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ABSTRACT

Phntoproductton cross sections for neutral pi, eta, rho
and phi mesons have been measured at the Stanford Linear
Accelerator Center for photon energies between 5 and 17.8 GeV, and
t (four-mmomentum transfer squared) between ~-.12 and -1.4 (GeV/c)2
using a missing mass technique.

The pion production at iower energies is characterized by
a fast fall off with increasing |t] at small |t} values; with a
"dip" at t = ;.S (GeV/c)2 followed by a secondary maximum around
t = -.9 (GcV/c)2 and a smooth fall off at larger |t]| values. As
the incident photon energy lncreases the dip becomes less
pronounced, In contradiction to the expectations of siiiple Reggzge
theories based only on the exchange of the omega and 8
trajectories.

Eta photopfoduction was measured around € GeV and at
9 GeV., The cross section decreases smoothly with t and shows no
dip at t = -.5 (GeV/c)2, in disagreement with predictions based on
Raggeized rho exchange.

Rho production rates agree well with predictions assuning
diffraction production. The differential cross section varias
approximately as exp(8.5t). The total cross section decreaases
from 16,0 pbarn at 5.5 GeV to 12.3 pbarn at 17.¢ GeV incident
photon energzgy. A qua}k rmodael relation between n-p elastic
scattering and rho photoprohuction Tives a gzood representation of
the data.

Phi production also appears consistent with the

predictions of the diffraction dissociation model.



WWe also searched for evidence of photoproduction of other
particles with mass up to 2 GeV. Production of one particle of
mass (1240  20) HeV and width around 100 !leV was observed. !llo
particles with mass between 1300 and 2000 licV were foun-d. Any
particle with cross section larger than L% of the rho cross
section would have been visible.

. INTRODUCTION

In this experlment we have exten‘led previous déta on
neutral meson photoproduction cross sections to higher enersies
and a broader range of four monentun transfers., The experiment
was carried out at the Stanford Linear Accelerator Center
(S.L.A.C.) using the S.L.A.C, 1.6 GeV/c spectroneter as a missing
mass spectrometer. Some preliminary results of this experiment
have already been published(1l).

Earlier measuremnents have been made on forward neutral
pion photoproduction by groups at D.C.S.Y.(2) and at C.E.A.(3) in
the photon energy range fron 2 GeV to 5.8 GeV, Their results
showed a pronounced dip in the cross sections at a value of the
four-nomentun transfer squared t = -.5 (GeV/c)E. There has bheen
considerable speculation on what the form of the enerszy decpen:dance
for this process would be at higher cnersias(h)(5), The earliar
data could be understood within the framoworic of a conventional
Regge theory by assuining omeza and U exchange(5). This theory
predicte:l that the B ieson exchanse woull bocone less important at
hiszher enersies and that the process would 2ventually be
conpletely donminated by onega exchansze. Assunling that the rho andi

mega trajactories were similar, it was then cxpecte! that the



neutral pion photoproduction cross section would be similar to the

- + P o ﬁo + N charge-exchange cross section, where only rho
exchanze 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 = -.5 (GeV/c)e.
Our data extend to photon energies of 15 GeV and appear to be in
disagreement with these predictions,

We have also measured eta photoproduction around & 5GeV
and at 9 GeV. Lower energy data(6) covering a similar range in t
exist from experiiments at the C.E.A. The results arc mainly
interestinz for their behavior near t = =-.5 (GeV/c)e. In
conventional Regge theory the process is expected to hava a larze
contribution from rho meson exchanse and therefore it should show
a sharp dip at t = -.5 (GeV/c)2. o such dip is ohserved,

Our measurements of neutral rho photoproduction axtend to
higher =nerzies than previous data(7)(8)(9)(13). The results of
these experiments at lower energices have been successfully
explainad in the framework of the vector meson dominance theory.
According to this theory the cross section for photopro:duction of
a vactor meson v° should be proportional at high energies to the
cross section for the elastic scattering of transversely polarized

vector mesons from hydrogen, i.e.
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where @ = 1/137 and Ty describes the coupling of a virtual vector
meson to a real photon. On the baslis of a broken SU(3) quarl
mode1(11), the cross sectlion for the elastic-scattering process

p® + P p% + P is given by:

2
29/,9) = (:_Lé |’%§<“+P . 1 a_g(“-l,)> (1.2)

These relations are well satisfied for neutral rho photoproduction
over the whole kinematic range covered in this experiment.

Previous to this experiment little experimental data was
available on the photoproduction of the phi meson(8)(12), Phi
production, though small, should be larzely diffractive. The
results of this experinent in the energy range between 6 and
18 GeV support this assertion. The t dependence of the cross
section is again reproduced with a broken SU(3) quark model
prediction (11)(13).

No previous flrm observations(lh) have been made on the
photoproduction of higher mass mesons at high energies. \le
observed the production of a meson in the mass region around
1240 HMeV, tentatively identified with the B meson. We searched
for vector meson production in the region of masses 1.3 GeV to
2 GeV, and mizht have expected to observe the JC o= 1 "daughter"
to the rho meson around 1500 MeV. Ho such meson was found.

11, EXPERIMENT AHND APPARATUS

A, Experimental Arrancenent

The experiment was carried out at the 3Stanford Linear



Accelerator Center. The layout of the experiment Is shown In
Fig. 1. The momentum analyzed electron beamn was focussed onto an
aluminum radiator, .03 radlation lengths thick, located about

150 ft. upstream of the target. A sweeping magnet, placed just
after the radiator, deflected the main electron bean Into a heam
dump. The photon beam was then collimated to the required size by
a high power water cooled collimator (C-10) before impinging on
the 1iquid hydrogen targét. Secondary collimators were set up to
intercept any halo of the beam remaining after the collimation by
C-10. There were also several sweep maznets Iin the beam line to
remove electron spray produced by these colliimators. The photon
beam finally stopped in a Secondary Emission Quantameter (S.E.Q.)
located approximately 100 ft. downstream from the target. This
S.E.N. was our primary beam monitor. In addition the bean
intensity was monitored by a Cerenkov monitor as well as a
Secondary Emission Monitor (S.E.M.), both located in the front of
the target as indicated In Fig. 1. The intensity of the pHoton
beam tncident on the target was typically 5 X 10ll equivalent
quanta per second.

The target used was of a condensatfon type(1l5). The
target cell was a cylinder, 15 in. long and 2 in. in diameter,
made.out of .008 in..thick mylar with thin aluminun end caps. A
"dummy cell" and a "no cell" position were also available.

B., Snectrommeter and Counter Svysten

The S.L.A.C. 1.6 GeV/c spectroneter(16) was used to
analvze the recoiling protons. It is a weal: focusing (n = 0),

o * . .
second-order corrected, 90° vertical bend maznet with a radius of



100 in. The momentum acceptance ani the acceptance in proiuction
angle are defined by the slze of the counters in the focal plane,
The azimuthal angle (A?) and the useful target length were |
determined by renmotely moveable slit systems placed at the
spectrometer entrance. For this experlment the total acceptance
was %?4552 = 6.8 X 10-5 sterad. and the useful target léngth was
typically about 7 in.

The spectrometef focussed production angles and momenta
onto a single focal plane which was norinal to the direction of the
focussed particles and had a linear dispersion of 1.66 in. per
percent in momentum and .32 in. per mrad in angle. The resolution
was +.08% in monentum and +.4 mrad in angle. The locus of
partiples from a particular two body reaction can be approximatéd
by a stralght line over the small momentum and angle 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 coﬁplex
decodinz and made it possib]e:to record several events‘during the
1.6 psec long S.L.A.C. beam pulses with simple electronics.

The momentum calibration and the solid angle had been
previously determined both by a wirefloat measurement and by
running a well defineg electron beam from the accelerator directly
into the spectrometer. The estimated error Qas +.2% in the
momen tui ca]fbration and +3% in the total acceptance %Eéxﬂ. vie
estinate that the uncertainty in tihe determnination of the
production angle with respect to the Jdircction of the photon boam

was +0.3 mrad.



The spectrometer and the counter system are shown in
Fig. 2; the counter system Is shown in more detall in the insert,.
The telescope consists of five scintillation counters (S9 - S13)
made out of Pilot B plastic; S$S9 and S10 were 7 X 11 X .5 in., and
S11, S12 and 513 were 10 X 14 X .5 In. Between S10 and S11 and
between S11 and S12 there were remotely variable absorber
changers. A missing mass hodoscope consisting of 8 elements, each
.75 X 10 X .25 In., was located betwecen $9 and S10. For counters
S9 and S10 Amperex XPl020 photomultiplier tubes were used; for all
other scintillation counters RCA 7850's were used. A threshold
Lucite Cerenkov counter (9 X 13 X 2 in.) was inserted between SIC
and S11. The counter was so constructed that only light which was
internally reflected could reach the phototubes. The outputs of
the four RCA 8575 photomultipfier 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 HeV/e
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 (jt] < .4 (GeV/c)a), the protons were
identified by range and pulse height using the first few trigger
counters. At higher |t] values the threshold Cerenkov counter was
used in veto to prov{de additional rejection against pions. The
ratio of the pion flux to the proton flux incident on the counters
was typically 1:1 near tihe 2% threshold and the ahove criteria
reduced the pion contamination to the 1% level. The last two

scintlllation counters S$12 and S13 had their biases set low an.l
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monitor the flux of produced n+ mesons.,

To measure the efficliencies of the system for protons and
pions we used the chopped S.L.A.C. electron beam and a
time-of-flight system(l7). This provided us with a clean

separation of protons and pions and allowed the detection

. . . . . .
ffictenci of the system to be determined The efficiencies of

w
wn
w

(4]
1]
(9]

the individual hodoscope elemnents were determined for each run and
were near 100%.

C. Electronics

Fig. 3 shows a simplified block diagram of the
electronics. Standard 100 Mc modules(18) werec used for the logic.
The event rate was quite high, up to 6 counts in the 1.6 psec lﬁng
beam pulse. The Interesting rates were therefore all fed into
fast 100 Mc scalers(19) and stored there for the duration of an
experimental run. After each run the scalers and other relevant
data were read by the S.L.A.C. SDS-9300 coirputer. .

D. Beann !'onitors

The primary beam monitor was a non-saturating
quantaneter(29). The quantameter was fully evacuated and
consisted of twenty copper plates 0.5 in. thick alternated with
nineteen foils of gold plated aluminum each 0.3005 in. thick. The
device was calibrated against the S.L.A.C. silver calorimeter(21)
as well as azainst a Faraday cup. The average calibration
constant was 2.92 electrons/GeV for a voltare of +750 volt, The

absoluta calibrations were repeated periolically during the course

of the experiment and were found reproducible within one percent.



However we assigned an overall error of %2% to our absolute
calibration value,

The relative stability of our monitor systems, when
conditions were carefully standardized, was *+.2%. We used the
S.L.A.C. photon beam Cerenkov monitor(2l) for an additional check.
This consisted of a tube 30 in. long filled with He gzas at about
1 atm. The light was focussed onto a photomultiplier tube, whosa
output was then integrated. The ratio of the Cerenkov monitor to
the S.E.Q. remainesd constant to fractions of a percent for periods
of hours.

E. Data Accunulation and Reduction

The choice of tihe hodoscope angle determined the angzular
production width A8 accepted by one hodoscope counter and the
range of angles was then divided into bins, each A wide. This
bin width was typically about 2.8 mrad. To reduce our sensitivity
to simall drifts in the apparatus, the data werce accunulated.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

+ .
meson vield curve,

all 8 hodoscope counters. Since the =«
measured sinultaneocusly by a coincidence between counters S12,

S13, and the threshold Cerenkov counter, should vary snoothly with

~

angle in this kinematic region, a valuable additional cross-check
on the beam and monitor stability was availabhle,

Each run at a ziven angle lasted typically 5 minutes.
After the run the relevant data were all read in, stored and
racorded on maznetic tape by the S.L.,A.C. SDPS-3300 computer, The

hodoscope data were accumulated in bins and an automatic plotting



machine plotted each run individually to aid the experinenter in
checking for consistency. The accunulated data could be plotted
on denand and selected runs on the data tape could be added to or
removed from the accumulation at any thne.

Frequently the counting rate was measured as a function
of beam lIntensity. This rate check was done by remotely varying
the slize 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 tarcet
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 dependence. This
combined correction was always kept less than 5%.

3, iHost data points were repeated on several elcinents of the
hodoscope array. Differences in counting efficiency ainong 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 coul:d
be cross-checked for internal consistency, relative monitor
drifts, etc.(22), In the vast majority of runs the external and
int2rnal error assignments were in azreceaent. In a few casas a
small monitor change was detected and was found to correlate with

a small change in the Independently Jdetected st rmeson rate. These
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few runs were corrccted or eliminated.

4., We combined all the corrected data at fixed [t]
values and end=-polint energies lnto yleld curves as a function of
the spectrometer angle,

F. Analysls of the Yield Curves

The production of a resonance particle x° In tge reaction
y + P o X°+ P corresponds to a "step" in the detected recoil
broton vield measured as a function of angle for a fixed photon
~end-point energy. This mlssing 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 set up. To see how .

"in a yield

each produced resonance must correspond to a "step
curve, let us first consider a monochromatic photon beam with

energy k., In this case the missing mass is uniquely given by:
M§ = 2k(p + cos® - T) - 2MT (2.1)

Here p and 6 are the momentum and angle, M the mass and T the
kinetic energy of the recoiiing protons. Hénce, by measuring the
3-momentum of the recoiling proton the mass of the produced
“"marticle" x° is determined. Fig. 4 shows the laboratory monentun
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 momentun
fixed we get separate peaks correspcending to the diffarent mass

particles. In reality we are Jealing with a bremsstrahlunz bean,

..11_



but for a fixed end-polnt energy k, of the photon spectrun and a
fixed recoil momentum of the proton we can always define a
limiting anzle 8, such that Mi = 0. This corresponds to Compton
scattering on the proton. At larger angles there are no
kinematically allowed protons. At all smaller angles protons fron
the Compton process are kiﬁematically allowed. As we néw move
towards smaller angles with the spectrometer each new resonance
will show up as a '"step" on a rising yield curve.

Fig. 5A shows such an experimentally measured yield curve
for k = 11.5 GeV and t = -,7 (GeV/C)E, and the breakdown of the
yield into counts from the production of pions, rhos, phis an
nonresonant background. There was an appreciable yield of protons
beyond the allowed kinematic limit because of the rescattering of
forward produced particles, This background was associated with
the full target and was very small from the dummy target. As can
be seen from Fig. 5A, 2° production showed up as a step on this
"shost "proton' background. The angular resolution was not
sufficient to separate the protons associated with =x° production
from those assoclated with Compton scattering, but at this
particular angle and energy the Compton efféct should be
negligibly small compared with x° production, The shape of the
leading edge of the pion step was almost completely determined by
the angle changgs 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 duo to rho and phi mesons can be clearly seen. A threshold

mlissing imass scale 1s provided for convenience, althoush in

_12_



reality photoproduction of all lower missing masses can proluce
recoil protons at the same angle and momentum. For example, at
the angle in Fiz. 5 corresponding to phi's made by 11.5 GeV
photons, neutral rho'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 cnergies Ey and Ep. By
subtracting the two yields with the appropriate corrections, a
curve was obtained which corresponded to photoproduction by
These subtracted curves showad the

photons in the range E, to E

1 2°

structure to be expectad from a nearly "monochromatic" photon

beam. Fig. 58 shows such a curve obtained by subtracting the
yields obtained with photon end=-point enerzics of 13 GeV and
11.5 GeV., Almost identical curves can be obtained by
"differentiating' or taking successive diffarences of the yields
on an integral yield curve obtained at one end-point energy.
Fig. 5C shows such a curve obtained by taking successive
differences on the intezral curve shown in Fig. SA. llote that the
subtracted vyield curve Fig. 5B and the first difference curve

Fig. 5C appear aliwost 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 assumingzg smooth backgrounds du= 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 saction with

energy, Subtracted yield curves, where available, were

_13_



similarly fitted, The 79, 7, and ¢ steps were fitted also by
eve, since the computer fits described above, although having the
advantage of objectivity, suffer from inflexibility and the tendency
of the large P° yield to dominate the solutions. The two approaches
were considered to be complementary, and disagreements usually
reflected genuine ambiguities In interpretation. These ambiguities
were accounted for in our quoted errors. A detailed discussion of the
analysis is available in Ref, 22.

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

11!, 7% CROSS-SECTIONS

Fig. 6A shows a typical integral yield curve plotted
against missing mass squared in the 7© mass region. The sharp

step due to the onset of the 70

production is clearly seen. In
the same figure the differential yield curve as derived from the
integral curve is also shown. In this representation m°
production appears as a peak. The kinematic threshold for two
pion production is close to that for single pion production.
However since two pion production is a three body process it does
not lead to a sharp step but to a smoothly rising yield curve
starting at the threshold. This process was accounted for in the
fitting 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

sufficiently marked that we believe that this process Is well

-14-



accounted for In our cross section determination and In our error
asslignments.

Since the experimental resolution is not sufficient to.
separate n° production from Compton scattering, the cross sections
exfracted 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

Bt where B = 8,5 (GeV/c)2, e.g. the same slope as

do/dt = A e
observed in the p° photoproduction on the proton.
A = ,68 pb/(GeV/c)2 was determined'from the total y~p cross
section usihg the optical theorem., The total yp cross section
was set equal to 115 pbarn at high energies, in accordance with
recent measurements(23). The correction Is iﬁportant (50%) at low
[t] values and high energies. Ve estimate the correction to be
known to +20%.
In Fig. 7, do/dt determined from the step heizhts ig

plotted versus t for primary photon energies of 6, 9, 12, énd
15 GeV. The data are characterized by a fast drop of the cross
section at low |t] values, a dip close to t = -,5 (GeV/c)2
followad by a secondary maxisum at t = -,9 (GeV/c)2, and a smooth
fall off with increasing |t]l-values. \Uith increasing photon |
energies the dip gradually becomes less pronounced,

| Fig. 8 shows our data at 6 GeV together with the D.E.S.Y.
results(2) at 5 GeV and 5.8 GeV for comparison. Plotted is
s@ do/dt versus t. The agrcement is very satisfactorvy.
2)

In Fig., 9 do/dt versus (s-n is plotted for constant

values of t. The D.E.S5.Y.(2) data at lower cnerrizs are Incluia-d



in these plots, A least squares fit to the data of the form

do/dt ~ (s-mz)am"2 was maide to the data at 3 GeV and above and js
shown as the solid lines in Fig. 9. It clearly gives a very
reasonable simultaneous representation of both our data and the
D.E.S.Y. data. There is a small but significant amount of
shrinkage with the effective Regge @ decreasing fron @ ; .16 & ,05
at t = ~,7 (GeV/c)2 toag=-.24% .05 at t=-1.k (GeV/c)®. Below
It = .5 (GeV/c)2, Q@ remains close to 0. Hervef these points are
more uncertain, since for low |t] values and high energies the
spread of photon cnergies corresponding to the width of the x°
step becomes large. This spread arises from the angular
uncertainty due to the nmultiple scattering of’the recoil protons
at.small |t] values combined with the kinematic factor

(dk/de) which increases rapidly with decreasing [tl. The

p=const.
quoted errors on the low t points at high energles are larzely
systematic in origin and arise from our estinates of the above
uncertainties. At high |t]| values the resolution becomes entiraly
adequate and the quoted érrors are mainly statistical.

The 2° photoproduction at forward angles and hish
energies was originally expected(5) to be dohinated by Regreized
particle exchange in the t-channel. Charge conjugation invariance
requires the exchange§ t-channel particle to be odd under C.
Hence, of the established particles only the neutral rho, omeza,
phi and B (or Its isoscalar "relative" in the JP = 1+ octet) nee-l

be considered. From a comparison of the coupling constants one

would expect omega exchange to doninate everywhere except in the

n

vicinity of t -.5 (GeV/c)e, vhere the omega trajcctory goes

-16-



throush zero. This |t] value corresponds to a supposcd nonsense
zero in the amplitude arising from omega exchange with a resulting
dip In the cross scction, Since the omega trajectory is very
close to the rho trajectory and phi exchange should be negligible,
It was expected that In this dip region around =-.5 (GeV/c)2 the
cross section would be dominated by B exchange. At lower energies
this plcture agreed well with the differentlal cross section
measurements at D.E.S.Y. and C.E.A.(Z)(3$. This model further

predicted that the dip in x°

photoproduction would become morz
pronounced at higher energies and that the energy dependance of
do/dt would display strong shrinkage.

Nelther of these predictions appear born 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(5). For instance at t = -.9 (GeV/c)a, do/dt ~ (s-m254"8
whereas from thé accepted omega trajectory(2h) we would expect
do/dt ~ (s-m2)"3 . That the cross section in the dip region is not
dominated by B exchange (or the exchange of the isoscalar member
of the "B octet'") is.also shown by measurements wifh polarized
photons at 3 GeV(25). These polarized photon measurements have
shown that the dominant exchange at these energies in the region
of the dip has natural parity, thus excluding B exchange.

The combined experimental data on x° production thercofora
can not be described in terms of simple Regge exchange. However
by includini cuts or absorption in addition to the elementary

. o
Regge exchange reasonably successful fits to the =«

photoproduction data have been achieved(26)(27)(25)(23), The

-17=



simplest cut term is the one that corresponds to the exchange of
the pomeron P together with the omega. The effective trajectory
(t) can In this case be written as:

a o
a(t) =a (0) + o (0) ..1+—7L—u—2,—t (3.1)
c w by a

+ O
W W

Since this trajeétory for physical |t| values lies higher than the
omega trajectory we would expect the cut to dominate the cross
section at sufficiently high energies.

Capella and Tran Thanh Vvan(26) attempt to fit the
differential cross section as well as the polarized photon data
assuning only omega and omega-pomeron exchange. They achieve a
goo@ fit to the data using 5 free parameters. Contogouris and
Lebrun(27) investigate the relationship between the pole tarus and
the cut terms, and compute the cut terms corresponding to omena
exchange from a model. They achieve good fits to forward
2° photoproduction as well as forward <t photoproduction using tne
same set of parametars,

Froyland(28) introduces the rho ani rho-poincron cut in
addition to the omeza and omega-pomeron cut. e also achiesves a
good fit to the data, but this involves a large nunaber of freae
parameters which are not uniquely determined from the experiaent.

Blackmon, Kramer and Schilling(29) try to fit the data
with omega and rho exchange Including absorntion. They conclule
they cannot get a good fit to the data with this niolel. They
achieve a reasonable fit to all no data by including B exchénqe in

addition., However the B meson trajectory, @(t) = b + Lt 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 = 0 could
be present in the x° photoproduction(30). Such a pole would 1ead
to a 5-2 dependance of the cross section for sufficiently hizh
energies in the reglon where @ is negative. The present data
seens to give no evidence for this.

| Dar, Weisskopf, Levinson and Lipkin(31) have compared the
vector dominance predliction of x° photoproduction with the
experlmental data. Unfortunately the strong interaction cross
sectlions are not known at high energies‘and the low enerqoy
measurements are not very accurate. Within the errors of the
experiments the V.D.M. prediction Is well fulfilled at &6 GeV using
(7§/lm) = .5,

v, ETA PRODUCTION

Fig. 10A shows an iIntegral yield curve in the regioﬁ of
the eta mass, at a primary photon energy of 5.5 GeV and
t =‘-.5 (GeV/cF . The corresponding differential yield curve is
shown in Fig. 10B. In both representations the eta proiuction is
clearly seen.

Measurements of the eta yield are rendercd difficult by
the proximity to the 'rho meson ylelds. At low energies and
moderate |t] values the separation from the rho signal is clear.
At 9 GeV it is still possible to distinguish eta yields in the
region of t = -.7 (GcV/c)2. At higzher energies the separation of
the eta step from the rising rho yield was ambiguous and we do not

include thesc mecasurements.
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Fig. 11 shows the mecasured eta cross section 52 dg/dt as
a function of t for primary photon energies of 5.5, 6.0, 6.5 and
9 GeV. For comparison the measured x° cross section curve at
6 GeV is shown as the dotted line. The difference between the ecta
and pl angular distributions is very striking. Whereas the pi
cross section shows a dip around t = =.5 (GeV/c)2 followed by a
secondary maximum, the t dependence of the eta cross section for t
between -.3 (GeV/c)2 and -1.1 (GéV/cf shows no structure. For
the range of energles covered In this experiment the energy
dependence of the cross section is consistent with s™2,

Fig. 12 shows a compaflson of our data (assuming 52 )
with the C.E.A. data(6) taken at a primsry photon energy of L GeV.
Plotted is 52 do/dt versus t. The agreement Is morderate, our
resﬁlts appearing somewhat systematically higher than the C.E.A.
results. This might arise either from an energy dependence other

e or from experimental biases. The integral yield method

than s~
we used is less likely to result in experimental bias than the
C.E.A. coincident photon measurements which involved a variety of
cuts on the data to extract the cross sectlions.

The photoproduction of eta's at forward angles should
have a large contribution from Regzeized rho exchange. This would
then lead to a dip In the cross section in the vicinity of
t = =.5 (GeV/c)2 wheré the rho trajectory passes throuzh 0. The
absence of such a dip In the data is puzzling. The class of
theories(32) which explain the dip In x° photopnroduction .and ﬂ-p

charge exchange as due to interfercence terns between the pole

terins and the cut terns could lead to a natural explanation of
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the neutral pl and eta photoproductlion results,

By assuming only rho exchange Dar and Velsskopf(33)
relate the eta cross sectlion to the reaction 7 + P - w+ i,
Using the data taken at 3.25 (GeV/¢) they achieved reasonable
azreement with this experiment using nﬁ/un = 2,9, B. Gorczyca ani
M. Hayashi(34) include omega and B-exchange as well. They also

arhinave roacanahla a
L ¥ WY 1 1 Uaw U § e

hileve n agreement with the data

KAV R v § H vl BOth "e’

n frtlinne ars
e M ASLEN | o Wil L1 e

plotted in Fig. 12,
These models(33)(34), althoush giving reasonable
predictions, do not clarify the basic underlying mechanisms

involved in eta production.

V. RHO-OMEGA PRODUCTION

In the course of this experiment we obtained about 60
yleld curves suitable for extracting p° cross sectlons

Fig. 13A shows a typlical yleld curve. Fizg. 13B is a plot
of the first differences of the ylelds, and has the distinctive
rho peak at around 765 MeV. Fig. 13C shows a difference curve
obtained by subtraction between two close end-point energies. All
threze curves contain essentially the same information. We had
insufficient resolution to distinguish omega production clearly
fron neutral rho production. For the purposes of analyzing the
data we assumed that the oniega cross séctions were 10% of the rho
cross sections. This should he a good approximation since at hi;h
enersies the non-diffractive part of the omega production is small
an:d the ratio between omega and rho should be given by SU(3).
This has been conflirined experimentally(12).

It was hard to draw definlitive conclusions as to the
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shape of the rho decay spectrum. At high energies and low t
values the resolution of the apparatus became comparable to the
width of the rho. At low energies, although the resolution was
very adequate, the background of multipion events under the rho
peak became large and produced some ambiguities in the
interpretation. 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 rho-meson
were investigated and are listed below:

a. A relativistically correct generalization of the
simple Breit-Wigner form, as described by Jackson and Selleri(35).

b. A form suggested by Ross and Stodolsky(36) where the
above. shape is multiplied by the additional factor of (mp/m)h.
Although this factor is disputed, at least one experiment
indicates it may be a good description of the rho shape(8). Other
powers of (mp/m) were also tried.

c. The S6ding interference model(37). 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 production was
estimated with a polynomial, which was kept to as few terms as
possible consistent with a reasonable fit. With different assumed
rho shapes, the fitting program divided the observed yield into

background and rho signal differently. In general, cross sectlons
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obtained with the different models disagreed by five to ten per
cent, with the Jackson shape glving values ahout seven per cent
systematically higher than the Ross-Stodolsky. Our data did not
significantly_prcfer any one shape. The Jackson shape tended to
glive better fits at high energies and high t values., The
Ross-5Stodolsky shape zave better fits at low t values and low
energies, and gaQe poor fits at high energles and high t valucs;
Varlous experiments have measured rho widths anywhere
between 90 and 160 MeV, and masses between 720 and 780 NeV
(7)(8)(S8)(10)., Both these parameters were at first treated in
this experiment as unknowns to be determined at each energy ani
momentum transfer, There was no observable dependence of the rho
mass on s or t. The best fit mass value depended, of course, on
the shape usecd. The Jackson form led to a mass of (765 + 20) teV
in agreement with the results of McClellan et al.(39). The
Ross=Stodolsky form gave a value 10 MeV to 20 MeV higher. Tﬂe
large rho mass shift sometimes reported to be observed in
photoproduction experimehts(7)(8)(10) was not observed in this
experiment. For each yield curve a best rho width was determined
by stepping the input rho width in 15 leV Increments between 80
and 170 ileV, simultaneously adjusting the background polynomial to
glve a best fit to thp data. The error was taken to correspond to
the point where the chi-squared probability had fallen to half of
its hest value, This_criterion gave typical errors of +30 eV,
This large error arose because changes In the backzground
polynoitial could accommodate changes in the trial rho width, In

genceral the preferred width was relatively inlependent of the rho
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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.
Al subsequent cross section fitting, at all energies and
momentum transfers, was made with the Jackson shape(a) for the rho
with a width of 125 MeV and a mass of 765 MeV plus a 10% omaza
contribution. The variations of the derived rho cross sections
with assumed rho widths was, on the average, flve ber cent 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 non-resonant
background was the cause of the above gystematfc uncertainties ant
the assigned systematlc error was approximately equal to +30% of
the nonresonant.background. The nonresonant backzground 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, whén 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 thercfore be
systematically distor?ed to run either high or low through our
error bars.,.

Fig. 14 shows a comparison of our data in the energy
range 5.5 CeV to 6.5 GeV with a fit to the D.LE.S.Y. data(33) at
nearby energsies, Also included on the figure are the results of

HcClellan et al.(9) at 6 GeV. The azreement between tha three sats
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of data is good.

Both from the vector dominance model and on more general
grounds(39) we should expect for |t| values where diffractive
scattering Is dominant that the photoproductlon of p° mesons will
be related by a constant of proportionality Cp to elastic p%=p

scattering:
o .
do, .0y _ do(p 22 5.1
a7P ) = C T (5.1)

Substituting the quark model prediction(1ll) fron Eq. 1.2 into

this relation, we obtain:

dog ,_ o 1 1 [T
29 (0% = (—EJdtnp T TR )) (5.2)

Fig. 15 shows a comparison between our resu]ts ani these
theorctical predictions using the elastic pion scattering dafa of
Foley et al.(40) with Cp as our only adjustable paraneter. The
theoretical prediction IS plotted as the solid lines together with
the experimental data points. The agreement Is remarkably goo'!
over the t-range from =-.2 (GeV/c)2 to -.7 (GeV/c)2 at 6.5 GeV an'
over the entire t-range at higher encrgies.

It does not seem possible that thfs azreement with theory
is fortuitous, and we therefore believe the error is small in
extrapolating our data to t = 0 using the above pradicted shape,
at least at the higher cenerzies. Table Il gives values of
(do/dt)t=0 and of oy obtained from this shape with a single best

valua of Cp. Ve also zive values of (do/dt%zo and %jwhere wWo



assume the shape Is represented by the above formula over the |t}
value range of .1 (GeV/cf! to .7 (GeV/c)2 but permit C, to vary
with energy. The forward cross section analyzed either way drops
from an average value of 130 to 140 ub/(GeV/d)e around 6 GeV to
an average value 102 ub/(GeV/c)2 around 17 GeV.

McClellan et al.(9) report the cross section at t = 0 as
~ 130 pb/(GeV/c)a in the range of 5 GeV to 10 GeV. Within errors
this Is consistent with our values. However thelf values show |
less of a trend to decreasec with energy over this range. Ve note
that thelr cross sectlon determinations, like ours, are dependent
on the specific shape and background assumptions. Their
measurements, based on observation of the final 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 rho mass spectrun
with nearly the appropriate weights., We are thus less sensitive
to exact spectral shapes than are methods based on taking weighted
saiples in'the neizhborhood of the rho decay péak.

We can use the vector dominance relation:

do o { b UT(DOP)E
dtto=ﬂ( 2) Ton (5.3)
= v

p

*

to relate our mean value of Cp to 7§/hﬂ, the usual vector
dominance factor. The result is 7§/hﬂ = 0,C1. If instead we use
op = 30mb at 9 GeV, from Bulos et al.(b4l), we obtain 7§/hﬂ = 0,7.
If we assumc op = 39%ab at & GeV, fronm McClellan et al.(L2), we got

2 o .
Yo/ln = 1.08. Thus a value of_7p/bﬂ = 0.45 Is not consistent with

~
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)
a vector domlnance theory relating the P -photoproduction cross
section at t = 0 of 120 to 130 pb/(GeV/c)e, as mz2asurced In this
and other experiments, to rho-nucleon total cross sections in the

range 30 to LOmb(8)(L41)(L2).

Vi. PHI PRODUCTION

The phi meson production cross sections were considarably
smaller than the neutral rho cross sections. The proton yield
from phi production comes in a region where the lower energy
components of the bremsstrahlung beam also produce a very large
yield of protons assocliated with rho-production and non-resonant
background. As with the rho, the signal to nolse ratio improve:l
at high energfcs where the diffractive processes dominated, and
measurements at low |t| values were difficult because of the poor
angular resolution caused by the multiple Coulomb scattering in
the target. Fig. 16A and 16B show typical Intezral an- firgt
difference yield plots in the region of. the phi. While the small
decay width of the phi gave a sharp and distinctive threshold in
the yield curve, very good statistical precision was necessary to
distinguish the phi productfon from background processes
underncath the phi step. We analyzed the phi yield curves
assuming relatively swooth backzsrounds and made conservative error
assiennents on the basis of a detailed statistical analysis. A
typical yield curve consisted of 20 points, each with a stan:lard
deviation of ¢.3%, in the mass range 950 to 1150 lieV, and with a
phi-step change of 3% superimposed on the background. Un-der these

conditions we typically assigned to the stép helzght an error of
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\ﬁ?’tlmes the absolute standafd deviation for one yield point, or a
relative error on the final quoted phi-cross section of about
+15%.

Flg. 17 shows our results for different energies plotted
versus t. We have Included for comparison with our 6.5 GeV data
the D.E.S.Y. point of Asbury et al,at t ~ 0 and at higher [t]
values the results of the D.E.S.Y. bubble chamber experiment(8).
Agreement Is satisfactory.

The solid line represents the theoretical predictions

based on the assumptions of the quark model(40)., We assumed(43):

2209 = ¢, THow) (6.1)

. 2
seton) - (VBT + (e NEF) e

The K+p and K p cross sections were taken from the experiment of
K. J. Foley et al,(4lt). The t dependence Is well represented by
the quark relation. There is an Indication in the data of a
decrease In Cq> and a corresponding decrease in the total phi cross
section wlth increaélng photog energlies., The fit to the data with
varyling C¢ gzave, at 6 GeV incident photon energies, a forward
cross sectlion of (3.2 + ,4) pb/(GeV/c)e and a total 9-cross
section of (.71 + .08) pub. Averaged over photon energies between

11.5 GeY and 17.8 GeV, the forward cross sectlion was
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(2.1 ¢ ,2) ub/(GeV/c)2 and the total cross section was

F A B nL Y L A aliaw_ . T A a1 e <
\e40 T JUHJ 1D, A Cnhange In b(p wiln energy 1>

disagreement with the quark model. However since the connection
equation(6.2) between the theoretlcal ®p elastic cross sections
and the physlically obhserved strong Interaction cross sectlions
Iinvolved large subtractlions this apparent discrepancy does not

seem too slgniflcant.
2

Py N PR - = At £ . Al P N PR ~8 N
/RN a5 daderjveuad i1rom tne average value 01 v

P
Is 9.8, Within the uncertalnties in the present values of 7$/un

this Is In reasonable agreement with the theoretlical

expectatlions(45) that the ratio 7%:7? should be 1.33:9,

Vil OTHER MESON PRODUCTION

The X° (958) meson Is expected to be produced with cross
sectlons comparahle to those of the eta meson(33). However the x°
meson was not clearly resolved from the rho meson. Upper limits
to the cross sections in the 6 GeV range gave values less than two
or three times the observed eta cross sectlons, In no
contradiction to the theoretical expectation,

At high energles we saw indications for the production 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 GeV and 1L4L.5 GeV in the
range of t = -3 (GeV/c)2 to t = -.7 GeV/c)2 gave evidence for
such a resonance, Fig. 18 shows a representative mass sweep
ohbtained by subtracting the yields taken at 14.5 GeV and 13 GeV

for t = -,5 (GeV/c)z. At higher energies the mass scale was
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compressed, and at lower energies the backgrounds increased,
making the signals less clear. Qualitatively this meson (or
possibly mesons) was produced with cross sections of the same
order as the phi in the energy range 13.0 GeV to 1l4.5 GeV, and the
|t] value range of .3 (GeV/c)2 to .7 (GeV/c)Q. We tentatively
identify this signal with the B meson whose quantum numbers

J¥ = 1% woutd permit it to be quasi-diffractively produced(y4p).
It is possible that this particle could be an as yet undiscovered
vector meson,

We have also searched for the production of resonances
with masses between 1.3 GeV and 2 GeV at t = -.2 (GeV/c)»® and
~17 GeV photon energy. The low |t]| value and high energy should
be especially suitable for singling out states that could be
diffractively produced. In particular we might have expected to
observe any new vector mesons in this mass range such as the
J¥¢ = 177 state on the "daughter" trajectory of the rho
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 at 17.8 GeV and 16 GeV peak energies. Fig., 19
shows both the unsubtracted and subtracted yields, The integral
yield curves represent on the order of 2X167 counts each. Any
produced particle would show up as a peak in the subtracted yield

curve. HNo such peak can be seen in the data. To determine the

statistical significance level of this mass search we have made an
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analysis of the data with the following method. A straight line
(two parameters) was fltted to the subtracted yield curve. This
fit, although expected to be poor in the reglon of masses just
above the phi, gave a good representation of the data with a
chl=square of 82 for 93 degrees of freedom. We then searched the
subtracted yleld curve for any élgniflcant peaks superimposed on

this smooth linear flt. Thls was done by computing thé ratio:

) Wy (n,8)Ty (7.1)
(29 ) V2

where Ty 1Is the difference between the measured yleld in mass bhin

"{" and the straight line fit, W; is a Gaussian "weight function"

1
centered In bin "n" with a full width at half maximum of "a', and
o, 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'" hetween 50 MeV to 250 MeV., For none of the
large number of possible comhbinations 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 MeV and 200 MeV are given in Table |11},

We checked for Internal consistency by searching the data
for "negative'" or non-physical 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

masslve as 2 GeV is -.014 (GeV/c)2 and is small compared with the

value of t = =-,2 (GeV/c)2 at which the measurement was made,
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Therefore there should be no inhibition on the production of a

2 GeV mass meson from this cause. It is possible that a hizh mass
vector meson might escape observation In production experiments if
it decayed into omega mesons and neutral pl mesons which would
give final states contailning two neutral pions. Ks this Is a
missing mass experiment our observations are conmpletely
Independent of the decay modes open to the particle. H? conclud:
from Table 111 that at a 903 confidence level no particle with a
cross section larger than about 5% of the p° cross section was
produced in the mass reglon from 1.3 GeV to 2 GeV.
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TABLE 1

CORRECTIONS AND NORMALIZATION UNCERTAINTIES IN PERCENT

—t(GeV/c)2
CORRECTIO .12 .2 3 .4 .5 .7 .9 1.1 1.4
Acceptance Correction* 18,7 + 1 7.5 £ 0.4{3.3 + 0.2|1.9 £ 0.1} 14 + 0,107 £ 0.1 - negligible -
due to energy losses in
the target
Proton losses (due to 1 + 0.5 1 + 0.5 1 + 0.5 1 £ 0.5 1 + 0.5 (L5 + 0.5]2.8 = L0 5.8 + 1.5
vetoing by the CW counter)
Hodoscope counter in- 3 + 1 5 + 2 5 £ 2 5 + 2 5 + 2 5 + 2 5 + 2 5 + 2 5 + 2
efficiency
Nuclear absorption 9 + 3 5 + 1 11 + 2 9 + 2 8 + 2 8 + 2 8 + 2 8 + 3 8§ + 3
losses of protons
Solid Angle Calibration + 3 + 3 + 3 + 3 + 3 + 3 + 3 + 3 + 3
of the Spectrometer
Beam Monitor** + 2 + 2 + 2 + 2 + 2 + 2 + 2 + 2 + 2
Calibration
Rate Dependence 0 - 5%, with an uncertaintyof + 2% - - - - = = = =~ = = = = - - - =~ -~ - - -~ o - - s s - - s s - e o
Net overall normalization 5.3 4.8 5.0 5.0 5.0 5.0 5.0 5.5 5.7
uncertainty

*
The 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.




TABLE

Forward differential and total p cross sections obtalned

from fits to our data calculated both with a best fit constant Cp
from Equation 5.3 and calculated with an energy dependent Cp best
fitted at each energy.

CONSTANT Cp ENERGY DEPEMDENT Cp
“o do/dt(t=0) o do/dt(t=0) o7 % arror
17.¢ 1C4.6 12.39 160.5 11.89 | + 5%
16.9 165.3 12.47 105.3 12.47 | + 6%
16.0 105.9 12.55 103.3 12.24 § + 5%
15.25 166.7 12.65 106.6 12.54 | + 6%
14.5 107.6 12.74 101.2 11.98 | + 6%
13.75 103. 8 12.87 1569.5 12.95 | + 5%
13.90 110.1 13,04 108.7 12.85 | + 6%
12.25 111.5 13.23 111.% 13.13 | + 6%
11.5 113.4 13. 44 113.4 13.44 | + 6%
6.5 131.0 15.50 137.6 15.27 | + 10%
6.0 133.3 15.73 151.9 18.0 + 10%
5.5 135.8 16.09 1656.9 19.8 + 129




CTABLE 111

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

100 MeV Width ' 200 MeV Width
Upper limit Upper 1imit Upper limit Upper limit
do b dogdo doy pb_ dosdo
for (zr) , B for ==/=+ (p) for (37) » ) for 'd_f/a‘t' (p)

Mass, at (GeV/c)2 at’/ at T 7 (Gev/e)
MeV
1300 0.49 .022 0.69 J031
1450 0.54 024 0.76 . .034
1600 0.61 .028 - 0.87 . .039
1800 0.71 ,032 1.00 .0L45




FIGURE CAPTIONS

Flg. 1: Experimental Arrangement.

Flg. 2 Positioning of the spectrometer and the counters

relative to the beam line and the target. The insert shows the
detector system in more detail,

Fig. 3: Block diagram of the electronics., Only the main
logic Is shown.

Fig. 4: Kinematics for photoproduction of various mesons for
a Iincident photon energy of 11.5 GeV. Plotted is the momentum of
the recoll proton versus Its laboratory angle for no,rl, p° , and P
production. Note that for a fixed momentum the laboratory angle
Is neérly proportional to missing mass squared.

Fig. 5: A) The measured proton yield for a peak
bremsstrahlung energy of 11.5 GeV and for t = -,7 (GeV/c)z. The
ordinate is the number of protons per hodoscopé counter per
I&J' E.Q. The absclssa represents (mm)2 in GeV2. The steps due
to the onset of no, po, and ? production are clearly seen. The
solid Iine through the data points represents a least square fit
to the data assuming no, po , and ¢ production In addition to
nonresonant background. The breakdown of the yield into the
separate contributions is also shown,

B) The subtracted proton yield curve in counts per
hodoscope counter per 10%t E.Q. for photons between 13,0 GeV and
11.5 GeV and for t = =,7 (GeV/c)Q. This curve was obtained by
subtracting the 11.5 GeV proton yield from the corresponding

proton yleld at 13 GeV end=-point energy. The peaks due to no, po,



and ¢ production are agaln clearly seen, Due to multlplei
scattering of the recoll proton in traversing the target the q Is
not clearly resolved from the p° peak.

C) The differential yleld curve derived from the
Integral curve In SA. Plotted Is the difference, In counts per

1011

E.Q., between once removed yleld points versus mlésing mass
squared. Note the close similarity to the subtracted yield curve
In Flg. 5B.

Fig. 6: A) The measured proton yield in counts per hodoscope
element per ldu' E.Q. Is plotted versus missing mass squared in
the region around the x° step for an photon end-polntlenergy of
6 GeV and for t = =-1,1 (GeV/c)a.

B) The differential yleld curve derlved from the
integral yleld in Fig. 6A. Plotted Is the difference In counts

1 E.Q. between once removed yield points versus missing

per 10
mass squared. .

Ftg. 7: da/dt In ;b/(GeV/c)z2 versus t for the reaction
7+ P o 7%+ P at incident photon energlies of 6, 9, 12, and
15 GeV. The lines drawn through the data are only to guide the
eye., | |

Fig. 8: 52 do/dt in pb (GeV)2 is plotted versus t for the
" reaction 7+ P - xof P. Plotted is the 6 GeV data together with
data from D.E.S.Y. at 5 GeV and 5.8 GeV. Data In the Primakoff
region have been excluded.

2
Fiz. 9: dg/dt in phb/(GeV/c) for fixed t is plotted versus

2
(s=m ). Shown Is the data from thls experiment as well as data



at lower energies from D.E.S.Y. The solid line Is a least squares
fit to the data of the form do/dt ~ (s-m2)%* 2 | The value of o is
listed for each |t| value.

Fig. 10: A) The measured proton yield in the vicinity of the

step 1s plotted versus mlssing mass squared for an end-point
bremsstrahlung energy of 5.5 GeV and t = -.5 (GeV/c)e.% The
ordinate Is counts per hodoscope element per 104t E.Q.

B) The differential curve derived from the integral
vield curve in 10A. Plotted Is the difference in counts per
I&J' E.Q. between once removed yleld polnts versus missing mass
squared.

'Flg. 11: s do/dt In ub (GeVF s plotted versus t for the
reaction 4+ P n + P for photon energics between 5.5 GeV and
9 GeV., The dotted line shows thé x° cross section at 6 GeV for
comparison purposes,

Fig. 12: The results of this experiment are compared with the
results of an experiment at C.E.A., at k GeV. Plotted is 52 do/dt
in pb (GeV)2 versus t. The dotted 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 w and B exchange in
addition to p exchaqge. The two predictions assumed different
values for the coupling constant By *

Fig. 13: A) The measured proton yleld per hodoscope element
per l&l' £.Q. is plotted versus missing mass squared for an

2
end-point hremsstrahlung energy of 16 GeV and t = -,7 (GeV/c) .



The positlions of the steps due to the onset of no, p , and @
production are Indicated. »

B) The differential yleld curve obtained from the
Integral yield curve In Flg. 13A Is shown, Plotted Is the
difference In counts hetween once removed points per 10t E.Q.

The peaks due to:f’, p°, and @ production are clearly seen.

C) The subtracted proton yleld curve in counts per
hodoscope counter per 10ll E.Q. for photons between 17,8 GeV and
16 GeV and t = =-,7 GeV/c)2 Is plotted versus missing mass squared.
This curve was obtalned by subtracting the 16 GeV proton yield
from the corresponding yield at 17.8 GeV end-point energy. The
solid 1line through the data points represents a least square fit
assuming no,po , and ¢ production in addition to nonresonant
background. The breakdown of the yield Into the separate
contributions Is shown as dotted lines.

Fig. 14: dg/dt In ub/(GeV/c)2 Is plotted versus t for the
react!on y + P po + P for phston energies between 5.5 GeV and
6.5 GeV., The solid line Is a least squares fit by the D.E.S.Y,
hubble chamber group to their data for photon energles between 4.5
and 5.8 GeV. Acceptable limits to their fits are indicated by the
dotted lines. The results of a measurement at Cornell(9) for an
end-point energy of 6 GeV are also shown.

Fig. 15: dg/dt In uh/(GeV/c)2 versus t, for the reaction
y + P _;po + P at incident photon energies from 6,5 to 17.8 GeV,
The 1ines drawn through the data points are a hest fit to the

quark relation In Eq.(5.2). The one adjustable parameter G



was set to a value of 2.98 X 10-3.

Fig. 16: A) The measured proton vyield In counts per

1 E.Q. Is plotted versus'mlsslng mass

hodoscope element pef 10
squared In the region around the ¢ step for an Incident photon
energy of 14,5 GeV and for t = -4 (GeV/c)a.

B) The differentlal yield curve derived from the'
above Integral ﬁurve Is shown. Plotted is the difference in
counts hetween once removed hodoscope elements per 1011 E.Q.
versus mlssing mass squared.

Fig. 17: do/dt in ub/(GeV/c)2 versus t for the reaction
7+ P > @+ P at Incident photon energies between 6 GeV and
17.8 GeV. At 6 GeV we have Included the D.E.S.Y. bubble chamber
results(33) and the result at t = 0 of Asbury et al.(8), The solid
line is a best flt to the quark relations (6.1) and (6.2) with the
one adjustable parameter Cp set to 18,6 X 10 .

Fig. 18: The subtracted proton yield per hodoscope element
per 101t E.Q. Is plotted versus missing mass squared for photons
hetween 14.5 and 13 GeV. The peaks due u)p° and ¢ production can
be seen. In addition the curve shows a particle with mass of
about 1250 MeV ("B'") being produced with roughly the same cross
section és the . The solid curve is a least squares fit to the
data assuming no,po.,q) and the "B'" meson in addition to a
smoothly varylng amount of background. The relatlve contributions
are Indicated In the figure.

Fig. 19: Shown are the resufts of a mass search In the region

. 2
of misslng mass squared of 1.5 (GeV) to 4 (GeV)2 for



t = -2 (GeV/c)a. Plotted Is the proton yleld per hodoscope
element per 101t E.Q. as a functlion of missing mass squared for
end-point energles of the bremsstrahlung spectrum of 17.8 and

16 GeV respectively. The structure seen In these curves was due
to low energy single n° production. The upper scale shows the
photon energy responsible for single x° productlon.. The prominent
bumps are assoclfated with the third and fourth resonances. The
subtraction between the two.properly normallized yleld Eurves then
corresponds to reactlions Initiated by photons between 17.8 and

16 GeV. The result of this subtraction is shown in the figure-on
an expanded scale. The solid line Is a least squares fit of a

stralight line to the data.
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