavior ex-
pected on the basis of the large-angle scattering
models.
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A. The reaction yp~m+n

Figures 4-6 and Table II present the data for the
process yp- ~'n at 4, 5, and 7.5 GeV, a prelim-
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It I fIGev/c)e]

FIG. 4. da Jdt versus t for the reaction yp —m+n at
(a) E& = 4.0 GeV, (b) E& = 5.0 GeV, and (e) E& = 7.5 GeV.
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FIG. 6. svdo/dt versus cos&* for the reaction yp—7r+n. The solid line shows the empirical function
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fit to the angular distribution.
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FIG. 5. do/dt versus cos&* for the reaction yp -~'n
at (a) Ey 4 0 GeV& (b) Ey 5 0 GeV& and (c) Ey 7 5
GeV.

data for small Iu I
values show a slower falloff with

u (e""), which is in reasonable agreement with
the results of Anderson et a/. " The central plateau
region is distinct from either of these regions and
has only a small dependence on the I; or u values,
but has a very strong s dependence. The data of
Ref. 11 and 12 are indicated on Fig. 4 by the solid
lines.

The s dependence of da/dt at -90' c.m. is
s ' "', while examination of Fig. 6 shows that an
s ' behavior of do/dt at a fixed angle represents
the data over a wide range of angles.

B. The reactionyp~m p

Figures 7-9 and Table III present results for
the process yp- m p at 4.0 and 5.0 GeV. Compton

scattering yp- yp is not distinguishable from the
process yp- m'p within the resolution of this ex-
periment. On the basis of vector-dominance
arguments, the cross section for Compton scatter-
ing is expected to be approximately l/200 that of
p production. As will be subsequently shown,
the ratio of p production to m' production has been
determined in this experiment to be approximately
4 over the region of the n' measurements. Con-
sequently, the contribution to the m' signal from
proton Compton scattering amounts to only a few
percent and has accordingly been neglected. Pre-
vious data at small t values are indicated in the
figures by a solid line. ""The results are very
simila, r to the m' data, but the 4.0-GeV n' angular
distribution gives a dip structure at It I

values of
about 2.5 (GeV/c)' and 4.5 (GeV/c)'. Points run
at similar kinematic conditions have almost identi-
cal systematic errors and therefore this dip struc-
ture appears statistically quite significant. This
effect is also present but less pronounced in the
5-GeV data at a

I
t

I
value of 6.5 (GeV/c)'. The low-

t region again has a characteristic e" behavior,
as may be seen from Fig. 7. The very low t cross
sections show a dip structure which is not covered
by the data of the present experiment, but which
is represented by the solid line in Fig. 7 and
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TABLE H. Cross-section tabulation for the process
'yp ~7r+S.

f(Ge V/~i'j

0.95
1.78

21
2.62
3.01
3.37
3.71
4.01
4.29
5.14

1.44
2.03
2.20
2.54
2.63
2.88
3,21
3.53
3.76

cos0"

0=4 GeV

0.716
0.468
0.340
0.217
0.101

—0.007
-0.109
—0.198
-0,282
-0.536

0.663
0.525
0.486
0.406
0.385
0.327
0.249
0.175
0.121

d~/dt [nb/(Ge V/c)']

236 +6
23.2 +1.5
5.75+ 0.52
3.85+ 0.38
3.52 + 0.32
2, 84 + 0.30
3.39+ 0.24
4.17+0.33
4.47 + 0.45

12.2 + 1.9

44.3 + 2.4
5.81 + 0.35
:3.14 + 0.23
0.86 + 0.14
1.07 + 0,16
0.90 j- 0.09
0.89 + 0.10
0.92+ 0.10
1.07 + 0.13

IO

IO~ = ~

Io~—

Ey=4 GeV

&max
I

I

I
I

yO I

I

I

I

I

I

I

I
I
I

I

I

I

I I i

Ev=56eV

(a)

4.13
4.27
4.74
4.92
5.37
5.58
5.86
6.12
6.42
6.80

l.95
2.24
2.54
3.02
4.12
5.04
6.17
6.61
I e17
8.23
9.40

10.43
11.26
1i.63

0.034
0.002

—0.108
-0.150
-0.256
—0.305
—0.370
—0.431
—0 ~ 501
—0.590

&=-7.5 GeV

0.705
0.661
0.616
0.543
0.377
0.238
0.067
0.000

—0.085
-0.245
-0.422
-0.578
-0.703
-0.759

0.80+ 0.11
0.69+ 0.11
0.78~ 0.11
0.61+0.12
0.52+ 0.10
0.73» 0.12
0.73+ 0.12
1.35+ 0.25
1.28 + 0.25
3.35+ 0.56

3.45 + 0.16
1.15 + 0.12
0.481+ 0.079
0.212 + 0.051
0.121+ 0.019
0.065 + 0.023
0.050~ 0.013
0.045 ~ 0.019
0.030~ 0.018
0.059+ 0.033
0.030+ 0.026
0.169+0.038
0.374 + 0.097
0.83 +0.14

represents the experiment of Braunschweig et al,."
Data in this energy range for very small gg values
show a backward peak which reaches a maximum
near ~ =0 and decreases for positive gg. The cross
section falls rapidly out to u = —0.4 (GeV/c}', and
then continues slowly downward with a characteris-
tic e""behavior. The s dependence of the cross
section at fixed u is fairly mell represented by

&max
I

I

I

I

I

I

~ I

I

gO p
~

8 IO IZ

I I I [(Gev/c) ~]

FIG. 7. do'/dt versus t for the reaction yp 7(op at (a}
E&

—-4.0 GeV and @)E& = 5.0 GeV.

s ' s.t least out to u =-1.0(GeV/c)'. The cross sec-
tions again have a central region where the s de-
pendence is much steeper than the forward or
backward regions. The s dependence of do/df mea-
sured at 90 c.m„goes as s '" '. Figure 9 shows
that an s ' behavior of do/dt at fixed angle is a
fairly good representation of the data, but the
presence of dip structure makes this comparison
qualitative in nature. A comparison of the central
region values of do/df for the mop and vr'n data at
4 and 5 GeV shows that the cross sections are sim-
ilar but that the m'p cross sections are higher by
a factor of approximately 2.
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yP = 7T P
I M I I I I

I
I I I I

I
I I I I I 1 I I

I

TABLE III. Cross-section tabulation for the process
pp ~7l' p.

Ey=4 GeV [~Ge V/c) ~] cos0* da/dt [nb/GeV/c)'l

N
0

~C

10

10 I

100 I I I

Ey=5 GeV

10

1.19
1.58
1.89
2.24
2.49
2.64
2.88
3.07
3.26
3.53
4.03
4.54

5.05
5.54
5.98

k=4 GeV

0.644
0.529
0.435
0.329
0.255
0.211
0.140
0.084
0.025

-0.055
—0.203
—0.356
—0.508
—0.654
-0.785

k=5 GeV

184.2 + 7.9
102.9 + 3.3
40.1 + 2.1
15.9 +2.0
4.93+ 0.71
1.83+ 0.62
4.62 + 0.51
3.87 + 0.41
5.97 + 0.43
6.78 + 0.77
6.57 + 0.48
4.25+ 1.04
8.06+ 1.63

22.5 +2.0
24.1 + 2.0

IO

100 iiiil»«Iiiiili»i
10 05 0 -05 -10

cos 8'
FIG. 8. der/dt versus cos&* for the reaction yp —~'p

at (a) E& = 4.0 GeV and (b) E& = 5.0 GeV.

1 ~ 10
1.41
1.87
2.44
2.63
3.26
3.57
4.07
4.43
4.99
5.58
6.38
6.96
7.49

0.743
0.671
0.562
0.431
0.386
0.238
0.166
0.048

-0.035
—0.167
—0.304
—0.490
—0.626
—0.751

179.6 + 9.5
132.6 +7.0
27.5 + 3.1
3.56+ 0.84
2.78 + 0.31
1.71 + 0.18
1.91 + 0.16
1.42 + 0.17
1.61+ 0.24
1.87+ 0.19
2.45+ 0.38
1 ~ 78+ 0.37
4.46 + 0.37
8.40+ 0.78

10IO

IO

IO'

bI-

10

I I

yp 7T p

~ Ey =4 GeV

& Ey =5 GeV

C. The reaction pp~w-6"

Figures 10-12 and Table IV show the results for
the process yp- m 6"at 4 and 5 GeV. Again,
the angular distribution is similar to the m' and m'

data in that the forward and backward peaks are
joined by a central region with a steep s dependence
(however, with no discernible structure), which
goes as s ' ' at 90' c.m. . Another significant
feature of the m data is that the central-region
cross sections at fixed energy are approximately
6-7 times larger than the corresponding w' values.
The small u value peak, while present, is less
pronounced than for m' production because of the
large plateau cross section. The data of Ref. 15
and 16 are indicated by the solid lines in Fig . 10.

IO' I

0 —0.5 —I.O
cos 8*

FIG. 9. s7do/dt versus cosa* for the reaction yp—n'p.

D. The reactions yp ~K+ A and yp~K+ Z 0

The results for the processes yP- K 'A and

yP —K'Z at 4.0 and 6.0 GeV are presented in
Figs. 13-15 and Table V. Although the statistics
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I I

E&= 4 GeV

03IO I

I
I I l 'I

I
I I I 1

IO~ '=

Iol

~max

I
t

I

I

I

I

l

I

I

I

Ey= 5 GeV

CU

imQ t i & t I » i i I & t & & I

trnox
I

I

IO I

I

2

I

I

I J II I

6 8 IO

I(G eve)'j

IO' =

IPO i i i i I » « I

O. I 0.5 0 -0.5 - I.O
cosa'

FIG. 10. do jest versus t for the reaction yp 7t 6++
at (a) F.

&
= 4.0 GeV and @)E& = 5.0 GeV.

FIG. 11. da/dt versus cos&* for the reaction yp—~-~" at (a) Z, =4.0 GeV and @)E, = 5.0 GeV.

are lower, the background is small compared with

the signal, and no ambiguity is introduced by the
assumptions for the shape of the background. The
central region shows similar features to those ob-
served for the other processes. The 5-GeV SLAC
data taken from Ref. 17 are shown in Figs. 13(a)
and 13(c), using an s 2 energy dependence to ex-
trapolate to 4 GeV. The small u value data from
Ref. 18 are also indicated in Figs. 13(a) and 13(c).
The Z'/A ratio of the present data is consistent
with unity, as is the case for the low t value data
of Ref. 17. The small u value data of Ref. 18,
however, give Z'/A = 1.'I +0.15 over the u range
-0.7 &I & -0.3 (GeV/c)'.

IO IO

IO
9

IO
8

Ey =4GeV
~ Ey =5 GeV

E. The reaction yp ~ (po + m Q

Figures 16-18 and Table VI show the results for
p plus (d photoproduction at 4.0 and 6.0 GeV. The
resolution is not sufficient to separate p mesons
from cu mesons with the missing-mass technique
of this experiment; however, limits can be obtained
from the fits to the yield curves, and put ru pro-

IO
I.O

I

0.5
I

0
cos 8*

I

-0.5

FIG. 12. s do/dt versus cos(9* for the reaction yp-x 4++.



14 MEASUREMENTS OF EXCLUSIVE PHOTOPRODUCTION. . . 689

—t [(GeV/&) ] cos6" do/dt [nb/(GeV/&) ]

1.63
2.02
2.75
3.39
3.92
4,35
4.69

0.847
1.12
1.35
1.89
2.37
2.99
3.85
4.80
5.84
6.22
6.62

&=4 GeV

0.467
0.340
0.100

-0.109
-0.282
-0.422
-0.535

k=5 GeV

0.788
0.718
0.662
0.525
0.405
0.249
0.034

-0.206
-0.467
-0.562
-0.662

61.5 + 3.0
30.5 + 2.2
20.6 + 0.83
16.7 + 0.88
17.0 + 1.1
18.6 + 1.6
20.0 + 1.7

139.7 + 3.5
80.0 + 3.2
53.4 + 2.6
13.4 + 1.2
8.14 + 0.93
5.55 + 0.70
3.46 + 0.60
2.17+ 0.53
3.07 + 0.56
3.34+ 0.95
6.24 + 1.2

TABLE IV. Cross-section tabulation for the process
yp-m 6'+.

duction in the range of 25-5(Y/c of the production
over the range of t values covered in this experi-
ment. The combined cross sections (pa+~) shown
in the figures and in Table VI are relatively in-
sensitive to the assumed ratio of v to p production.
The forward t peak is known to be diffractive in

nature, and so it leads to an e" dependence. At
a

I tI of about 1(GeV/c}', the 4- and 6-GeV data
break away from the characteristic diffraction
peak, and show the general characteristics of the
other exclusive channels. The 90 c.m. cross
sections are about seven times the cross sections
for the m'n exclusive channel and about equal to the
m 6" channel. The data of Ref. 14, 19, and 20 are
also shown in Fig. 16.

IV. DISCUSSION

A. General features of the s and t dependence

Data at small t and u values have been provided
by a number of experiments. These data have been
represented by solid lines on Figs. 4, 7, 10, 13,
and 16, where a comparison may be made at ener-
gies similar to the present experiment. Agreement
between these diverse experiments is reasonably
good. Phenomenologically, the data can be roughly

yp KA + 0
yp KZ

10210'
y p

—K+A
I I

y p
—K'AEy= 4GeV:

(a)—
Ey= 6 GeV

(b)
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I

I
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I

I
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0
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I I- Io '
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I

IOI
I

I

I

I

I

I
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I I
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10'
0 2 4 6 8 10 12

IO -— ~I

10-I

I I

0 2 4

IIGev/cP]

t max

I

I

I

I

I

I

I &I

6 8 10 12

100 =

10-1 =

10-2
I.O 0.5 0 -0.5 1.0

cos 8
0.5 0 -0.5 -1.0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

FIG. 13. do'/dt versus t for the reactions yp K+A

and yp-K+X at (a) and (c) E& =4.0 GeV and (b) and (d)

Ey =6.0 GeV.

FIG. 14. du/dt versus 8* for the reactions yp K+A
and yp -K+X at (a) and (b) E& =4.0 GeV and (c) and (d)

Ey = 6.0 GeV.
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n& —
I I I I

I
I I I )

I
I I I (

I
( I I

yp —K A (a)

TABLE V. Cross-section tabulation for the processes
yp K A and yp K+X

IO

0

~ Ey=4 GeV
& Ey=6 GeV

—t [(GeV/c) ] coso*

k =4 GeV
d~/e(~p —K+ A)

do /df [nb/(GeV/c) )

IO')
C9

CU
I

—IO'
~C

l08

+ 0
yp K Z (b)

~ Ey= 4 GeV
0 Ey=6GeV

l ) I ) I I I I I I l I I I I I I l I

0.989
1.33
1.91
2.49
2.92
3.41
3 ~ 92

0.970
1.30
2.43
2.85
3.33
3.82

0.680
0.569
0.377
0.188
0.047

—0.114
—0.281

dv/Ch(qp -K+ Z')

0.679
0.568
0.185
0.043

-0.118
-0.285

65.6
22.7

5.66
3.24
4.83
1 44
1.60

50.4
21.8
1.25
4.53
2.81
1.98

& 2.7
~0.88
~0.66
+0.48
~0.79
*0.47
*0.69

+ 6.3
~ 2.1

~0.78
+1.42
+ 0.84
+1.26

IO 7

IO 6

1.30
1.99
2„76
3.53
4.94

k =6 GeV
dv /dt (yp K+ A)

0.738
0.597
0.440
0.284

-0.003

13.60 ~0.95
1.17 +0.12
0.328 +0.12
0.242 + 0.10
0.115+0.069

I.O

I I I I I I I I I I I I I I I I I I-

0.5 0 -0.5 -I.O
cos 8*

FIG. 15. s do/dt versus cose* for the reaction (a)

yp -K+A and (b) yp —K+Zo.

1.29
1.97
2.72
3.48
4.86

do/dt(yp —K+X )

0.736
0.595
0.439
0.282

—0.004

9.3 +1.1
1.31 +0.17
0.46 ~0.12
0.12 + 0.10
0.159 + 0.065

classified into a low t region extending out to

~
tI = 2.5-3(GeV/c)' with an exponential t depend-

ence, a central region with approximately a t-in-
dependent cross section, and a backward u-channel
peak. For the case of vector-me son production,
the forward t region can be split further into an

energy-independent forward diffractive peak with
an e" dependence followed by the three distinct
regions discussed in Sec. III(E) above.

The three regions have properties which may be
approximately summarized as follows

(1) The forward t region out to ~t~ =2.5-3.0
(GeV/c)' has a t dependence of -e" and an s ' en-
ergy dependence at fixed t. There is little, if any,
evidence for shrinkage of these forward peaks.

(2) The backward u-channel region from u, „out
to Iu~ = 1.5-2.0 (GeV/c)' has a flat u dependence
of approximately e""and an energy dependence at
fixed u of approximately s '. There is no evidence
for any shrinkage of these backward peaks.

(3) The remaining region, which is referred to
as the central region in this paper, encompasses

the remainder of the t distribution and has a steep
energy dependence of -s ' at fixed c.m. angles.
The angular distributions in this region range from
an almost flat t dependence as observed in the 5-
GeV n'n data, to the t distributions observed in the
v d,"and (p'+~')p data, where no distinct plateau
is readily observed. Furthermore, a distinct
structure is observed in the n p angular distribu-
tions, but the data are not extensive enough to de-
termine if the structure has a fixed t behavior.

B. Specific features of the central region

1. Comparison of the 90' c.m. cross sections

The cross-section values are conveniently com-
pared at 90' c.m. as a representative scattering
angle of the central region. The 90' c.m. cross
sections as a function of s are shown in Fig. 19.
Interpolations of neighboring points have been
made for the reactions which do not have a data
point exactly at 90' c.m. The following features
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FIG. 17. do/dt versus coso* for the reaction yp
(p + (AJ)p at (a) Ey 4 0 GeV and (b) Ey 6 0 GeV

yp = ( p'+~) p
FIG. 16. do/dt versus t for the reaction yp —(p +co)p

at (a) Ey = 4.0 GeV and (b) Ey = 6.0 GeV.
Iolo =

~ Ey = 4GeV
0 Ey =6 GeV

are apparent from this figure.
(a) The lowest cross sections at 90' c.m. are for

the reactions yp- rr'n and yp -K'(A, Z), which
are approximately equal in value. The strange-
particle cross sections are not as precise but the
s dependence "f both processes is consistent with
s ' (the s dependence for the three energies.
specifically s '"'), based on a simple fit to the
90' c.m. cross sections for the three energies.

(b) The yp- sop cross sections are approximately
a factor of 2 larger than yp- m'n. The 90' c.m. s
dependence is s """.

(c) The 90' c.m. cross sections for yp-r A" and

yp - (p'+ ~)p are substantially larger than yp - m'n

by approximately a factor of 6-7. The s depend-

o l09

C

-'l=ios =

IO
1.0

I

0.5
I

0
cos 8*

—0.5 —
I .0

FIG. 18. s7da/dt versus coso* for the reaction yp
(p +~)p ~
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TABLE VI. Cross-section tabulation for the process
vp-(P'+ ~)P.

100 =

I 1 I

~ XP —tP +~IP

-t l(GeV/~)'l d~/dt [nb/(Ge V/~)'1

1.25
1.88
2.66
3.56
4.52
5.39

&=4 GeV

0.589
0.381
0.125

-0.172
-0.489
-0.777

&=6 GeV

555
56.S
26.5
14.5
31.4
53.3

+ 52
5.7
2.3
1,9

+ 2.0
5.6

bl

10 =

1.75
3.66
4.33
5.89
6.75

0.644
0.255
~.118

-0.200
-0.375

20.0 + 3.1
2.28 + 0.39
0.83+ 0.25
1.16+ 0,22
1.17~ 0.21

0.1 =

0.01
8

! l

10 12

s (GeV')

l l

14 16

ence of yp - ~ n" is s '"".The yp- (p'+ ~)p
statistics are not good enough to make a meaning-
ful s-dependence comparison, but the s dependence
is consistent with that of the other processes. It
is interesting to note that these two pxoeesses
with the highest 90' e.m. cross sections involve
final-state particles with higher spin„viz. the p,
~, and 6".

2. The scaEing features of the cross sections

FIG. 19. 90 c.m. values of do'/dt versus s for some
of the processes measured in this experiment. The
function s 7 is shown as a solid line for reference, and
the dashed lines represent the trend of the data.

comparison is qualitative in nature, but an s '
extrapolation from the 4-7.5 GeV region is in
fairly good agreement with 90 c.m. cross sections
down to -700 MeV photon energy, where resonance
phenomena have become increasingly important.
This suggests that the central region is correlated
with s-channel processes and is perhaps related
closely to low-energy photon processes.

The data of this experiment are primarily con-
centrated in the region -0.6~ cos6)*~0.6, and
the figures showing s'do/dt versus cos8* indicate
that an s ' energy dependence at a fixed angle is
a faixly good representation of the cross sections.
The angular distributions are also qualitatively
similar for all reactions, but no detailed function-
al comparison has been made. These aforemen-
tioned properties indicate that the data can be rep-
resented approximately by do/dt- s 'f(cos8~),
showing qualitatively that the s and cos8* depend-
ences show a simple scaling behavior.

3. Exirupolation to the resonance region

10~

8 IO

b[- io'

IOO

10

It is of interest to examine the central-region
cross sections with an s ' extrapolation back to
the resonance region (-700 —1000 MeV). This
extrapolation is shown in Fig. 20 for the reaction
yp m'n, and shows the data of the present experi-
ment, together with lower energy 90' e.m. data
from NIT" and Calteeh. " Again, this sort of

4 6 8 10

s (GeV )

20

FIG. 20. 90' c.m. values of do'/dt versus s for the
process yp x+n from several experiments from F.

y
=700 MeV to E& =7.5 GeV. The solid line shows the
function s for reference.
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C. Comparison of the photoproduction reactions
with pion-nucleon scattering

Figure 21 shows a comparison of 5-GeV yP- m'n

data multiplied by a scale factor, and the corre-
sponding m'p and m p elastic scattering" and m' p
charge-exchange data. '4 The np data show the
same qualitative features of forward and backward
peaks and a central region dropping with a large
s dependence. As ean be seen from Fig. 21, the
backward peak and central region can be approxi-
mately represented by the form:

IO -'I

I

I

(u
IO

—
I

E
IO 2 ~o

I I I I I I I

y p-Yf.+ n (This exp. )

&p
—~+n (Ref. I I, I2) cr&T

Ref. 2'5
harp

—vr n

7f. p —77'n Ref. 24

P~=5.0 GeV/c

E&=5.0 GeV

der/dt(yp- w'n)

,'[do/dt-(w'p- w'p)+ do/dt(w tp- w p)]+~

The factor 217 is the ratio of the yp total cross
section" to the average of the m'p and m p total
cross sections. '6 This factor scales the yP- m'n

and mp elastic differential cross sections very
well, thus showing the close correspondence be-
tween large-angle photoproduetion and hadronie
processes. The marked dips of the pion data
seem to be absent in the photoproduetion yp- m'n

data. The s dependence observed for the 90' c.m.
pion data is also very close to that observed in
the photoproduction data and is qualitatively con-
sistent with s ' behavior.

A strict application of vector-dominance and
quark-model relations leads to a similar relation
with somewhat different numerical values. Ex-
plicitly, in terms of the photon-p meson coupling
constant, the relation is

gT 0

dt
—(yt -w t)

——(w'P-w'P)+ —(w P-w P)
y p 1 d(F + + do'

4 4z 2 dt dt

The numerical factor ~+, in Ecl. (l), deduced from
the ratio of total cross sections, now becomes
(o'/4)(y~'/4w) ' =3+,." Since the yP w'p cross
sections are approximately a factor of 2 larger
than the yp- w'n values, the above relation (Eq. 2)
underestimates the yp- moP cross section by ap-
proximately a factor of 3.

D. Features of large angle photoproduction of strange particles

The cross sections for the processes yp-K'A
and yp-K'Z have larger statistica, l errors than
most of the other cross sections measured in
this experiment, but some general features are
readily apparent.

~ (

~ ~
I

I

I I I

0 I 2 5 4 5 6 7 8 9 IO

I t I [(Gev/c) ~j

Io 4—

10-'

FIG. 21. Comparison of E& ——5.0 GeV yp —m+n data of
this experiment vrith m ~p —7i ~p elastic scattering and
~ p charge exchange at p ~ = 5.0 GeV/e. The photopro-
duction cross sections have been scaled by the total-
cross-section ratio o +~/0 &~.

(l) As determined from data at 4 GeV and 6
QeV, the central-region s dependence is con-
sistent with an s ' behavior at fixed angle. The
data are not precise enough for a meaningful
quantitative determination of the s dependence
power. The angular distributions are also similar
to those of the other photoproduction processes.

(2) The central-region cross sections are ap-
proximately the same magnitude as for yp- m'n,
but clearly lower than yP- mop and the remaining
processes. There is no obvious suppression of
central-region strange-particle exclusive photo-
production.

(3) The central-region A/Zo ratio is consistent
with unity. The A/Z' ratio plotted as a function of
t is shown in Fig. 22.

E. Features of constituent scattering models and comparison
with experiment

Constituent scattering models

A class of models dealing with large-transverse-
momentum collisions is based on the point-like
behavior that has been observed in inelastic elec-
tron scattering. These models are based on the
notion that hadrons can scatter at large angles
(or large p~) through hard collisions between their
constituents. For example, pion photoproduction
may be considered as pion photoproduction from
one of the nucleon constituents, viz:

do' d(T—(yn-wn) =—E '(t) —(yq- wq)dt dt
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where E„(t) is the nucleon form factor and yq- ttq

is the pion production from constituent q. In gen-
eral, constituent models for exclusive scattering
processes predict the following general form for
the cross section

Such a dependence implies a power-law s depen-
dence at fixed e.m. scattering angle.

The power-law behavior of the s dependence is
given by some general dimensional-counting rules
based on the number of elementary constituents
involved in the large-angle scattering process.
In general, for the reaction A+B- C +D, the ex-
ponent N is given by"

N —(m„+me + m+ mD —2),

where m„~ .ma are the number of elementary con-
stituents in particles A ~ ~ D, respectively. Then,
specifically, for photoproduction, if the photon is
considered to be a single elementary constituent,
the meson-photoproduetion ex oss section would be
expected to go as

der 1
CP
—-—f (cos8*),

ly being analyzed, and the connection between ex-
clusive and inclusive processes will be discussed
in a subsequent paper.

2. Compurison with experiment

The most general feature of the constituent mod-
els is the fixed-angle s dependence predicted to be
-s ' by the dimensional-counting arguments and
the constituent-interchange model. Figures 6, 9,
12, 15, and 18 show the cross sections plotted as
a function of cos8* with an s' factor taken out. All
the processes studied in this experiment are con-
sistent with an s ' power behavior over essential-
ly the full range of c.m. angles, and therefoxe this
scaling form gives a good representation of the
data. The precision of the determination of the
power exponent, however, is no better than half
a unit for the process yp - ~'n and less precise
fox all the other processes. The exponent

Ey= 4 GeV

(~)

while proton-proton scattering would have an s "
behavior.

A specific model is the constituent-interchange
model of Brodsky, Hlankenbecler, and Gunion, '
which is based on the dominance of constituent
interchange (as opposed, for example, to constitu-
ent-constituent scattering). Some specific predic-
tions based on this model may be found in the
paper by Gunion. " Recently, Scott applied the
parton model to inclusive and exclusive photopro-
duction processes" and this reference should be
consulted for detailed predictions of the exclusive-
px'ocess angulax' distributions.

The parton ideas have also been used extensive-
ly to describe inclusive phenomena at large trans-
verse momenta, and the correspondence principle
of Bjorken and Kogut provides a connection be-
tween inclusive and exclusive processes. This
principle relates the integral over the resonance
region of particle inclusive cross sections to ex-
clusive cross sections for producing the particle
or resonance via the relation

I

b~a m
0

b~
Ey= 6 GeV

(b)

d 0 1 do
d'p ~ E dQ'

where 8 indicates a sum or integral over the reso-
nance region. ' A companion experiment to the
present set of exclusive measurements is current-

I I I

2 4 6

Itl [{GeV/c) ]
FIG. 22. The ratio of the cross sections da/d't for the

processes yp -K+A and yp K'~ versus t at (a) E
y=4.0 GeV and (b) E„=6.0 GeV.
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m for s at 90' c.m. for the various processes
is given in Sec. IV(B), and the 90 c.m. cross sec-
tions for each process are plotted in Fig. 19.

The angular distributions in the central region
show a rapid variation with angle, as can be seen
in Figs. 5, 8, 11, 14, and 17, and they are quali-
tatively similar for all the reactions, A solid line
in Fig. 6 for the yp- m'n reaction shows the em-
pirical function (1 —z) '(1+z)», where z =cosg*.
This angular distribution function qualitatively
fits the data. No attempt has been made to make
a polynomial fit to these data since fairly high
powers of z are involved if the whole angular dis-
tribution were to be fit, and since the general re-
gion of validity for the constituent models is only
approximately known. The detailed predictions
given in Ref. 28 and 29 for the angular distribu-
tions do not agree well with the data. These pre-
dictions tend to show considerably more skewing
about 90 c.m. than is actually observed.

F. The energy dependence in terms of a Regge parametrization

It is instructive to look at the energy dependence
of these processes in terms of Regge parameters.
From an examination of o. (f) as a function of t, it
should be readily apparent where the departure
from the forward-peak s ' fixed-t behavior to the
steeper s dependence in the central region takes
place. This parametrization has been made for
the reaction yp- m'n. Figure 23 shows a(t) as a
function of t for the reaction yp- m'n for the data
of this experiment and the data of Ref. 11.

As can be seen from this figure, the parameter
a(t) (defined by do/df s" "'")-is nom-inally zero
or slowly decreasing out to —f = 2 (GeV/c)' and
then breaks away to a steep energy dependence
with approximately a unit slope. a(f) =1+/ is
shown in the figure by a solid line simply for com-
parison purposes.

G. The process yp~(p +~+ and the relation
to compton scattering

A fundamental process from the standpoint of
constituent-scattering models is large-angle
Compton scattering. Constituent-scattering mod-

I I I I I I

y p —m+n 4-7.5 GeV

I I I I I

0 I 2 3 4 5 6 7
-t [(Gev/c) ]

FIG. 23. The Regge parameter G. (t) as a function of
t for the process yp ~+m as determined by cross-sec-
tion data from E& = 4.0 to E& = 7.5 GeV. The function
o(t) =1+t is indicated by a solid line and is shown for
comparison purposes only.

els of the above types will apply to this process,
and similar predictions can be made. However,
this process can be treated more specifically
since yP -

yP in a constituent-scattering model is
simply the elastic scattering of photons from the
constituents; an absolute-cross-section expres-
sion for scattering from spin-& constituents in
terms of constituent charges, the proton form
factor, and the Klein-Nishina cross section would
be

—(yp -+) = —(Klein-¹shina)(Q')'Gz'(f), (8)

where (Q') is the square of the effective constituent
charges and

1

(1 —t/0. 71

is the proton form factor.
In terms of s, t, and u variables, this expression

becomes:

dv 2va' s+M' 2M' ' t s —M', 2wa' 4 s +u'
dt ~-»)=(, M), M "t M '.-M""t M

(~')''"'="
9 (10)

using (Q') = —',, and neglecting the nucleon mass
M. A more detailed discussion of parton-model
calculations for Compton scattering may be found
in the papers of Bjorken and Paschos" and Scott.

%bile large-angle exclusive Compton scattering
has not been measured in this experiment, the ex-
clusive lax ge-angle photoproduction of p mesons
(or p +m) has been measured, and can be used to
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set a lower limit on the Compton-scattering cross
section through the use of the vector-dominance
relation:

do 1 do

dt 350 dt
(12)

Taking —,
' the measured cross section for der/dt

(yp- (p'+u)p) as a representative cross section
for (yp- p p)„yields

4 GeV(90 c.m. }:„(yp-—yp)»—= 3x10 ' nb

and

6 GeV(90' c.m. ):—(yp- yp)»-—1.5 x 10 'der, nb

GeV c

based on the data of Table 6.
These cross-section values are to be compared

with the estimates based on Eq. (10), but nucleon
mass terms are kept. The resulting constituent-
model cross sections are

4 GeV —(yp-yp)». , ~ ——0.19x 10 'do' nb

GeV c)'

and

6 GeV —(yp-yp}»o, ~ =0.20x10 'do, nb

indicating substantially higher cross sections aris-
ing from Compton scattering through vector dom-
inance than those deduced from the elementary
constituent scattering.

V. CONCLUSIONS

These data present a comprehensive picture of
the exclusive photoproduction processes in the
4- to 6-GeV region. The results are in reasonable
agreement with previous forward- and backward-
angle measurements for meson photoproduction.
In addition, there is a large t and u central re-
gion with distinct properties. The s dependence of
the cross sections in the central region is similar
to that observed for pion-proton scattering and
close to that predicted by constituent-scattering
models and dimensional-counting rules. In partic-
ular, these models predict an s ' behavior for
yp- m'n reactions at a fixed angle in good agree-
ment with the data. In the forward direction, the
transition to the central region appears to start at

~ t~ -2 (GeV/c)' where the s dependence of s '
gradually changes to the s ' behavior observed near
90 c.m.

dt (yt -yP)vo =4 (y, '/4v) 'do/dt(yP- P'P), „.(11)

Using the storage ring value of y '/4v = 0.64+ .05
gives

The central-region cross sections for all chan-
nels, including the exclusive photoproduction of
kaons and p's are similar, but the m' 4'' and

(p +re}p cross sections are approximately a factor
6-7 larger. The angular distribution for all chan-
nels are also similar with an approximate (1 —z) '
(1+z) ' behavior. However, the v A" and

(p'+&a)p cross sections appear to be more skewed
about 90' c.m. with the cross-section minima being
closer to cos 0* = -0.2. Some conclusions for
specific channels are as follows:

(1) The processes yp- x'n and yp- vop show

similar qualitative features of forward and back-
ward peaks separated by a central region falling
with a steep s dependence. The central-region
cross sections are approximately symmetric about
90' c.m. The s dependence at 90 c.m. is charact-
erized by s with m =7.3+ 0.4 for m'n and'n =7.6
+07for m p.

(2) There is evidence fort structure in the 4-GeV
v' data at ( t ]

= 2.5 and 4.5 (GeV/c)' The. wP

elastic-scattering channels at 5 GeV show consid-
erable structure in these t regions.

(3) The central-region cross sections for the
v b."and (p + u)p channels are significantly higher
than the m'n and m'p values at 4 and 5 GeV, while
the forward-peak cross sections are all approxi-
mately the same in the region 0.2 ~

~
t~ &1.2

(GeV/c)', except for the v' dip at t = -0.5(GeV/c)'.
The minima for the v a" and (p +m)p cross sec-
tions occur at a somewhat greater value than 90'
c.m.

(4) The production of strange particles via
yp-K+A and yP -K'Z is similar to the production
of nonstrange mesons with central-region cross
sections similar in magnitude to yP n'+n. The s
dependence is consistent with an s ' fixed-angle be-
havior. The Z /A ratio is consistent with unity in
the central region, as is also the case in the for-
ward t-channel peaks.

(5) p+ up exclusive photoproduction has a forward
diffractive peak with an e" t dependence showing
a slight s dependence, a region with an e" and s~
dependence that is important in the t region of 1-3
(GeV/c)', a central region qualitatively similar
to the other processes, and a backward u-channel
peak.
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