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Photoproduction cross sections for neutral m, q, p, and p mesons have been measured at the Stanford
Linear Accelerator Center for photon energies between 5 and 17.8 GeV, and t (four-momentum transfer
squared) between —0.12 and —1.4 (GeV/c)', using a missing-mass technique. The pion production at
lower energies is characterized by a fast falloff with increasing

~
t

~
at small

~
t

~
values, with a dip at t = —0.5

(GeV/c)' followed by a secondary maximum around t= —0.9 (GeV/c)' and a smooth falloff at larger
~
t

~

values. As the incident photon energy increases, the dip becomes less pronounced, in contradiction to the
expectations of simple Regge theories based only on the exchange of the co and 8 trajectories. p photo-
production was measured around 6 GeV and at 9 GeV. The cross section decreases smoothly with t and
shows no dip at t= —0.5 (GeV/c), in disagreement with predictions based on Reggeized p exchange. p
production rates agree well with predictions assuming diffraction production. The differential cross section
varies approximately as e8.".The total cross section decreases from 16.0 p,b at 5.5 GeV to 12.3 tMb at 17.8 GeV
incident photon energy. A quark-model relation between w-p elastic scattering and p photoproduction
gives a good representation of the data. + production also appears consistent with the predictions of the
di6raction-dissociation model. Ke also searched for evidence of photoproduction of other particles with
mass up to 2 GeV. Production of one particle of mass 1240+20 MeV and width around 100 MeV was
observed. Xo particles with mass between 1300 and 2000 MeV were found, Any particle with cross section
larger than 4'P& of the p cross section would have been visible.

I. INTRODUCTION

'N this experiment we have extended previous data
~ - on neutral meson photoproduction cross sections to
higher energies and a broader range of four-momentum
transfers. The experiment was carried out at the
Stanford Linear Accelerator Center (SLAC) using the
SLAC 1.6-GeV/c spectrometer as a missing-mass
spectrometer. Some preliminary results of this experi-
ment have already been published. '

Earlier measurements have been made on forward
neutral pion photoproduction by groups at DESY,'
and at CEA' in the photon energy range 2—5.8 GeV.
Their results showed a pronounced dip in the cross
sections at a value of the four-momentum transfer
squared t = —0.5 (GeV/c)'. There has been considerable
speculation on what the form of the energy dependence
for this process would be at higher energies. 4' The

~ Work supported by the U. S. Atomic Energy Commission.
l' On leave of absence from Imperial College, London, England.
' R. Anderson et al. , Phys. Rev. Letters 21, 384 (1968); W. G.

Jones et al., ibid. 21, 586 (1968).' M. Sraunschweig et al. , Phys. Letters 268, 405 (1968).' G. C. Solon et al. , Phys. Rev. Letters 18, 926 (1967}.
4 M. P. Locher and H. Rollnik, Phys. Letters 22, 696 (1966).
' J. P. Ader, M. Capdeville, and Ph. Salin, Nucl. Phys. 83, 407

(1967).

earlier data could be understood within the framework
of a conventional Regge theory by assuming co and 8
exchange. ' This theory predicted that the 8-meson
exchange would become less important at higher

energies and that the process would eventually be
completely dominated by co exchange. Assuming that
the p and co trajectories were similar, it was then
expected that the neutral pion photoproduction cross
section would be similar to the sr +p ~ sro+rt charge-

exchange cross section, where only p exchange is

permitted, i.e., that the cross section for neutral pion
photoproduction would show both a shrinking of the
forward peak with increasing energy and a sharp dip
at t =—0.5 (GeV/c)'. Our data extend to photon
energies of 15 GeV and appear to be in disagreement
with these predictions.

We have also measured g photoproduction around

6 GeV and at 9 GeV. Lower-energy data' covering a
similar range in t exist from experiments at the CEA.
The results are mainly interesting for their behavior

near t = —0.5 (GeV/c)'. In conventional Regge theory,
the process is expected to have a large contribution from

6 D. Sellenger et al., Phys. Rev. Letters 21, 1205 (1968).
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p-meson exchange and, therefore, it should show a sharp
dip at t= —0.5 (GeV/c)'. No such dip is observed.

Our measurements of neutral p photoproduction
extend to higher energies than previous data. ~—"The
results of these experiments at lower energies have been
successfully explained in the framework of the vector-
meson-dominance theory. According to this theory, the
cross section for photoproduction of a vector meson V'
should be proportional at higher energies to the cross
section for the elastic scattering of transversely polar-
ized vector mesons from hydrogen, i.e.,

Acr

(v+p—~ l"+p)
dt

4m- do-—(V'„+p V'„+p), (1.1)
V@2 dt

where n=1/1 37, and 7y describes the coupling of a
virtual vector meson to a real photon. On the basis of
a broken-SU(3) quark model, " the cross section for
the elastic scattering process p'+P —+ po+P is given by

(p p) = — (~"p) —+ — (~ p) —(1 2)
dt 2 dt 2

These relations are well satisfied for neutral p photo-
production over the whole kinematic range covered in
this experiment.

Previous to this experiment, few experimental
data were available on the photoproduction of the p
meson. ' "

@ production, though small, should be largely
di8ractive. The results of this experiment in the energy
range 6—18 GeV support this assertion. The t dependence
of the cross section is again reproduced with a broken-
SU(3) quark-model prediction. ""

No previous 6rm observations'4 have been made on
the photoproduction of higher-mass mesons at high
energies. We observed the production of a meson in
the mass region around 1240 MeV, tentatively identified
with the 8 meson. We searched for vector-meson
production in the region of masses 1.3—2 GeV, and might
have expected to observe the J~~=1 "daughter"

' F. M. Pipkin, in Proceedings of the Third International Syntpo
sile on Electron and Photon Interactions at Hi gh Energies, Stanford
Linear Accelerator Center, 1967 (Clearing House of Federal
Scientific and Technical Information, Washington, D. C., 1968).

S. C. C. Ting, in Proceedings of the Iiourteenth International
Conference on High-Energy Physi cs, Vienna, 1968 (CERN,
Geneva, 1968), p. 43.' G. McClellan et al. , Phys. Rev. Letters 22, 374 (1969).' M. Davier et al. , Phys. Rev. Letters 21, 841 (1968).

"H. J. Lipkin, Phys. Rev. Letters 16, 1015 (1966); H. Joos,
Phys. Letters 24B, 103 (1967);M. Davier, Phys. Rev. Letters 20,
952 (1968). The model was extended to finite values of t by
B. Margolis, Nucl. Phys. B6, 687 (1968)."DESY Bubble Chamber Collaboration, Phys. Rev. 175, 1669
(1968); M. Davier et al. , Phys. Letters 28B, 619 (1969).

'3 K. Kajantie and J. S. Trefil, Phys. Letters 24B, 106 (1968).
'4 E. Lohrmann, in Proceedings of the Third International

Symposilm on Electron and Photon Interactions, Stanford Linear
Accelerato~ Center, 1967 (Clearing House of Federal Scientific and
Technical Information, Washington, D. C., 1968).

to the p meson around 1500 MeV. No such meson
was found.

II. EXPERIMENT AND APPARATUS

A. Experimental Arrangement

The experiment was carried out at the Stanford
Linear Accelerator Center. The layout of the experiment
is shown in Fig. 1. The momentum-analyzed electron
beam was focused onto an aluminum radiator, 0.03
radiation lengths thick, located about 150 ft upstream
of the target. A sweeping magnet, placed just after
the radiator, deflected the main electron beam into a
beam dump. The photon beam was then collimated to
the required size by a high-power water-cooled col-
limator (C-10) before impinging on the liquid-hydrogen
target. Secondary collimators were set up to intercept
any halo of the beam remaining after the collimation by
C-10. There were also several sweep magnets in the
hearn line to remove electron spray produced by these
collimators. The photon beam Anally stopped in a
secondary-emission quantameter (SEQ) located approx-
imately 100 ft downstream from the target. This SEQ
was our primary beam monitor. In addition, the beam
intensity was monitored by a Cerenkov monitor as
well as a secondary emission monitor (SEM), both
located in the front of the target as indicated in Fig. 1.
The intensity of the photon beam incident on the target
was typically 5&10"equivalent quanta per second.

The target used was of a condensation type. "The
target cell was a cylinder, 15 in. long and 2 in. in
diameter, made out of 0.008-in. -thick Mylar with thin
aluminum end caps. A "dummy cell" and a "no cell"
position were also available.

B. Spectrometer and Counter System

The SLAC 1.6-GeV/c spectrometer" was used to
analyze the recoiling protons. It is a weak-focusing
(rt =0), second-order-corrected, 90' vertical bend
magnet with a radius of 100 in. The momentum
acceptance and the acceptance in production angle
are defined by the size of the counters in the focal plane.
The azimuthal angle (Aq) and the useful target length
were determined by remotely movable slit systems
placed at the spectrometer entrance. For this experi-
rnent the total acceptance was (Ap/p)AD=6. 8&(10 ' sr
and the useful target length was typically about 7 in.

The spectrometer focused production angles and
momenta onto a single focal plane which was normal to
the direction of the focused particles and had a linear
dispersion of 1.66 in./% in momentum and 0.32 in./mrad
in angle. The resolution was &0.08% in momentum and
~0.4 mrad in angle. The locus of particles from a
particular two-body reaction can be approximated by a
straight line over the small momentum and angle

"R. L. Anderson, Nucl. Instr. Methods 70, 87 (1969)."R. L. Anderson et al. , Nucl. Instr. Methods 66, 328 (1968).
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acceptance of the spectrometer focal plane. Hence a
two-body process can be selectively detected by a
hodoscope counter aligned along the appropriate
kinematic curve. This technique eliminated complex
decoding and made it possible to record several events
during the 1.6-@sec-long SL AC beam pulses with
simple electronics.

The momentum calibration and the solid angle had
been previously determined both by a wireQoat mea-
surement and by running a well-de6ned electron beam
from the accelerator directly into the spectrometer. The
estimated error was +0.2% in the momentum calibra-
tion and &3% in the total acceptance (Ap/P)DQ. We
estimate that the uncertainty in the determination of
the production angle with respect to the direction of
the photon beam was &0.3 mrad.

The spectrometer and the counter system are shown
in Fig. 2; the counter system is shown in more detail in
the insert. The telescope consists of five scintillation
counters (S9—S13) made out of Pilot 3 plastic; S9 and
S10 were 7&11)&0.5 in. and S11—S13 were 10&14/0.5
in. Between S10 and S11 and between S11 and S12
there were remotely variable absorber changers. A
missing-mass hodoscope consisting of eight elements,
each 0.75X10&(0.25 in. , was located between S9 and
S10. For counters S9 and S10, Amperex XP1020
photomultiplier tubes were used; for all other scintilla-
tion counters, RCA 7850's were used. A threshold
Lucite Cerenkov counter (9X13&2 in. ) was inserted
between S10 and S11.The counter was so constructed
that only light which was internally reQected could
reach the phototubes. The outputs of the four RCA
8575 photomultiplier tubes used to view the Lucite
were added linearly. The counter was 98% efficient for
pions and counted protons with less than 2% efficiency
below 1000 MeV/c, increasing to 6% at 1400 MeV/c.
The whole counter system was remotely rotatable so
that the hodoscope counters could be aligned along
lines of constant missing mass in the focal plane.

For low t values [~t~ (0.4 (GeV/c)'$, the protons
were identified by range and pulse height using the erst
few trigger counters. At higher

~
t~ values, the threshold

Cerenkov counter was used in veto to provide additional
rejection against pions. The ratio of the pion Aux to the
proton Qux incident on the counters was typically 1:1
near the ~' threshold and the above criteria reduced
the pion contamination to the 1% level. The last two
scintillation counters, S12 and S13, had their biases
set low and were put in coincidence with the threshold
Cerenkov counter to monitor the fiux of produced
x+ mesons.

To measure the efficiencies of the system for protons
and pions we used the chopped SLAC electron beam
and a time-of-Qight system. "This provided us with a
clean separation of protons and pions and allowed the
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detection eSciencies of the system to be determined.
The eKciencies of the individual hodoscope elements
were determined for each run and were near 100%.

C. Electronics

Figure 3 shows a simplified block diagram of the
electronics. Standard 100-Mc modules' were used for
the logic. The event rate was quite high, up to six
counts in the 1.6-@sec-long beam pulse. The interesting
rates were therefore all fed into fast 100-Mc scalers"
and stored there for the duration of an experimental
run. After each run, the scalers and other relevant
data were read by the Sj.AC SOS-9300 computer.

D. Beam Monitors

The primary beam monitor was a nonsaturating
quantameter. 2' The quantameter was fully evacuated
and consisted of 20 copper plates 0.5 in. thick alternated

~8 Chronetics, Inc. , Mount Vernon, N. V.
- '9 Transistor Specialities Incorporated, Terminal Drive, Plain-

vievr, L. I., N. Y."R.L. Anderson, Nucl. Instr. Methods 65, 195 (1968).

with 19 foils of gold-plated aluminum each 0.0005 in.
thick. The device was calibrated against the SLAC
silver calorimeter" as well as against a Faraday cup.
The average calibration constant was 2.92 electrons/
GeV for a voltage of +750 V. The absolute calibrations
were repeated periodically during the course of the
experiment and were found reproducible within 1%.
However, we assigned an over-all error of &2% to
our absolute calibration value.

The relative stability of our monitor systems, when
conditions were carefully standardized, was &0.2%.
We used the SLAC photon-beam Cerenkov monitor"
for an additional check. This consisted of a tube 30 in.
long 6lled with He gas at about 1 atm. The light was
focused onto a photomultiplier tube, whose output was
then integrated. The ratio of the Cerenkov monitor to
the SEQ remained constant to fractions of a percent
for periods of hours.

~' G. Fisher arid Y. Murata, SLAC Report No. SLAC-PUB-605,
1969 (unpublished).
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E. Data Accumulation and Reduction

The choice of the hodoscope angle determined the
angular production width 60 accepted by one hodoscope
counter and the range of angles was then divided into
bins, each 68 wide. This bin width was typically about
2.8 mrad. To reduce our sensitivity to small drifts in
the apparatus, the data were accumulated in an
interlaced pattern over the angular range of interest and
each angular point or bin was measured on several and
in many cases on all eight hodoscope counters. Since
the z+-meson yield curve, measured simultaneously by
a coincidence between counters S12, S13, and the
threshold Cerenkov counter, should vary smoothly with
angle in this kinematic region, a valuable additional
cross-check on the beam and monitor stability was
available.

Each run at a given angle lasted typically 5 min.
After the run the relevant data were all read in, stored,
and recorded on magnetic tape by the SLAC SDS-9300
computer. The hodoscope data were accumulated in
bins and an automatic plotting machine plotted each
run individually to aid the experimenter in checking
for consistency. The accumulated data could be plotted
on demand and selected runs on the data tape could
be added to or removed from the accumulation at any
time.

Frequently the counting rate was measured as a
function of beam intensity. This rate check was done
by remotely varying the size of the photon collimator,
leaving the beam structure as well as the beam steering
intact.

Occasionally, empty-target runs were made. The
empty-target rates were negligibly small compared
with the full-target rates.

Subsequent to this the following steps were taken:
(1) Some runs were edited or discarded because of

procedural errors in data taking.
(2) Each run was corrected for dead-time losses and

accidental coincidences using the measured rate depen-
dence. This combined correction was always kept less
than 3'/go.

(3) Most data points were repeated on several
elements of the hodoscope array. Differences in counting
efficiency among the hodoscope elements were accounted
for before these data points were combined to obtain
our final yield curves. Because of the large degree of
internal repetition and redundancy, the data could be
cross-checked for internal consistency, relative monitor
drifts, etc." In the vast majority of runs, the external
and internal error assignments were in agreement. In a
few cases a small monitor change was detected and was
found to correlate with a small change in the indepen-
dently detected x+-meson rate. These few runs were
corrected or eliminated.

(4) We combined all the corrected data, at 6xed
~
tl

"D.L. Kreinick, Ph. D. thesis, California Institute of Technol-
ogy (unpublished).

values and end-point energies into yield curves as a
function of the spectrometer angle.

Here, p and 8 are the momentum and angle, M is the
mass, and T is the kinetic energy of the recoiling
protons. Hence, by measuring the three-momentum of
the recoiling proton, the mass of the produced "particle"
X is determined. Figure 4 shows the laboratory momen-
tum of the recoil protons plotted versus angle in the
laboratory for a fixed photon energy of 11.5 GeV. It is
clear from this figure that by varying the spectrometer
angle and keeping the momentum fixed, we get separate
peaks corresponding to the different mass particles. In
reality we are dealing with a bremsstrahlung beam,
but for a fixed end-point energy ko of the photon
spectrum and a fixed recoil momentum of the proton,
we can always define a limiting angle 00 such that
3fx'=0. This corresponds to Compton scattering on the
proton. At larger angles there are no kinematically
allowed protons. At all smaller angles, protons from the
Compton process are kinematically allowed. As we now
move towards smaller angles with the spectrometer,
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FIG. 4. Kinematics for photoproduction of various mesons for
an incident photon energy of 11.5 GeV. Plotted is the momentum
of the recoil proton versus its laboratory angle for x', g, p', and +
production. Note that for a 6xed momentum the laboratory
angle is nearly proportional to missing mass squared.

F. Analysis of Yield Curves

The production of a resonance particle X' in the
reaction y+p —+X'+p corresponds to a "step" in
the detected recoil proton yield measured as a function
of angle for a fixed photon end-point energy. This
missing-mass technique is very powerful for avoiding
the complexities of detecting rapidly decaying particles
as well as for surveying for the production of all possible
particles in the same experimental setup. To see how
each produced resonance must correspond to a "step"
in a yield curve, let us first consider a monochromatic
photon beam with energy k. In this case the missing
mass is uniquely given by

~x' ——2k(p cosg —T) 2MT. — (2.1)
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Fro. 5. (A) Measured proton yield for a peak bremsstrahlung
energy of 11.5 GeV and for t = —0.7 (GeV/c)'. The ordinate is
the number of protons per hodoscope counter per 10' E.Q.
(equivalent quanta). The abscissa represents missing mass
squared in GeV2. The steps due to the onset of H, p', and @
production are clearly seen. The solid line through the data points
represents a least-squares 6t to the data assuming H, p', and @
production in addition to nonresonant background. The break-
down of the yield into the separate contributions is also shown.
(8) Subtracted proton yield curve in counts per hodoscope
counter per 10" E.Q. for photons between 13.0 and 11.5 GeV
and for t= —0.7 (GeV/c)'. This curve was obtained by subtracting
the 11..5-GeV proton yield from the corresponding proton yield
at 13 GeV end-point energy. The peaks due to m'0, po, and @
production are again clearly seen. Because of multiple scattering
of the recoil proton in traversing the target, the p is not clearly
resolved from the po peak. (C) Differential yield curve derived
from the integral curve in (A). Plotted is the difference, in counts
per 10"E.Q., between once-removed yield points versus missing
mass squared. Note the close similarity to the subtracted yield
curve in (B).
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each new resonance will show up as a "step" on a
rising yield curve.

Figure 5(A) shows such an experimentally measured
yield curve for k=11.5 GeV and t= —0.7 (GeVjc)',
and the breakdown of the yield into counts from the
production of pions, p's, p's, and nonresonant back-
ground. There was an appreciable yield of protons
beyond the allowed kinematic limit because of the
rescattering of forward-produced particles. This back-
ground was associated with the full target and was very
small from the dummy target. As can be seen from
Fig. 5(A), z' production showed up as a step on this
"ghost proton" background. The angular resolution was
not sufficient to separate the protons associated with
m' production from those associated with Compton
scattering, but at this particular angle and energy the
Compton effect should be negligibly small compared
with ~ production. The shape of the leading edge of
the pion step was almost completely determined by
the angle changes due to multiple scattering of the recoil
protons as they traversed the target. As the angle was
decreased, recoil protons from successively higher
masses were observed and the steps due to p and g
mesons can be clearly seen. A threshold missing-mass
scale is provided for convenience, although in reality,
photoproduction of all lower missing masses can produce
recoil protons at the same angle and momentum. For
example, at the angle in Fig. 5 corresponding to g's
made by 11.5-GeV photons, neutral p's are produced by
8.3-GeV photons, and neutral pions are produced by
4.8-GeV photons.

As a check on our procedures, yield curves were
occasionally taken at closely adjacent energies Ej and
E&. Sy subtracting the two yields with the appropriate
corrections, a curve was obtained which corresponded
to photoproduction by photons in the range E& to E2.
These subtracted curves showed the structure to be
expected from a nearly "monochromatic" photon beam.
Figure 5 (8) shows such a curve obtained by subtracting
the yields obtained with photon end-point energies of
13 and 11.5 GeV. Almost identical curves can be
obtained by "differentiating" or taking successive

differences of the yields on an integral yield curve
obtained at one end-point energy. Figure 5(C) shows
such a curve obtained by taking successive diQerences
on the integral curve shown in Fig. 5(A). Note that the
subtracted yield curve LFig. 5 (8)$ and the first-
difference curve LFig. 5(C)$ appear almost identical.

Cross sections were extracted by making a least-
squares fit to a full sweep, fitting the positions and
shapes of the various particles' yields, and assuming
smooth backgrounds due to ghost protons and multi-
particle production. The computer program accounted
for kinematic factors, the correct bremsstrahlung
spectra, resolution, and the variation of the cross
section with energy. Subtracted yield curves, where
available, were similarly fitted. The 7f-', p, and p steps
were fitted also by eye, since the computer fits described
above, although having the advantage of objectivity,
suffer from inQexibility and the tendency of the large
p' yield to dominate the solutions. The two approaches
were considered to be complementary, and disagree-
ments usually reAected genuine ambiguities in interpre-
tation, which were accounted for in our quoted errors.
Difficulties peculiar to each particle are discussed in
the following sections; more detail is available in
Ref. 22.

Our final cross sections include monitor calibrations,
spectrometer calibrations, counter efficiencies, etc.
Table I lists the various corrections, their magnitudes,
and our estimates of the typical uncertainties in these
corrections.

III. m CROSS SECTIONS

Figure 6(A) shows a typical integral yield curve
plotted against missing mass squared in the m' mass
region. The sharp step due to the onset of the ~'
production is clearly seen. In the same figure the
differential yield curve as derived from the integral
curve is also shown. In this representation, ~' production
appears as a peak. The kinematic threshold for two-

pion production is close to that for single-pion produc-
tion. However, since two-pion production is a three-

TABLE l. Corrections and normalization uncertainties (in %%uo).

Correcti
t (GeV/c)'

0.12 0.2 0.3 0.4 0.5 0.7 0.9

Acceptance correction' due to energy
losses in target

Proton losses (due to vetoing by
C counter)

Hodoscope counter inefBciency
Nuclear absorption losses of protons
Solid-angle calibration of spectrometer
Seam monitor calibration
Rate dependence¹tover-all normalization uncertainty

18.7&1 7.5&0.4 3.3&0.2 1.9+0.1 1.4&0.1 0.7+0.1 negligible

5.0 5.7

1 &0.5 1 &0.5 1 &0.5 1 &0.5 1 &0.5 1.5&0.5 2.8&1.0 5.8&1.5
3 ~i 5 &2 5 ~2 5 ~2 5 &2 5 ~2 5 ~2 5 ~2 5 &2
9 &3 5 &1 ii ~2 9 ~2 8 &2 8 ~2 8 ~2 8 ~3 8 &3

&3 &3 &3 &3 &3 &3 &3 &3 &3
~2 &2 ~2 ~2 ~2 ~2 ~2 ~2 &2

0-5%, with an uncertainty of &2%
5.3 4.8 5.0 5.0 5.0 5.0 5.5

a Spread in dP/P changes as a group of particles loses energy in traversing the target.
& Includes the uncertainty in the 3% correction for photons converted before reaching the target, and the estimated uncertainties in the calculated

bremsstrahlung spectrum.
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body process, it does not lead to a sharp step but rather
to a smoothly rising yield curve starting at the thresh-
old. This process was accounted for in the Qtting
programs by a polynomial starting at the two-pion
threshold and including the experimental resolution.
The difference between a three-body and a two-body
process is sufliciently marked that we believe that this
process is well accounted for in our cross-section
determination and in our error assignments.
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FIG. 6. (A) Measured proton yield in counts per hodoscope
element per 10"E.Q. plotted versus missing mass squared in the
region around the H step for a photon end-point energy of 6
GeV and for t= —1.1 (GeV/c)'. (3) Differential yield curve
derived from the integral yield in (A). Plotted is the difference, in
counts per 10" E.Q., between once-removed yield points versus
missing mass squared.

Since the experimental resolution is not sufficient to
separate ~ production from Compton scattering, the
cross sections extracted from the experimentally
determined step heights must be reduced by the
contribution of the Compton scattering. For this
correction we assume the Compton cross section to be
of the form do/dt=Aett', where 8=8.5 (GeV/c)', e.g. ,
the same slope as observed in the p photoproduction
on the proton. A =0.68 ttb/(GeV/c)' was determined

+—-y,

I I

0 0.2 0.4 0.6 0.8 1.0 1.2 I.4
-t, (GeV/c) ~

0,01—

Fro. '7. da/dt in grab/(GeV/c)' versus t for the reaction y+p -+ se
+p at incident photon energies of 6, 9, 12, and 15 GeV. The lines
drawn through the data are only to guide the eye.

ss D. Caldwell et at. (private communication).

from the total y-p cross section using the optical
theorem. The total y-p cross section was set equal
to 115 pb at high energies, in accordance with recent
measurements. "The correction is important (50%) at
low ItI values and high energies. We estimate the
correction to be known to &20%.

In Fig. 7, da/dt determined from the step heights is
plotted versus t for primary photon energies of 6, 9, 12,
and 15 GeV. The data are characterized by a fast drop
of the cross section at low ItI values, a dip close to
t= —0.5 (GeV/c) followed by a secondary maximum
at t = —0.9 (GeV/c)', and a smooth falloff with increas-
ing

I
t

I
values. With increasing photon energies the dip

gradually becomes less pronounced.
Figure 8 shows our data at 6 GeV together with the

DKSY results' at 5 and 5.8 GeV for comparison.
Plotted is s' do/dt versus t The agree. ment is very
satisfactory.

In Fig. 9, do/dt versus s —m' is plotted for constant
values of t. The DESY data' at lower energies are
included in these plots. A least-squares fit to the data
of the form do/dt (s—nt')' ' was made to the data
at 3 Gev and above and is shown as the solid lines in
Fig. 9. It clearly gives a very reasonable simultaneous
representation of both our data and the DESY data.
There is a small but significant amount of shrinkage
with the effective Regge 0,, decreasing from 0, =0.16
&0.05 at t= —0.7 (GeV/c)' to n = —0.2&0.05 at
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y'+p = 7T' + p

IOO

~ 6 GeV, THIS EXP.
5.8 GeV, DESY
5 GeV, DESY

IO—

I i I ~ I & I i I i I t I

0 0.2 0.4 0.6 0.8 I.O I.2 l.4
-t, (GeV/c)~

Fro. 8. 9 do/dt in pb GeV' plotted versus t for the reaction
y+p —+x'+p. Plotted are the 6-GeV data together with data
from DESY at 5 and 5.8 GeV. Data in the Primako8 region have
been excluded.

t= —1.4 (GeV/c)'. Below
I tI =0.5 (GeV/c)', n remains

close to 0. However, these points are more uncertain,
since for low

I
t

I
values and high energies the spread of

photon energies corresponding to the width of the x
step becomes large. This spread arises from the angular
uncertainty due to the multiple scattering of the recoil
protons at small

I
t I

values combined with the kinematic
factor (dk/d8)s=«~, ~ which increases rapidly with
decreasing I tI . The quoted errors on the low 3 points
at high energies are largely systematic in origin and
arise from our estimates of the above uncertainties.
At high

I iI values, the resolution becomes entirely
adequate and the quoted errors are mainly statistical.

The x' photoproduction at forward angles and high
energies was originally expected' to be dominated by
Reggeized particle exchange in the t channel. Charge-
conjugation invariance requires the exchanged t-channel
particle to be odd under C. Hence, of the established
particles, only the neutral p, ~, P, and 8 (or its isoscalar
"relative" in the J~=1+ octet) need be considered.
From a comparison of the coupling constants, one
would expect or exchange to dominate everywhere
except in the vicinity of i= —0.5 (GeV/c)s, where the
ro trajectory goes through zero. This

I II value corre-
sponds to a supposed nonsense zero in the amplitude
arising from or exchange with a resulting dip in the cross
section. Since the or trajectory is very close to the p
trajectory and @ exchange should be negligible, it was
expected that in this dip region around —0.5 (GeV/c)s
the cross section would be dominated by 8 exchange.
At lower energies this picture agreed well with the

differential cross-section measurements at DESY and
CEA."This model further predicted that the dip in
7t-' photoproduction would become more pronounced
at higher energies and that the energy dependence of
do/di would display strong shrinkage.

Neither of these predictions appears borne out by
the results of this experiment. As we go to higher
energies, the dip seems, if anything, to disappear and
the shrinkage is much less than expected. ' For instance,
at t= —0.9 (GeV/c)' do/dt (s—m') ",whereas from
the accepted co trajectory'4 we would expect do/di

(s—m') '. That the cross section in the dip region is
not dominated by 8 exchange (or the exchange of the
isoscalar member of the "8 octet") is also shown by
measurements with polarized photons at 3 GeV. '5

These polarized-photon measurements have shown that
the dominant exchange at these energies in the region
of the dip has natural parity, thus excluding 8 exchange.

The combined experimental data on 7r' production,
'therefore, cannot be described in terms of simple Regge
exchange. However, by including cuts or absorption in
addition to the elementary Regge exchange, reasonably
successful fits to the ~' photoproduction data have been
achieved. "" The simplest cut term is the one that
corresponds to the exchange of the Pomeranchukon I'
together with the &o. The effective trajectory n&(i) can
in this case be written as

rrc(t) =n„(0)+n~(0) 1+ — t. (3.1)
rrra +cr(o

Since this trajectory for physical
I fI values lies higher

than the or trajectory, we would expect the cut to
dominate the cross section at suKciently high energies.

Capella and Tran Thanh Van2' attempt to fit the
differential cross section as well as the polarized-
photon data assuming only or and or-Pomeranchukon
exchange. They achieve a good fit to the data using
five free parameters. Contogouris and Lebrun" investi-
gate the relationship between the pole terms and the
cut terms, and compute the cut terms corresponding
to or exchange from a model. They achieve good 6ts
to forward ~' photoproduction as well as forward ~+
photoproduction using the same set of parameters.

Froyland" introduces the p and p-Pomeranchukon
cut in addition to the or and co-Pomeranchukon cut.
He also achieves a good fit to the data, but this involves
a large number of free parameters which are not
uniquely determined from the experiment.

Slackmon, Kramer, and Schilling" try to fit the data

' G. Hohler et al. , Phys. Letters 20, 79 (1966).
2'D. Bellenger et a/. , in Proceedings of the Iiolrteenth Inter-

national Conference on Hi gh-Energy Physics, Vienna, 1968 (CERN,
Geneva, 1968).

"A. Capella and J. Tran Thanh Van, Nuovo Cimento Letters
1, 321 (1969).

2 A. P. Contogouris and J. P. Lebrun, Nuovo Cimento 64A,
617 (1969).

28 J. Froyland, Nucl. Phys. Bll, 204 (1969).
29 M. L. Slackmon et al. , Phys. Rev. 183, 1452 (1969).
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with co and p exchange including absorption. They
conclude they cannot get a good fit to the data with this
model. They achieve a reasonable fit to all w' data by
including 8 exchange in addition. However the 8-meson
trajectory n(f) =0.4+0.4f, as determined from the fit,
is much higher than expected and the slope is rather
small.

It has been conjectured that a fixed pole at J=O

could be present in the ~' photoproduction. " Such a
pole would lead to an s ' dependence of the cross section
for sufficiently high energies in the region where o.

is negative. The present data seem to give no evidence
for this.

"L. Jones, California Institute of Technology (private com-
munication); for general discussion of fixed poles in photoproduc-
tion, see S. Mandelstam and L.-L. Wang, Phys. Rev. 160, 1490
(1967).
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Bar, Weisskopf, Levinson, and Lipkin" have
compared the vector-dominance prediction of ~' photo-
production with the experimental data. Unfortunately,
the strong-interaction cross sections are not known at
high energies and the low-energy measurements are
not very accurate. Within the errors of the experiments,
the vector-dominance-model prediction is well fulfilled
at 6 GeV using y,'/4s =0.5.

IV. q PRODUCTION

Figure 10(A) shows an integral yield curve in the
region of the p mass, at a primary photon energy of 5.5
GeV and t= —0.5 (GeV/c)'. The corresponding differen-
tial yield curve is shown in Fig. 10(B). In both rep-
resentations the p production is clearly seen.

Measurements of the q yield are rendered difficult by
the proximity to the p-meson yields. At low energies
and moderate ItI values, the separation from the p
signal is clear. At 9 GeV it is still possible to distinguish

MISSING MASS (MeV)

307 370 424 47I 5I4 553 590 625 657 688 7I8
24

I I I
I

I
I

I
I I

I
I

I I
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2.0

1.8

I.6

100

&10
bI

CU

r+~- q+I

~ 5.5 GeV
+ 60 GeV
~ 6.5 GeV

9.0 GeV——7T', 6 GeV

~l

tt yields in the region of t= —0.7 (GeV/c)'. At higher
energies, the separation of the g step from the rising p
yield was ambiguous and we do not include these
measurements.

Figure 11 shows the measured rt cross section s' do/dt
as a function of t for primary photon energies of 5.5,
6.0, 6.5, and 9 GeV. For comparison, the measured
m' cross-section curve at 6 GeV is shown as the dashed
line. The difference between the g and m' angular
distributions is very striking. Whereas the m cross
section shows a dip around t= —0.5 (GeV/c)' followed
by a secondary maximum, the I dependence of the p
cross section for t between —0.3 and —1.1 (GeV/c)'
shows no structure. For the range of energies covered
in this experiment, the energy dependence of the
cross section is consistent with s 2.
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Fro. 11. s' do/dt in pb Gevs plotted versus t for the reaction
y+p —+y+p for photon energies between 5.5 and 9 GeV. The
dotted line shows the m' cross section at 6 GeV for comparison
purposes.
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FIG. 10. (A) Measured proton yield in the vicinity of the v step
is plotted versus missing mass squared for an end-point brems-
strahlung energy of 5.5 GeV and I=—O.S (GeV/c)~. The ordinate
is counts per hodoscope element per 10u E.Q. (8) Ditferentiai
curve derived from the integral yield curve in (A). Plotted is the
ditference, in counts per 10n E.Q., between once-removed yield
points versus missing mass squared.

s' A. Dar et ot., Phys. Rev. Letters 20, 1261 (196S).

Figure 12 shows a comparison of our data (assuming
s ') with the CEA data' taken at a primary photon
energy of 4 GeV. Plotted is s' do/dt versus t. The.
agreement is moderate, our results appearing somewhat
systematically higher than the CEA results. This
might arise either from an energy dependence other
than s ' or from experimental biases. The integral
yield method we used is less likely to result in experi-
mental bias than the CEA coincident-photon measure-
ments which involved a variety of cuts on the data to
extract the cross sections.

The photoproduction of g's at forward angles should
have a large contribution from Reggeized p exchange.
This would then lead to a dip in the cross section in
the vicinity of t = —0.5 (GeV/c)' where the p trajectory
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passes through 0. The absence of such a dip in the data
is puzzling. The class of theories which explain the
dip in s' photoproduction and s. p charge exchange as
due to interference terms between the pole terms and
the cut terms could lead to a natural explanation of both
the neutral m and g photoproduction results.

By assuming only p exchange, Bar and gneiss«pf"
relate the rt cross section to the reaction y+P ~ cc+tt.
Using the data taken at 3.25 (GeV/c), they achieved
reasonable agreement with this experiment using y '/4ir
=2.9. Gorczyca and Hayashia include co and B exchange
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Fro. 12. Results of this experiment compared with the results
of an experiment at CEA at 4 GeV. Plotted is s' do/dt in pb GeV'
versus t. The dashed line is the cross section predicted by Dar
and Weisskopf using vector dominance and assuming only p
exchange. The solid line is a prediction by Gorczyca and Hayashi
based on vector dominance but allowing co and 8 exchange in
addition to p exchange. The two predictions assumed different
values for the coupling constant g„~.

as well. They also achieve reasonable agreement with
the data. Both predictions are plotted in Fig. 12

These models, "'4 although giving reasonable predic-
tions, do not clarify the basic underlying mechanisms
involved in g production.

V. y-a PRODUCTION

In the course of this experiment we obtained about
60 yieM curves suitable for extracting p cross sections.

Figure j,3(A) shows a typical yield curve. Figure
g3(g) is a plot of the first differences of the yields, and

32 F Henyey p$ pf. phys. Rev. Letters 21, 946 (1968):
33A. Dar and V. F. Weisskopf, Phys. Rev. Letters 20, 762

(1968).
34 3. Gorczyca and M. Hayashi, Institute of Theoretical

Physics, Jagellonian University, Cracow, Poland Report (un-
published).
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Fro. D. (A) Measured proton yield per hodoscope element
per 10 ' K.Q. plotted versus missing mass squared for an end-point
bremsstrahlung energy of 16 GeV and t= —0.7 (GeV/c)'. The
positions of the steps due to the onset of m', p, and p production
are indicated. (8) Differential yield curve obtained from the
integral yield curve in {A). Plotted is the difference in counts
between once-removed points per 10' E.Q. The peaks due to ~0„
p', and p production are clearly seen. (C) Subtracted proton yield
curve in counts per hodoscope counter per 10" E.Q. for photons
between 17.8 and 16 GeV and t= —0.'F (GeV/c)s plotted versus
missing mass squared. This curve was obtained by subtracting
the 16-GeV proton yield from the corresponding yield at 17.8-GeV
end-point energy. The solid line through the data points represents
a least-squares fit assuming ~o, p, and @ production in addition to
nonresonant background. The breakdown of the yield into the
separate contributions is shown as dashed lines,
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has the distinctive p peak at around 765 MeV. Figure
13(C) shows a difference curve obtained by subtraction
between two close end-point energies. All three curves
contain essentially the same information. We had
insufficient resolution to distinguish o) production clearly
from neutral p production. For the purposes of analyzing
the data we assumed that the cv cross sections were 10%
of the p cross sections. This should be a good approxima-
tion since at high energies the nondiffractive part of
the o) production is small and the ratio between or and

p should be given by SU(3). This has been confirmed
experimentally. "

It was hard to draw definitive conclusions as to the
shape of the p decay spectrum. At high energies and
low t values, the resolution of the apparatus became

comparable to the width of the p. At low energies,
although the resolution was very adequate, the back-
ground of multipion events under the p peak. became
large and produced some ambiguities in the interpreta-
tion. These ambiguities were most serious with respect
to the shape and less serious with respect to the total
cross section.

A large number of shapes and widths for the p meson
were investigated and are listed below.

(a) A relativistically correct generalization of the
simple Breit-Wigner form, as described by Jackson and
Selleri. "

(b) A form suggested by Ross and Stodolsky"
where the above shape is multiplied by the additional
factor of (m, /m)'. Although this factor is disputed, at
least one experiment indicates it may be a good descrip-
tion of the p shape. s Other powers of m, /m were also
tried.

(c} The Soding interference model. sr Because our
method integrates over the whole resonance, the
interference term tends to cancel out, and the results
are not significantly different from those for the
Jackson shape.

(d} A simple nonrelativistic Breit-Wigner shape.

The background from nonresonant multipion produc-
tion was estimated with a polynomial, which was kept
to as few terms as possible consistent with a reasonable
6t. With different assumed p shapes, the Qtting program
divided the observed yield into background and p
signal differently. In general, cross sections obtained
with the diferent models disagreed by 5—10%, with the
Jackson shape giving values about 7% systematically
higher than the Ross-Stodolsky shape. Our data did
not significantly prefer any one shape. The Jackson
shape tended to give better Gts at high energies and
high t values. The Ross-Stodolsky shape gave better
its at low t values and low energies, and gave poor
fits at high energies and high t values.

"J.D. Jackson, Nuovo Cimento 34, 1644 (1964); F. Selleri,
Phys. Letters 3, 76 (1962).

s~M. Ross and L. Stodolsky, Phys. Rev. 149, 1172 (1966)."P. Soding, Phys. Letters 19, 702 (1966).

Various experiments have measured p widths any-
where between 90 and 160 MeV and masses between
720 and 780 MeV. ' "Both these parameters were at
first treated in this experiment as unknowns to be
determined at each energy and momentum transfer.
There was no observable dependence of the p mass on
s or t. The best-Qt mass value depended, of course, on
the shape used. The Jackson form led to a mass of 765
~20 MeV, in agreement with the results of McClellan
et al. ' The Ross-Stodolsky form gave a value 10—20 MeV
higher. The large p mass shift sometimes reported to be
observed in photoproduction experiments ' "was not
observed in this experiment. For each yield curve, a
best p width was determined by stepping the input p
width in 15 MeV increments between 80 and 170 MeV,
simultaneously adjusting the background polynomial
to give a best 6t to the data. The error was taken to
correspond to the point where the X' probability had
fallen to half of its best value. This criterion gave
typical errors of ~30 MeV. This large error arose
because changes in the background polynomial could
accommodate changes in the trial p width. In general,
the preferred width was relatively independent of the p
shape chosen. As with the mass, there was no systematic
dependence of width on s or t. Including possible
systematics, a best width of 127~25 MeV was obtained.

All subsequent cross-section Qtting, at all energies
and momentum transfers, was made with the Jackson
shape (a) for the p with a width of 125 MeV and a
mass of 765 MeV plus a 10% a& contribution. The
variations of the derived p cross sections with assumed
p widths were, on the average, 5% for a 10-MeV
change in width. For each yield curve, the sensitivity of
cross section to width and the uncertainty in the width
were used to estimate errors. In general, the presence
of nonresonant background was the cause of the above
systematic uncertainties and the assigned systematic
error was approximately equal to ~30% of the non-
resonant background. The nonresonant background was
largest at low energies where processes other than
diffractive are still important, and at high t values
where again the diffractive contributions are not so
dominant.

Our results, when analyzed consistently, showed high
internal consistency. This internal consistency does not
necessarily correlate with real precision in the cross-
section determinations, and our quoted results may
therefore be systematically distorted to run either high
or low through our error bars.

Figure 14 shows a comparison of our data in the
energy range 5.5—6.5 GeV with a 6t to the DESY data"
at nearby energies. Also included on the 6gure are the
results of McClellan et al. ' at 6 GeV. The agreement
between the three sets of data is good.

Both from the vector-dominance rn.odel and on more

38 Ashen-Berlin-B onn-Hamburg-Heidelberg-MQnchen Collab-
oration, Phys. Letters 27B, 54 (1968).
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do do (p'p)—(pp') =C,
dt. dt

(5.1)

Substituting the quark-model prediction" from Eq.
(1.2) into this relation, we obtain

(v—p') =C, — (~+p)—+ — (~ p—)
~

(5 2)
Ct 2 dt 28t )

general grounds, " we should expect for ~tI values
where diBractive scattering is dominant that the
photoproduction of p' mesons will be related by a
constant of proportionality C, to elastic ps-p scattering:
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Figure 15 shows a comparison between our results
and these theoretical predictions using the elastic pion
scattering data of Foley et al.~ with C, as our only
adjustable parameter. The theoretical prediction is
plotted as the solid lines together with the experimental
data points. The agreement is remarkably good over
the t range from —0.2 to —0.7 (GeV/c)' at 6.5 GeV and
over the entire t range at higher energies.

It does not seem possible that this agreement with
theory is fortuitous, and we therefore believe the error
is small in extrapolating our data to /=0 using the
above-predicted shape, at least at the higher energies.
Table II gives values of (do/dt) „=s and of or obtained
from this shape with a single best value of C,. We also
give values of (da/dt)~=a and or, where we assume the
shape is represented by the above formula over the

~

I
~

-value range 0.1—0.7 (GeV/c)s but permit C, to vary
with energy. The forward cross section analyzed either
way drops from an average value of 130—140 pb/
(GeV/c)' around 6 GeV to an average value 102
pb/(GeV/c)' around 17 GeV.

McCle11.an et ul. ' report the cross section at t=0 as
140 pb/(GeV/c)' in the range 5—10 GeV. Within

errors this is consistent with our values. However,
their values show less of a trend to decrease with energy
over this range. We note that their cross-section deter-
rninations, like ours, are dependent on the specific shape
and background assumptions. Their measurements,
based on observation of the Anal two-pion state, have
less severe background problems than ours. However,
our statistical precision is much higher and our integral
yield measurements are automatically summed over
the p mass spectrum with nearly the appropriate
weights. We are thus less sensitive to exact spectral
shapes than are methods based on taking weighted
samples in the neighborhood of the p decay peak.

e'See, for instance, S. D. Drell and J. S. Tre61, Phys. Rev.
Letters 16, 552 (1966), in which the angular dependence of
po-meson photoproduction on complex nuclei is obtained without
any explicit reference to the assumptions of a strict vector-
dominance theory.

4e K. J. Foley ef ol. , Phys. Rev. Letters 11, 425 (1963).&
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Fro. 14. dz/dt in pb/(GeV/c)' plotted versus & for the reaction
y+p ~ p0+p for photon energies between 5.5 and 6.5 GeV. The
solid line is a least-squares 6t by the DESY bubble-chamber
group to their data for photon energies between 4.5 and 5.$
GeV. Acceptable limits to their Gts are indicated by the dashed
hnes. The results of a measurement at Cornell (Ref. 9) for an
end-point energy of 6 GeV are also shown.

We can use the vector-dominance relation

dt &=o

4s- o.r'(p'p)
=gQ

y p' 16m
(5.3)

to relate our mean value of C, to y, '/kr, the usual
vector-dominance factor. The result is y, '/4s. =0.61.

(GeV)

17.8
16.9
16.0
15.25
14.5
13.75
13.0
12.25
11.5
6.5
6.0
5.5

Consta
do/dt
(1=0)
Pub/

(GeV/c) ']
104.6
105.3
105.9
106.7
107.6
108.8
110.1
111.6
113.4
131.0
133.3
135.8

nt Cp

12.39
12.47
12.55
12.65
12.74
12.87
13.04
13.23
13.44
15.50
15.79
16.09

Energy-d
da/dt
(t=0)
Pub/

(G.V/. )q
100.5
105.3
103.3
106.6
101.2
109.5
108.7
111.4
113.4
137.6
151.9
166.9

ependent C»

(pb) % error

11.89 &5
12.47 ~6
12.24 ~6
12.54 ~6
11.98 &6
12.95 ~5
12.86 ~6
13.19 ~6
13.44 &6
16.27 &10
18.0 ~10
19.8 ~12

TABLE II. Forward diGerential and total p cross sections
obtained from its to our data calculated both with a best-6t
constant C~ from Eq. (5.3) and with an energy-dependent Ce
best-Gtted at each energy.
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quark relation in Eq. (5.2).
The one adjustable parameter
C, was set to a value of
2.98X10 '.

O.OI

100

I I I I I I I I I I I

10

p +p

GeV

oJ

I

O. I

Q QI
I I I I I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-t, (GeV/c) -t, (GeV/c)



6.4

MISSING MASS (MeV)

855 910 962 loll 1057 1102 1145

! ~
I

&

I
~

I
t

I
&

I
&

I
I

I

6.2— Eo=14.5 GeV

-t = 0.4 (GeVic)~

Fro. 16. (A) Measured proton yield
in counts per hodoscope element per
10'~ E.Q. plotted versus missing mass
squared in the region around the& step
for an incident photon energy of 14.5
GeV and for t= —0.4 (GeV/e)'. (B)
Difterential yield curve derived from
the above integral curve. Plotted is
the di6'erence in counts between once-
removed hodoscope elements per 10"
K,Q. versus missing mass squared.
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FIRST DIFFERENCES

it I I il

I

0.64 0.73 0.83 0.93 1.02 1.12 1.22 1.31 1.41

(Ml S SING MASS) ~ (G eV )~

"F.Bulos ef, al., Phys. Rev. Letters 22, 490 (1969); cf. also
Asbury er uL, ebQ 19, 865 (1967). . gg

4' G. McClellan, Phys. Rev. Letters 22, 377 (1969).

If, instead, we use o.z ——30 mb at 9 GeV, from Bulos~ VI. fi PRODUCTION
ef al."we obtain y, '/4ir =0.7. If we assume o r =39 mb The y-meson production cross sections were consider-
at 6 GeU, from McClellan e& al. ' we get Vl'/47r =1 09 ably smaller than the p' cross sections. The proton yield
Thus a value of y, '/4rr=0. 45 is not consistent with a from y production comes in a region where the lower-
vector-dominance theory relating the p' photoproduc- energy components of the bremsstrahlung beam also
tion cross section at t=0 of 120-130 pb/(GeV/c)', as produce a very large yield of protons associated with
measured in this and other experiments, to p-nucleon p production and nonresonant background. As with the
total cross sections in the range 30—40 Inb. '4' 4' p, the single-to-noise ratio improved at high energies

where the diffractive processes dominated, and measure-
ments at low ~fI values were difficult because of the
poor angular resolution caused by the multiple Coulomb
scattering in the target. Figure 16(A) and 16(B) show
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FIG. 19. Shown are
the results of a mass
search in the region of
missing mass squared of
1.5—4 GeV' for t= —0.2
(GeV/c)~. Plotted is the
proton yield per hodo-
scope element per 10"
E.Q. as a function of
missing mass squared for
end-point energies of
the bremsstrahlung
spectrum of 17.8 and 16
GeV, respectively. The
structure seen in these
curves was due to low-
energy single 7t-' produc-
tion. The upper scale
shows the photon energy
responsible for single m.o

production. The prom-
inent bumps are asso-
ciated with the third and
fourth resonances. The
subtraction between the
two properly normalized
yield curves then corre-
sponds to reactions ini-
tiated by photons be-
tween 17.8 and 16 GeV.
The result of this sub-
traction is shown in the
6gure on an expanded
scale. The solid line is a
least-squares fit of a
straight line to the data.

TABLE III. Upper limits to cross sections in the missing-mass
search at 16.9-GeV average photon energy at h= —0.2 (GeV/c)'
for the production of particles with widths 100 and 200 MeV.

100-MeV width
Upper limit Upper limit

do for
for — do. da

Mass —(P)
(MeV) Qb/(GeV/c)'g Ch dh

200-MeV width
Upper limit Upper limit

do for
for — da dn

dh — —(p)
Qb/(GeV/c)'g Ch dh

1300 0.49
1450 0.54
1600 0.61
1800 0.71

0.022
0.024
0,028
0.032

0.69
0.76
0.87
1.00

0.031
0.034
0.039
0.045

At high energies, we saw indications for the produc-
tion of a broad resonance centered at 1240~20 MeV
with a width of around 100 MeV. We covered an
appropriate range of mass values for measuring the
production of a 1240-MeV mass particle on about 15
sweeps. All of the sweeps taken at 13 and 14.5 GeV in
the range of t= —0.3 to t= —0.7 (GeV/c)' gave evidence
for such a resonance. Figure 18 shows a representative
mass sweep obtained by subtracting the yields taken at
14.5 and 13 GeV for t= —0.5 (GeV/c)'. At higher
energies this mass scale was compressed, and at lower

energies the backgrounds increased, making the signals
less clear. Qualitatively, this meson (or possibly rnesons)
was produced with cross sections of the same order as
the P in the energy range 13.0-14.5 GeV and the

~

t (
-value range 0.3—0.7 (GeU/c)'. We tentatively

identify this signal with the 8 meson whose quantum
numbers J~~=1+ would permit it to be quasidiGrac-
tively produced. 4' It is possible that this particle could
be an as-yet-undiscovered vector meson.

We have also searched for the production of res-
onances with masses between 1.3 and 2 GeV at 3= —0.2
(GeV/c)' and 17-GeV photon energy. The low ~tI

value and high energy should be especially suitable
for singling out states that could be diRractively
produced. In particular, we might have expected to
observe any new vector rnesons in this mass range such
as the J~~ = 1 state on the "daughter" trajectory of
the p trajectory.

A single integral yield curve shows structure arising
from both the high-energy photoproduction of high-
mass states and from lower-energy photon production
of single-pion or other low-mass states. Therefore for
this survey we used a subtraction of two sweeps taken

"D.R. O. Morrison, Phys. Letters 22, 528 (1966).
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at 17.8- and 16-GeV peak. energies. Figure 19 shows
both the unsubtracted and subtracted yields. The
integral yield curves represent on the order of 2&107
counts each. Any produced particle would show up as
a peak in the subtracted yield curve. No such peak
can be seen in the data. To determine the statistical
significance level of this mass search, we have made an
analysis of the data with the following method. A
straight line (two parameters) was fitted to the sub-
tracted yield curve. This fit, although expected to be
poor in the region of masses just above the p, gave a
good representation of the data with a X' of 82 for 93
degrees of freedom. We then searched the subtracted
yield curve for any signi6. cant peaks superimposed on
this smooth linear fit. This was done by computing
the ratio

Q, W, (e,a) T;/(P; W,2o;2)"', (7.&)

where T, is the difference between the measured yield in
mass bin i and the straight-line fit, 8"; is a Gaussian
"weight function" centered in bin e with a full width at
half-maximum of a, and 0; is the error assigned to the
measured point in bin i. The above quantity was then
centered on each bin and computed for several choices
of a between 50 and 250 MeV. For none of the large
number of possible combinations was the above ratio
larger than 3.0. We set our level of significance as 5 for
this ratio. The resulting upper limits to the cross
sections for widths of 100 and 200 MeV are given in
Table III.

We checked for internal consistency by searching
the data for "negative" or nonphysical inverted peaks.
In this case the ratio was never larger than 2.5.

At the energy of 16.9 GeV, the minimum four-
momentum transfer squared to the nucleon for the

production of a meson as massive as 2 GeV is —0.014
(GeV/c)2 and is small compared with the value of
t= —0.2 (GeV/c)' at which the measurement was made.
Therefore, there should be no inhibition on the produc-
tion of a 2-GeV-mass meson from this cause. It is
possible that a high-mass vector meson might escape
observation in production experiments if it decayed
into co mesons and ~ mesons which would give 6nal
states containing two neutral pions. Since this is a
missing-mass experiment, our observations are com-
pletely independent of the decay modes open to the
particle. We conclude from Table III that at a 90%
confidence level no particle with a cross section larger
than about 5%%uo of the p' cross section was produced in
the mass region 1.3—2 GeV.
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