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ABSTRACT 

- I 

We study the inclusive spectra of 7[ mesons from the events obtained in 

three exposures of the SLAC 82" HBC to a nearly monochromatic polarized 

photon beam of mean energies 2.8, 4.7, and 9.3 GeV. The data are presented 

in terms of transverse momentum PI and three suggested choices for the other 

independent variable, i. e., the longitudinal momentum PII in the laboratory 

system, the rapidity variable y = -21 tit r( E + ~ ) / (E - ~ )], and the variable sug-
~ II II 

gested by Feynman x = p*/p* in the c.m. s. The 47[ geometry of the bubble II max 

chamber allows us to cover the entire kinematically allowed range of these 

variables. We show that exact limiting fragmentation does not occur at our 

energies, but the data are compatible with an approach to a limiting distribution 

as A + B s -1/2. The qualitative features of the structure function f(x, P:) in 

terms of Feynman; s x-variable are similar at the three energies. Quantitatively, 

we find 5-10% differences between the 4.7 and 9.3 GeV data near x=O. We find 

j(x, P~) is not factorizable into independent functions of x and P:' For our data 

the mean 7[- multiplicity is described well by < n - > = c - 6" s +d-, where 

c - =0.44 ± 0.04 and d- =0.07 ± 0.08. Following the procedure suggested by 

Bali et al., we calculate c - from our experimentally observed 9.3 GeV structure 

function at x= 0 and find c - = O. 44 ± 0,02 in agreement with the value obtained 

-
directly. We find a correlation between the azimuth of the 7[ and the photon 

polarization plane only for x >0.3 when elastic po photoproduction is excluded. 

Lastly, we note that the distribution of 7[- longitudinal momentum is not sym-

metric in the "quark frame" where PT t=1. 5 PB . arge eam 
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INTRODUCTION 

We present a study of the inclusive reaction 

'YP -+ 1f - + (anything)· (1) 

at photon energies of 2.8, 4.7, and 9.3 GeV. Some data from a small exposure 

at 1. 44 GeV are also given. The differential cross section for such a reaction 

can be written with the detected particle phase space explicitly shown: 

(2) 

where p and E are the momentum and energy of the pion and s is the center-of-

1 2 3 4 . mass energy squared. It has been suggested ' , , that the structure function, 

II (s, p>, when expressed in terms of an appropriate set of variables should have 

a simple form at large s. Three sets of variables have been proposed: 

(i) Longitudinal momentum. Benecke et al. 1 have proposed the use of PH ' 

the longitudinal momentum of the produced pion in the laboratory frame. At large 

s they suggest that f 1(s,P> of Eq. (2) should be independent of s for small PII' 

(ii) The rapidity variable. Feynman2 has proposed the use of the variables 

PI and y, where PI is the transverse momentum of the pion and 

y=-In II 1 [E + ~ 1 
2 E - PH 

(3) 

is the "rapidity". Here,the energy E and PH are evaluated in the laboratory 

frame. After an integration over the azimuthal distribution of the 1f -, Eq. (2) 

becomes simply 

(4) 
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i. e., the denominator E is incorporated into dy. The multiperipheral model 

predicts that in this set of variables, the structure function should have a simple 

form at large S; namely, that it becomes independent of s for y near its minimum 

and maximum values and that for central y values f 2(s,y,P;) is a function of p~ 

only.3,4 

(iii) Feynman x-variable. Feymnan has suggested that the structure func-

tion of Eq. (2) "scales" at high energy. That is, as s --teO, it becomes a function 

onlyofp2i and the ratio x =p*/p* ,wherep* isthec.m.s.longitudinalpion II max II. 

momentum and p* is the maximum c. m. s. pion momentum. 5 The differential 
max 

cross section,Eq. (2), in terms of these variables, becomes 

2 P~ax 2 
d a- = 11" E* dx dPi (5) 

where E* is the c.m.s. energy of L1.e pion, 

To illustrate the connection between the variables we give in Fig. I the 

relation between PII in the laboratory and the variables x (Fig. Ia) and y (Fig. Ib) 

for our 9.3 GeV data. The upper boundary for PI! > 0 in both cases corresponds 

to Pi = 0; points above the kinematic boundary in Fig. Ia are due to the finite 

width of the photon energy spectrum. The scatter plot of x and y shown in Fig. Ic 

displays how the region near x=O is expanded when expressed in terms of y. The 

411"-geometry of the bubble chamber allows us to cover the entire kinematically 

allowed range of these variables. 

At high energies Vander Velde 6 has shown that an energy independent dis

trib~tion in f I (PI! ,P;) for target-fragmented pions results in a structure function 

f 3(x,p:) which is independent of s for the corresponding x-region. However, 

this equivalence is not valid for the photon energies used here. 
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In this paper we present our data in terms of the three sets of variables 

discussed above. We study the characteristics of t~e structure.iunction in order 

to: a) determine if any of these sets of variables give a simple description, like 

that expected in the high energy region, at our ~oderate photon energies; 

b) determine the dependence of the structure function on these variables; 

c) investigate the dependence of the average pion multiplicity on s; and d) com-

pare inclusive pion photoproduction with that from hadronic reactions. 

EXPERIMENTAL PROCEDURES 

We have studied photoproduction of hadrons us:41g a nearly monochromatic 

polarized photon beam at 2.8, 4.7, and 9.3 GeV in the 82" LBL-SLAC hydrogen 

bubble chamber. We have obtained 92, 150, and 138 events/p,b at the three 

energies, respectively. Figure 2 shows the photon energy spectra at the three 

energies; the energy resolution is ± (3 - 4)%. The low energy tail of the spectrum 

gives < 2.5% of the 7r - mesons produced. Furthermore, in the case of 

3-constraint events (no outgoing neutrals), We fitted for E and rejected low 
'Y 

energy events. 

We used all well measured 3, 5, 7, and 9-prong events; one-prong events 

do not have a negative track. Each topology was weighted separately for its 

fraction of unmeasurable events. There is a small contamination from unidenti-

fied K- mesons which we estimate to be 0.5 ± 0.5% (2 ± 2%) and < 3 ± 3%> at 

2.8 (4.7) and < 9. 3> GeV, respectively. Events having an identified strange 

particle were not included in this study. The fractions of 7r - mesons from these 

events are estimated to be 1. 3 ± 0.2% (2.9 ± 0.2%) and <4.3 ± 0.2% >at 2.8 

(4. 7) and < 9. 3> GeV. We have not applied these two roughly compensating (in numbers) 

types of corrections to the distributions given in this paper unless otherwise stated. 

- 5 -
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All photographs were scanned at least twice, giving overall scanning losses 

of '< 1%. However, we found greater losses in the reaction yp -+1f\r-p at small 

momentum transfers; in addition this reaction has some contamination from 

wide-angle e + e - pairs. All events giving an accepted fit to yp -+ 1f + 1f - P were 

used in this study and a total correction to the channel yp --+1f+1T-p of -1±1,(+5±1), 

<+2±1>% at 2.8, (4.7), and <9.3> GeV is included in the results reported here. 

We estimate systematic uncertainties in the cross sections to be less than 3%. 

CROSS SECTIONS 

We show in Fig. 3 the total photo production cross section 7,8 versus the 

center-of-mass energy squared at our three energies; also shown are the 

results of a small exposure made at 1. 44 GeV. Although the total cross section' 

is approximately constant in this energy region, the topological cross sections 

as seen from Fig. 3 vary rapidly with energy. The cross sections for larger 

multiplicities increase with energy. A similar behavior is found in 'lIp, Kp, and 

"t t" 9 pp In erac Ions. 

LONGITUDINAL MOMENTUM DISTRIBUTION IN THE LA BORA TORY 

The hypothesis of limiting fragmentation put forward by Benecke et al. 1 

suggests that the spectra of low momentum particles become independent of the 

beam energy as the beam energy becomes large. To test if this hypothesis 

holds at our energies we give in Fig. 4 

!l'"<P,,) = 1" IE ~20") dp~ 
o \' dPl dPIl 

in the laboratory frame for inclusive 1T - production. The structure function rises 

rapidly from PII < 0 (backward production) to PII '" 500 MeV followed by a more 

gradual fall off at high pion momenta. For small Pit (target fragmentation region) 

the curves are qualitatively the same; however, as seen in the insert of Fig. 4, 

the structure function at 9.3 GeV for Pit < 300 MeV is lower by 10-30% (2 - 5 
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standard deviations at every point) than at 4. 7 GeV. This means that in the 
, ' 

laboratory system we do not observe exact limiting fragmentation in .97'(PII) at 

, . 10 
our energIes .. 

To further demonstrate the energy dependence we show in Fig. 5 the dependence 

" 2 
of the structure function on the square of the transverse momentum, p 1 ' in the 

region near p (lab) = O. Again, we find the 9.3 GeV data systematically lower 
II 

than the 4.7 GeV results. 

Muellerll has suggested that the single-particle distributions in the inclusive 

reaction a + b -+ c + (anything) can be' related to the forward elastic three-body 

amplitude a + b + c -+ a + b + c. Assuming that this amplitude is dominated by 

the usual Regge singularities, (i) the Pomeranchuk trajectory with 'a (0) = 1 and 
p 
I 

(ii) the approximately exchange ... degenerate meson trajectories (p, P = f, ()), A2 ) 

with ~ (0) ~ O. 5, Chan et a1.
12 

predict that the invariant cross section should' 

reac h a limiting distribution as A + Bs -1/2 where A and B are independent of s. 

In order to test this prediction we give in Fig. 6 .97'(pu' s) for various intervals 

in PII versus s -1/2. Our data are consistent with the predicted s -1/2 dependence. 

Using the duality hypothesis, Chan et al. 12 'also suggest that when the quantum 

numbers of the three-body system a + b + C are. exotic a limiting distribution will 

be obtained at lower energies than if a + b + C were nonexotic. This means that 

reactions such as 

p + p -+ 7r - + (anything) 

+ -K + P -+ 7r + (anything) 

7r + + p -+ 7r - + (anything) 

which have exotic quantum numbers in abc (i. e. , pp7r +, K+ p7r +, 7r + p7r +) will 

approach limiting behavior more rapidly than 

- -
7r + P -+ 7r + (anything) 

'Y + P -+ 7r + (anything) 

which are nonexotic (i. e. , 1r -P7r+ and 'YP7r+). 

- 7 -
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To compare the pion spectra from photoproduction to those from hadron-

induced reactions we normalize the distributions by dividing by the asymptotic 

12 total cross section of each reaction, as suggested by Chan et al. Figure 7 

shows 

in the laboratory frame for our 9. 3 GeV photoproduction data together with the 

results of M.-S. Chen et al. 13, 14 The normalized IT-cross sections from the 

" exotic" pp, K + P and IT + P reactions agree but are a factor 2 smaller than the 

IT - cross sections from the "nonexotic" IT -P and 'YP reactions. We note that the 

IT - cross sections from photoproduction and the IT - P reaction are remarkably 

similar. 

THE RAPIDITY VARIABLE 

The introduction of the rapidity variable, y, results in the following simpli

fications for the structure function f 2(s, y, P~): 

(a) The differential cross section is simply related to the structure 

function without a phase space factor, 

(b) Under a Lorentz boost along the beam axis, y transforms into 

y + /11, 'Y (1 + (3) where 'Y and {3 define the boost. Therefore, the form of the 

structure function is invariant under boost; it is only translated in y. 

Arguing from two fundamental multiperipheral concepts, (a) that transverse 

momenta are limited and (b) that distant particles on the multiperipheral chain 

are uncorrelated, K. Wilson3 and C. DeTar4 predict that at sufficiently high 

- 8 -



incident energies, the function f
2
(y, p~, s) has three characteristic features: 

(i) An energy-independent limiting behavior of f
2
(y,p;) is expected as 

the total energy is increased, for (y - y .) or (y - y) sufficiently small. mm max 

This corresponds to limiting fragmentation of the target (region I of Fig. 8) and 

the beam particle (region III of Fig. 8), respectively. 

(ii) Fragmentation of the target is independent of the beam particle, and 

vice versa. 

(iii) The central region (labeled II in Fig. 8) of the spectrum is independent 

of both beam and target particles;.it is independent of y and its width increases 

logarithmically with increasing energy. 

At sufficiently high energy the above features also follow from Feynman's 

2 parton model. 
. 2 

In Fig. 9 we show the scatter plot in y and PI at 9.3 GeV for the 1f - of 

reaction (1). The boundaries imposed by the kinematical constraints at small 

and large y values are clearly visible. The points concentrate at small P~ and 

at y near its central value. In Fig. 10 we show da"/dy;in particular, no 

extended flat region is observed (region II of Fig. 8). 16 For the three energies 

we find roughly gaussian distributions in dcr/dy whose width increases with 

increasing energy. Furthermore, we find in the target region (small y) a sig-

nificant decrease in da"/dy with increasing photon energy (e.g., from Fig. 10 

at y=O. 5 the 9.3 GeV value is ,...., 20% lower than the 4.7 GeV result). We con-

elude that we do not have exact limiting target fragmentation at our energies. 

To test limiting fragmentation of the beam region we compare da/dy at an 

equal distance from y . Figure 10 shows that da/dy at (y-y ) also max max 

decreases with increasing photon energy. 

- 9 -
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In Fig. 9 we saw clearly how the kinematic boundary narrows the range in 

y as transverse momentum increases. Thus, a flat distribution in 

d2
(T 

2 
dydPl 

will not result in a flat dCT/dy when integrated over all transverse momenta. In 

Fig. 11 we give dCT/dy for various intervals of transverse momenta. At 2.8 

and 4.7 GeV no extended flat region is observed even when P~ is restricted to a 

narrow interval; at 9.3 GeV the data are inconclusive. 

The absence of a flat region in d(T/dy would not be surprising at our energies 

in view of the following argument. We assume that the influence of the target 

fragmentation 1f - is given by the kinematic region in which significant production 

of nucleon resonances at the nucleon vertex occurs. Nucleon resonance pro-

duction occurs for masses up to 2 GeV corresponding to 1f - laboratory momenta 

from the resonance decay up to ...... 1 GeV and hence to values of y up to 2.7. 

Therefore, the target fragmentation region can be expected to extend up to values 

of y=2 to 3. On the other hand we observe that pO's which are elastically 

produced by fragmentation of the beam photons influence the y-distribution down 

to y= 2. 5 at 9.3 GeV. Hence, the beam and target fragmentation regions overlap 

to some extent at our energies. This may explain the apparent lack of a central 

plateau region. 

FEYNMAN x-VARIABLE 

In terms of variables x=pt/p~ax and P~ we write the differential cross 

section as 

- 10 -
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Fey~man2 has suggested that at high energies the structure function is independ-

ent of s, that is 

In Fig. 12 we show the integrated structure function 

1 lOO E* d
2

(T 2 
F(x) = 1f . -*- 2 dPl 

Pmax dxdPl 
(6) 

The same qualitative featllres hold at the three energies: a rapid incr.ease from 

negative x to x=O by three orders of magnitude, a relatively flat region to 

x'" o. 6, and a drop at large x (the narrow peak at. large x is a reflection of the 

Do ++ production via 'YP -+ 1f -Do *(1236) which falls off rapidly with increasing 

energy). We seem to see scaling to within ±10% over most of the x-region. To 

investigate this apparent scaling more carefully we display the energy depend-

ence of th~ integrated structure function in Fig. 13, where F(x, s) is shown 

integrated over various x-intervals as a function of s. Although, there is a 

tendency for the rate of change of F(x, s) with respect to s to decrease, only 

measurements at higher energies will tell how close our 9.3 GeV data is to the 

scaling limit. 

Figure 14 shows the comparison of the structure functions for different 

beam particles in terms of the x-variable. We again divide our 9.3 GeV data 

by O"TOtoo) and plot it together with Similarly normalized 1f± data at 18 GeV Ic 

of Shepard et al.- 17 The region x < O. 2 corresponds to the interval in PI! given 

in Fig. 7. Again we find that the photoproduction structure function is similar 

- + 
to that of 1f p but is larger than that of 1f p. Not unexpectedly, the shapes of 

the distributions do not agree for x> O. 2, since the three reactions are initiated 

by different beam particles. 

- 11 -
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In the vector dominance model of photon interactions the reaction yp -+ pOp 

can be considered the analog of elastic scattering in hadron-induced reactions. 

In the following we shall investigate to what extent the exclusion of this quasi-

elastic process affects the behavior of the structure function. 

Because of the well known difficulties in separating po from background 7 

we have attempted to eliminate the reaction 'YP -+ pOp by the Simplest cut: we 

+ - 0 refer to all events of yp -+ 11" 11" P with M rrr1l"- < 1. 0 GeV as "elastic" p events. 

In Fig. 15 we show the modified F(x) after such a subtraction of "elastic" 

p
O 

events as well as the contribution to F(x) from the eliminated events. We 

find that the 11"- mesons from elastic p
O events do not influence F(x) for x < o. 

(The small contribution at 2.8 and 4.7 GeV for x < 0 is mainly due to inclusion 

of background under the pO resonance which decreases rapidly with increasing 

energy.) As seen in Fig. 15d, e the comparison of the 4.7 and 9.3 GeV data 

shows that exclusion of elastic pO events does not alter our conclusions about 

scaling. 

To further explore the composition of the structure function, we give in 

Fig. 16 F(x) for the separate charged multiplicities at 9.3 GeV. The curves 

show the contributions from the events having no missing neutrals, a single 11"0 

missing, a single neutron missing and from multineutral events. 18 We see that 

almost all the contributions to F(x) at large x come from 3 and 4 body produc-

tion in the 3-prong events. By eliminating these events we obtain the dotted 

curve in Fig. 16 (top). This distribution (for 5 or more bodies with at least 

2 neutrals) is somewhat similar in shape (though not in magnitude) to the 5-prong 

distribution which suggests that the neutral pion distributions may be like those 

of the charged pions. 

- 12 -



FACTORIZATION OF THE STRUCTURE FUNCTION 

In the reaction pp -+ 1f- + (anything) above 12 GeV/c, N. F. Bali et aL 19 

2 . 
found that the x and Pi dependence of the structure function was uncoupled, 

i. e., they could fit the data with a factorized form for the structure function, 

In contrast Ko and Lander20 found in the reaction K+ p -+ 1f - + (anything) at 

11.8 GeV Ic that f 3(x, P~) did not factorize in this way. To test whether the 

structure function in yp -+ 1f - + (anything) may be factorized we give in Fig. 17 

plots of 

where a and b are the limits of the various P~ intervals shown. The distributions 

in F(x, < P~ > ) do not have the same shape for an intervals of p~, i. e., the 

structure function does not factorize. This is also seen in Fig. 18 where we 

display 

2 1 E* 6.2 a-f (x,P) = - 2 
3 1 1f P~ax illc6.p 1 

for the different x-intervals indicated. 

The qualitative changes in the P~ dependence of the structure functions are 

more clearly seen in Fig. 18b where three x-regions are shown in an expanded 

scale. The exponential decrease of f3(X'P~) with P~ is fa~ter near x=O than 

for other x-intervals. Yen and Berger21 and Berger and KrzYWicki
22 

have 

suggested that the increase in the concentration of pions at small x and P~ is 

due to generation of pions which are decay products of resonances (e.g. 6.(1236), 

N*(1680» with small Q-values. 

- 13 -
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From Fig. 18b we also see f 3(x, p~) flattens for the x-interval 0.3 < x < 0.5 

at small p~ which is due to elastic p
o 

events and their peripheral production 

mechanism and decay (Sin2 () in the helicity system) into 1l"+ 1l" -.7 

We now turn to a comparison of the structure function for different charge 

multiplicities. J. Friedman
23 

and Berger and Krzywicki
22 

have pointed out that 

there is a phase space effect: as the multiplicity increases the dimensionality 

of phase space increases favoring pions at smaller c. m. s. momenta. This causes 

a more rapid falloff both in x (as seen in Fig. 16) and p~. Therefore, we would expect 

the structure function for higher charged multiplicities (more prongs) to show a· 

steeper falloff in p~ at any x. The same is expected for higher neutral multi

plicities. Since we can not separate events with different numbers of neutral 

particles, this effect will cause a steepening of the p~ distribution of the 1l"-

meSJns at smalllxl for a given charged multiplicity. 

In Fig. 19 we show that the transverse momentum dependence changes with 

x at a given multiplicity. The straight lines are exponential fits to the data for 

p: < 0.3 (Gev/c)2. The exponential slope A from these fits is given in Table I. 

There is a steeper falloff in p~ (as seen by larger values of A) as the multiplicity 

increases. Also, at a fixed multiplicity the falloff is steeper in the interval 

-0. 1 < x < O. 1 than for other x regions. Thus our data seem to support the 

kinematic argument. 

AVERAGE 1l"- MULTIPLICITY AND SCALING 

Scaling predicts that at sufficiently high energy the 1l" - multiplicity <n-> 

will obey the relation 

<n->=c-'ns+d- (7) 

- 14 -
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where'c'": and d:are energy independent. ,. It is interesting to investigate 

how well this form desc;ribes the data at our finite energies. In Fig. 20 we 

show the average charged-prong and 1l" - multiplicities for our four photon 

energies. For < n - > we find the form of Eq. (7) fits well with c - = 0.44 ± O. 04 

and d- = o. 07 ± o. 08 (for s in Gev2). However, we also find the dependenc~ of 

< n > on s is compatible with a power law behavior. 

Following Bali et al. 19 we can approximately calculate c from the struc

ture function. The average 1l" - multipliCity is 

< n > = 

where cr n- is the topological cross section for production of n- negative pions. 

Then ,because the inclusive cross section, d
2
cr, counts the production of n

negative pions n - times, L n -(J"n_ = ff d2cr and 

<n > 

~here f,L is the pion mass. Expanding f 3 about x = 0 we find24 

<n > = (J" 1l" [l:p~ f 3(0,P:)]In s+co~stant+O(!I1t-S) (8) 
TOT 0 '. S 

where we have used the approximation p~ax ~ ;;;;2. For our data the quantity 

in brackets is just F(O) which is pl'otted in Fig. 12 and is i4.7±1.0, (16.0±0.7), 

<17.1±0.7> f,Lb at 2.8, (4.7), <9.3> GeV (a small correction <1.3% has been 

applied to correct F(O) for the strange particle events). USing for (J" TOT our 

values of 133±3, (127±3), <122±4> f,Lb, we find for the coefficient of Ins 

values of 0.35±0.03, (0.40±0.02), <0.44±0.02> at 2.8, (4.7), <..9.3> GeV 

- 15 -
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which are similar to the slope c - = [0.44 ± 0.04] found from the fit to the meas

ured 1T - multiplicity. The increase of c - with increasing energy is caused by 

the decrease of the total cross section ('" 4% between energies) and the increase 

of the integrated structure function at x=O ('" 7% between energies). It is 

interesting that the approximations used in deriving Eq. (8) seem to be quite 

good at our moderate energi es. 

We remark that any reasonably smooth scaling distribution in x and p~ 

results at very high energy in a y-distribution having limiting fragmentation and 

a flat region in da/dy (in fact, if f:J.x, p~) exhibits scaling for all incident 

particles, properties (i), (ii), and (iii) previously mentioned in the section on 

the rapidity variable will follow). In particular, a flat plateau in d CT/ dy 

(presumably indicating pionization) is predicted (a fixed interval in x of width 

E about x=o transforms into a region in y of width t'n(SE2) and height 1TF(x=O)~ 

Alternatively, a flat region in dCT/dy would lead to a t'n s increase of the average 

multiplicity < n - > and scaling in x. However, at our relatively low photon 
-

energies no clear flat region in dCT/dy is seen (Fig. 10). Nevertheless, the integral of 

CT ~OT ~; is increasing as In S thus giving < n - > a In s. This behavior is unre-

lated to an extended flat region and thus from our data we are unable to establish 

pionization as the mechanism responsible for the increase of < n - >. 

REGGE TRAJECTORIES AND THE STRUCTURE FUNCTION 

Feynman has suggested2 that if scaling occurs, then, at the extremes of x 

one should have 

f{x, t) = (1 - I XI/-2 a(t) , (9) 

where a(t) is the highest Regge trajectory that could carry off the quantum num-

bers and momentum transfer at the 'Y -+ 1T (at x = 1) and p -+ 1T (x = -1) vertices. 
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Such behavior ,ban also be predicted by the multiperipheral model. Caneschi 

and Pignotti25 using a multi-Regge model for the part of the cross section due 

to the diagrams of Fig. 21 have obtained the following expression (in the limit 

of large s, large missing-mass squared, s', and large ratio sf s '): 

Here a(t) is the Regge trajectory exchanged, which is coupled to the proton 

(photon) with a residue function G(t). (]" iOT (s' , t) is to be interpreted as a 

Reggeon -photon (proton) total cros s section . Now , in terms of the c. m. s. 

energy E* of the outgoing IT-

,2 2E* 
~=~+1- --",I-lxl 
s s Js 

for s large and p; »p~ +J.L2 If we assume (]"~OT(S', t) to be asymptotically 

constant in s', we obtain Eq. (9) after equating 

d3(]" 
f(x,t) = E -

d1Y 

(10) 

We have determined a(t) in Eq. (10) by fitting the experimental distribution 

for our 9.3 GeV data to (:') 1-2a(t) for finite t-intervals. We fitted over 

s' s' 
two ranges: a < - < O. 7 for the target region and b < - < 0.5 for the beam . s s . 

region. The limits a '" 0.25 and b '" O. 1 were adjusted for each t-interval to 

. avoid effects due to the kinematic boundary in (:' ) and t. While s = 18.3 GeV
2 

may be considered large, we recognize that the lower limits, s' =1.8 GeVand 

( :' ) = 1. 4 are not large as was required in the derivation of Eq. (10). 

In Fig. 22a we giveresulting values of a(t) for the p-+ IT vertex (target 

region and diagram of Fig. 21a). The values of a(t) are much lower than the 
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known leading Regge trajectory (~ in this case) 26 but similar to those obtained 

f th 0 I 0 0 t 27,28 ( thO ) DO . rom o' er mc USlve expenmen s, e. g., pp -+ 1f + any mg. ISCUSSlOn 

of this discrepancy can be found in Refs. 27 and 28. 

In Fig. 22b we give a(t) for the 'Y -+ 1f vertex. (Elastic po events have been 

included.) Here the a(t) is compatible with a Regge trajectory of slope 1 GeV-
2 

and a(O) =0; from VDM we would expect this trajectory to be associated with the 

pion. 

POLARIZATION DEPENDENCE 

Next we look for a correlation between the azimuthal angle ¢ of the 1f - and 

the polarization vector E of the photon: 93, (91), < 77> % average polarization 

at2.8, (4.7), <9.3> GeV. Wedefine¢as 

¢ = tan 

" 

[" " -+] -1 kx € • P.l. 

" -+ E'P 1 

where k is a unit vector in the direction of the incident photon. In Fig. 23 we 

show for the 9.3 GeV data 

2 
dxdPl d¢ 

for various x-intervals. Here, the elastic p
O production events and the residual 

events are shown separately. A fit to the data to the form ~; = (A + B cos
2 

¢) 

results in values for A and B given in Table II for the three energies (no cor-

rection has been applied to account for the unpolarized component in the beam). 

We find no statistically significant correlation between the 1f - and the polarization 

vector for x < 0.3. However, some correlation is present for x > O. 3. On the 
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other hand~' even for x > 0 elastic p
O 

events show a strong correlation~ The 

lack of correlation of the 1f - with the polarization vector for x < 0.0 is consistent 

with f~ctorization (in the Regge sense) of the residues of the photon and target 

t
. 29 ver lCes. 

LORENTZ FRAME FOR A SYMMETRIC LONGITUDINAL MOMENTUM DISTRIBUTION 

The F(x) distributions showed an asymmetry about x=o (see Fig. 12 ,15) which 

has also been found in inclusive 1f - P studies. In the case of 1f - P reactions, 

Elbert et al. 30 studied the composite p \I distribution in the c. m. s. of backward 

- + 
1f and forward 1f and found that by Lorentz transforming to a frame where the 

ratio R of the incident proton momentum to the incident 1f - momentum is 1. 5 

(the "Q-system" in their notation), the longitudinal momentum distribution of the 

1f becomes symmeb;ic. This result has been interpreted in the framework of 

the quark model. If there are 2 quarks in th,e 1f and 3 quarks in the proton, in 

this "quark" frame all five quarks have the same average value of IPI. Thus, 

in this interpretation the symmetric distribution for R = 1. 5 results from sym-

metry in the quark-quark center-of-mass system for the quark-quark collision 

that takes place. 

In Fig. 24 we show the PII distribution for the 9.3 GeV. photon data in the 

frames where R = 1. 0, 1. 5, and 2.3. R = 2.3 yields a symmetric distribution. 

Here we have excluded elastic po production as before. Table III gives the values 

of R needed to obtain symmetry at our three energies. We also determined the 

symmetric frame with elastic p
O events included and Table III shows even 

I 

larger values of R ('" 3) in this case. We conclude that the Q-system does not 

give symmetry for photoproduced 1f - • In the spirit of the Q-system argument, 

a value of R=3 would suggest that the photon interacts as a single quark-like 

object with one of the three quarks of the proton. 

- 19 -
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CONCLUSIONS 

1. We find a decrease of E ddO" in the target region (p < 300 MeV) with 
PII II 

increasing photon energy. Thus limiting target fragmentation in the strict 

sense of Ref. 1 is not observed. The energy dependence of E :0- is 
PII 

compatible with approaching a limiting distribution asA+ Bs -1/2 as predicted 

by Chan et al 12 (Fig. 4,6). 

2. We observe a significant decrease in dO"/dy with increasing photon energy 

both in the target and beam fragmentation regions. For the central region 

of the "rapidity" distribution no extended flat region is observed (Fig. 10). 

3. The qualitative features of the structure function in terms of Feynman's 

x-variable are similar for all x at the three energies. There are, however, 

small but statistically significant differences between the three energies (Fig. 12,13). 

4. We find that the structure function f:f,.x, p~) does not factorize into independ

ent functions of x and p~ (Fig. 17,18). 

5. Even at our moderate photon energies (1. 4 GeV to 9.3 GeV) the increase 

in 1f - multiplicity is consistent with a logarithmic growth in s (Fig. 20). 

6. When interpreted in a Regge framework, the t dependence of the structure 

function leads to a trajectory associated with the 'Y -+ 1f - vertex (forward 

1f- production) with a(O) ~ 0.0 and a slope ~ 1 GeV-2; for the trajectory 

associated with the p -+ 1f - vertex (backward 1f - production) one obtains a 

similar slope but an a(O) which is lower than that of the expected leading 

trajectory (the~) (Fig. 22). 

7. There is no azimuthal correlation of the outgoing 1f - and the polarization 

vector of the incident photon for x < O. For x > 0 we find a Significant 

correlation approximately half of which comes from elastic p
O production 

(Fig. 23 and Table II). 
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8. The' Q-system of Elbert et al. , 30 does not result in a symmetric distribu

tion in p for the 1[ -. We find at 9. 3 GeV that symmetry is reached for the 
II 

ratio of colliding momenta R = 2. 3 with elastic p
o removed and R ::: 2. 75 

with elastic p
O included (Fig. 24 and Table ill). 

9. When scaled by the total cross section our inclusive 1[- cross sections in the 

target region are similar to those found in 1[-P reactions 0 They are larger 

by a factor of ~ 2 than those obtained from 1[+ p, K+ P and pp reactions (Fig. 7,14). 
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00 1 
- 'If r 2{ 

< n > = J" dp iJ ~ dx 
O"TOT 0 -1 

fix,p~ 

comes mainly from the vicinity of x=O. For convenience let 

( 2 + 2)1/2 
Pi P. 

a:= ---,.---
P~ax 

f' = a~1 ' etc. 
ax x=O 

After. expanding 2 
~(X'Pi) about x=o 

2 
i( 2 - f f' x f" 3 x, Pi) - + x +"2 + ... 

we find 

~ 2 ~ - a; f"]tn[ 1+ ~}~f"Jl+a2 + '" 

[ 2 2. ] (2 2) (Pi +p.)" s 1," (Pi +p.) . 
- f - s f In [2 2]+ 2: f 1 + 2 s + ... . 
s-oo Pi +p. • 

where we have used p* "" ';;;2. Integrating over dP12, we find max 

<n-> = [er 'If 100 

dp~ i(O'P7)]In S + const + 0 In S 
TOT 0 3 s 
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TABLE I 

Values of the exponential sl?~e A (GeV Ic) -2 fitting the structure function F«X>,P~) 
'/.. . 

2 " 2 2 2 
of Fig. 19 for Pi < 0.3 (GeV/c) to F«X>'Pi )=F«x>, 0) exp (-APi)' 

x 3-prongs* 5-prongs* 7-prongs* 9-prongs* 

(-1. 0)- (-0.1)' 5.3 ± 0.5 6.4±0.4 7.2±0.9 12.5 ± 4.3 

(-0.1)- (0.1) 7.3±0.3 7.9 ± 0.3 9.2 ± 0.4 1l.9±1.5 

(0.1)- (0.4) 6.0±0.3 6.1±0.3 6.8 ± 0.6 7.8±2.4 

( 0 . 4) - (1. 0 ) 6.S ± 0.3 6.2 ± 0.6 7.2±2.9 

* An N-prong event has N charged particles without detected strange-
particle decay. 
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TABLE II 

Value of A and B fitting do"/d1> to the form da/d1> = (A + B cos
2 1» 

E Elastic po excludeda . Elastic po onlyB-
'Y x 

(GeV) A (nb/deg) B(nb/deg) A (nb/deg) 

(-1. 0) - (-0. 3) 2.80±0.22 0.24± 0.37 o .24± 0.08 

2.8 
(-0.3) - ( 0.0) 7.36±0.29 0.17±0.47 0.29±0.06 

( O. 0) - ( O. 3) 9.65 ± O. 33 0.73±0.55 0.89±0.12 

( O. 3) - ( 1. 0) 7.60±0.39 2.24± 0.66 7.06±0.41 

(-1. 0) - (0.3) 2.16± 0.14 -0.18 ± O. 22 O. 04±0. 03 

(-0.3)- (O.O) 7.82±0.21 0.22±0.36 O. 04±0. 02 
4.7 

(O.O)- (0.3) 11.51±0.25 -0.05±0.41 0.43 ± O. 06 

(O. 3) - (1.0) 8.38±0.30 2.61±0.52 4.30±0.25 

(-1. 0) - (-0.3) 1.55± 0.12 0.08 ± 0.20 -

9.3b 
(-0.3) - (O.O) 7.95±0.19 -0. 03± O. 30 -

(O.O)- (0.3) 12.87±0.25 0.45± O. 42 O. 21± O. 04 

(0.3)- (1.0) 9.48±0.33 2.29±0.56 3.41±0.22 

aElastic po event: 'YP -+ rr-rr+p with M
7Frr

- < 1. 0 GeV. 

bnata plotted in Fig. 23. 

B(nb/deg) 

0.07±0.13 

0.28 ±0.11 

2.65 ± O. 25 

5.42± O. 73 

0.05±0.05 

O. OO±O. 02 

1. 40± 0.13 

5.21 ± O. 46 

-

-

0.77±0.08 

3.53±0.41 



TABLE III 

Value of R == Pproton for the frame in which the IT - longitud'inal 
Pphdton 

momentum distribution is symmetric. 

R 
E Y 

elastic p 
0 

excluded* elastic p o inCluded* 
(GeV) 

2.8 1. 75 ± 0.05 2.95 ± 0.1 

4.7 1. 85 ± 0.05 2.75 ± 0.1 

9.3 2.3 ± 0.05 2.75 ,± 0.1 

*elastic po eve:nt: 

'" 
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The structure function $(p ) in the laboratory. The central value of PII and 
the bin width are labelled P"" and APII ' respectively. Data plotted in Fig. 4. 

~I Ap 

" 
&~"(p" ) (J..Lb) 

(GeV/e) ,(GeV Ie) E = 2 .. 8 GeV E =4.7 GeV E = 9.3 GeV 
y y , y 

-C.L':5 C.15 l.f3o:t 0.203 1 .165 :t 0.132 0.666 :t 0.104 
-(",.Clj C.b 1. L 17 0 • .387 5.634 0.261 4.076 0.221 

I...L25 C.G:) 1;.229 \).91'1 11.'339 0.6'53 9.100 G.5<;e 
a.Cls J.G::> 2C.22.3 1.15ti 16.567 0.774 12.99R C.7~3 

C • .12 ~ O. Cj 26. I S':;/ l.]<jl 19.688 0.A90 16.'50S 0.844 
U. L7:; 0.C5 27.749 l.",53 25.034 1.055 21.819 1. U 28 
u.2.:5 c.c~ 3C.632 1..630 26.8f,0 1.131 23 .4'12 I.LH: 
l.n,:; C.Vi 35.>jLJ i.d~5 34.1R8 1.361 30. A46 1.3(:7 
(, ... L:: 5 o.es "to.h);; 2.063 35.Q91o, ~_ .445 31.7~2 1.44C 
L.37~ C. v) 'd.g4.! 2.167 37.591 1.544 ,V~.A55 1.5n 
G.4':5 0.e5 4~.77(j 2.319 38.f23 1. ~56 37.600 1.713 
(; ./d.':) u.C:> 46.073 2.'ib4 44.t. 94 1.835 41.177 1.en 
C.5L:J c.es 4t.jCd 2.5t)O 43.1 Qg 1.816 '-t?665 1. <; 85 
L.:;7:::> v.G5 4C.UOJ 2.'i5'1 46.462 2.022 44.281 2.C1<; 
C.t.:::::> C.l:> 47.32b 2.7 S9 45. Cl 64 2.016 43.906 2.137 
C.c15 U.C? 44.003 2 • I B0 45.351 2.]26 4 l }.9')4 2.23'5 
C."U.~ C.lS '1C.d23 2. • 12(; 44.483 2.167 44.920 2.311 
Co i 15 J.(.:> 4t.811 3.0G8 46.750 2.278 51.350 2.~42 

(.d2~ C.CS 47.'10'1 j.l.U 49.418 2. q 1 45 .118 2.448 
(;. b is 44.610 2.348 

, 
C.~:> i;~.':5b J.dG'1 48.7'54 2.<::<;4 

(..'1'::::> -.i.e::, 37."'72. 2..dtlS 43.f3~ 2.383 53.250 2.1E4 
l.. • ~ i = J.G? 44.221 3.214 46.334 2.507 50.9<) 1 2.7E't 
1.()'5C (J. 1IJ '14. JbL 2. J<t~ 43.6 CO 

.. _---
1.781 52.'172 ~. C C ~ 

1.15C 0.1C 4L.3.JJ L •. Hib 45.739 1.900 52.165 2.Hl 
1.250 (';.10 41. 732 2..02.6 47.759 2.017 51.096 2.212-
1.35C C.10 43.b6J 2.c02 43.421 1.988 53.178 ~.~~5 

1.450 \J.10 4 1 • l.. 10 2..607 43.0132 2.()46 ')3.309 2.415 
1.550 C.1.0 37.767 2. ::>77 44.30h 2.149 48.655 2.378 
I.e 50 C.1L) 39.315 2 .7e 1 43.014 2.179 49.191 2.484 
1.750 C. L C 35.6JO 2.041 36.540 2.063 4 0 .775 2.5~1 

(._t:~( L.lv 2d.tH3 2."t4<t 36.920 2.129 50.479 ;'.t(2 

[ • 'i ~ lY 0.10 25.:>Od 2.358 43.? 83 2. -:1.6 6 45.405 ~.5f.l 

2. iO C ~.2.0 2t.:'>d4 1. 1 ~ 7 38.895 1.646 48.413 1.944 
2.3 G C (.."C L5.tJd 1.8C'1 36.41 8 1.665 46.638 I.SS<L 

2.?uU 0.20 23.19:> 1.78'1 3?719 1.719 49 .251 2.125 
2. IC \. C. dJ t..'1o'J 1.0G6 35."3C::0 1.777 47.905 2.1 E2, -._-

31.656 1.740 ~.225 ?9l1C C.2L C.401 i).LOC 46.6<;8 
3.Il.U( (;.20 C.O 0.0 28.1'23 '1.711 47.082 2.310 
3.' J 00, C.2l1 C.O J.Ll 28.680 1.772 41.?51 2.281 
'3.50C 0.20 C.o O.U 24.817 1. 697 43.025 2.342 

3. 10 C C.20 O.ll 0.0 15.238 1.369 38.061 2.256 

3.900 C.20 L.O 0.0 15.119 1.398 41. 423 2.42l 
4.250 C.SO C.O U.V 10.149 0.757 31.506 1.521 
4.750 (;.50 C.O U.U 1. ~ 56 0.289 33.545 1.~1<; 

5.250 O.~U c.u U.O 0.0 0.0 32.123 1.51'5 
5.7<;0 Co 50 C.J 0.0 0.0 '0.0 30.022 1.'581 
6.250 C.5G C.U u.O 0.0 0.0 26.5~2 1.545 
6.750 C.5e ~.iJ 0.0 0.0 0.0 23.726 1.51<; 
1.('50 C.~O C.U v.O 0.0 0.0 17 .569 1.151 
7.750 0.50 C.u U.O 0.0 0.0 U.797 1.2~<; 

8.?50 C.5(' C.u 0.0 0.0 0.0 10.636 1.121 
8.7 "i0 C.50 C.U 0.0 0.0 0.0 6.513 0.G03 
9.2';0 0.50 0.0 u.G O.C' 0.0 3.432 0.t13 
9.750 C..50 C.J 0.0 0.0 C.O 0.554 0.271 
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TABLE V 

Differential 1f - cross section da/dy. The central value of the "rapidity" y and 
the bin width are labelled y and t::.y, respectively. Data plotted in Fig. 10. 

da/dy (fLb) 
Y t::.y - -

~ - _. --
E = 2.8 GeV E = 4.7 GeV E = 9.3 GeV 
i' i' i' .. -.-~ _ .. 

~ -- -
-.. _.- ---

-O.q!)O (.20 2.5Y2 ± O.J7<i 1.66e. ± 0~231 O.R6'5±0.1?6 
-0.700 0.20 1.813 0.321 1.157 0.192 1.073 0.196 
-0.500 0.20 3.929 0.466 3.113 0.316 2.415 0.2<;? 
-0.300 0.20 1.123 0.630 5.381 0.415 3.751 0.367 
-0.10C C.2C 10.232 0.154 8.113 0.510 6.316 0.411 

0.100 0.2C 13.988 O.8<il 11.847 0.617 9.479 0.584 
0.300 C.20 21.816 1.1UO 18.i.11 0.768 13.455 0.6ge 
0.500 C.20 3C.4:J1;; 1.3vO 23.805 0.873 20.991 0.812 
,).7,:)0 C.20 .ji .459 1 .. 424 31.083 0.999 26.256 0.<;7t 
0.900 0.20 . 41.'1<il 1.':>JO 39.988 1.133 37.761 1.091 
1.050 C.le 4'1.1\,j6 2.333 43.246 1.665 42.120 1.1~1 

1. 150 0.10 4<i.o.J4 2.322 49'.313 , 1.781 45.870 1.831 
1.250 0.1 (' I.t 'i. de s 2..230 52.06?, 1.829 44.675 1.803 
1.350 0.10 4t:.-<tCl .i..lI2 48.577 1.768 49.591 1.904 
1.450 0.10 5'-t.lJoC 2.448 50.537 1.~02 51.4.29 ,1.<;;3 
1.550 0.10 46.bt:4 2.27':> 49.550 1.784 55.447' 2.012 
1.650 '.:.10 41.332 2.28'1 51.0:H 1~812 55.830 2.01? 
1.750 0.10 43.634 2.1'10 53.560 1.856 56.778 2.C32 
1.8:'5(' 0.10 4~.Y81 2.252 51.48? 1.823 57.133 2.03'1 
1.9t;C 0.10 4.i.482 L.1b2 47.571 J.753 54.980 1.9<;1 
2.050 0.10 37.510 2.03L 46.322 1. 7"30 56.421) 2.C26 
2.150 0.10 2'1.1b4 . 1 • 1') 1 42.807 1.661 57.332 2.042 
2.250 0.10 Ji.\.i()O 1.84B 40.754 1.624 52.622 1.9~4 
2.350 0.10 25.951 1.689 36. '.'5 42 1.539 53.6A6 1.97? 
2.450 0.10 24.tH9 1.651 33.187 1.473 52.194 1.943 
2.550 C.1O 21.413 1.533 32. V+4 1.450 48 •. 204 1.867 
2. 6'5 a 0.10 1'1.9 /.0 1.47ii 28.478 1.363 50.733 1.91~ 
2.75 C 0.10 14.372 1.2~~ 26.1.03 1.304 47.553 1.858 
2.850 O.le· 1C.729 1.083 23.275 1.232 42.712 1.156 
2.950 0.10 11J.823 1.087 19.509 1.128 40.801 1.717 
3. 10°0 0.20 1.755 o. uSC 15.192 0.704 34.506 1.115 
'3 i3c01 .,. u 0.20 3.92.5 U.462 10.250 0.579 28.510 1.G13 
3.50C 0.20 1.035 0.231 7.094 0.482 22.472 0.89<1 
3.750' 0.20 C.436 0.154 3.734 0.349 14.933 0.7!3 
3.'100 C.20 c.o 0.0 1.626 0.232 11.090 0.(;32 
4.' 1~0 0 0.20 0.0 0.0 0.499 0.128 7.540 0.~20 
4.300 C.20 c.o 0.0 0.0 0.0 4.160 0.386 
4.1500 C.2(, c.o 0.0 0.0 0.0 2.126 0.276 

: 4.;7QO 0.20 0.0 0.0 0.0 0.0 1.253 0.211 
!5t .... ,900 Q. ~o o 0 o () 0.0 0.0 0.432 0.124 
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u .; u U ~5 7 i,J T ABLk vF '-) 
. 1£00 E* d

2
(T 2 Structure functIOn F(x) = IT -*- 2 dp l' The central value of x and the bin width 

o Pmax dxdPl 

are labelled x and Ax, respectively. Data plotted in Fig. 12. 

F(x) (Ilb) 
x Ax 

E = 2.8 GeV E = 4.7 GeV E = 9.3 GeV 
'Y 'Y 'Y 

~. - . ~ . 

-1).900 C.2C O. r 93 ± 0.038 C.CdS ± u. O~ 8 0.O50±O.022 
-O.70~ C.~C 1.CR6 O. 121 U.:,>U'1 0.063 0.166 0.036 
-0.550 C.le 1.(:.73 0.201 1.10':> U .1LO O. 8 5~ 0.] 09 
-0.450 C.1C 2.5194 0.7.49 2 • .l.2u 0.15S 1.568 0.133 
-0.350 C.I0 4.753 0.301 -3.413 O. U:lO 2 .en 7 0.169 
-0.275 0.G5 6.2 0 6 0.468 5.111 0.2~3 4.596 0.273 
-0.225 C.e5 7.176 ,).471 (; .tAU 0.3.20 5.761 0.291 
-0.175 O.O~ 9.~C:;9 0.523 t.bG8 J.3~~ 7.418 0.311 
-0.125 C.05 10.( 32 0.524 10.460 0.310 9.950 0.334 
-0.090 C.(l~ 10.471 0.'112 11.992 0.601 12~416 O. 564 
-0.070 C.02 13.5 A6 0.g57 - 13.400 U.b3H 13.742 0.576 
-0.050 C.C? 13.267 0.90 c:; 12.'119 0.592 15.106 0.599 
-0.030 0.C2 12.4(1) O.,P56 14.24~ 0.648 15.Un 0.579 
-0.010 0.02 14.R66 

, 
16.953 0.f>12 O. Q8',) lS.LoY 0.646 

0.010 0.02 14.?82 C.<170 1b.b29 0.08~ 
- 16.891 0.603 

0.030 0.02 15. ~ 44 0.999 J.1.20'1 0.7(,1 17.1~5 0.61 q 

0.050 C.02 14.f5R 0.965 1':>.411 0.666 17.764 0.636 
0.070 0.02 16.548 1.('23 15.76':) 0.661 18.105 0.664 
0.090 C.O? 16.C05 l.O53 15.~10 0.084 18.01'3 0.664 
O.llC C.02 15.618 1.006 15 • .36 ... 0.690 16.568 0.660 
0.130 0.02 15.9"0 1.U46 H.ulo 0.061 16.901 O. 68~ 
0./150 C.02 14.") 84 0.9')7 iu.LH 0.7JL 16.6en. 0.706 
0.170 G.02 16.~92 1. (:89 1 j. 72.3 U.o7o 16.273 0.70 '3 
0.190 C.02 15.850 1. C63 15.797 0.75'3 15.502 0.707 
0.225 O.C~ 13. Q 5? . 0.651 l<t.~11 0.471 15.642 0.476 
0.275 0.05 13.4 P 0.665 l'f.bLl U.:>OO 15.0V) 0.492 
0.325 C.O~ 13.4R7 0.685 L: .':i6S u ... d9 14.084 0.505 
0.375 C.C5 13.9"'~ 0.1"5 12.':)27 0.503 12.955 0.507 
0.425 C.C5 13.059 0.71 0 1".012 U .~tH 12.1013 0.517 
0.47'5 C.C5 13.46~ 0.751 11 • .246 O.~14 11.05) 0.516 
0.525 C.C5 12.1?8 O.7~9 11.i41 0.:')30 11.0AO 0.539 
0.515 O. C 5 11. 0 1, 0.752 11.~~0 0.50b 9.757 0.525 
0.625 C.C5 10.? 3l O. 725 4.'146 0.539 9.259 0.530 
0.675 0.05 8.615 0.683 E:.94b 0.,25 7.P.12 0.50 1 
0.725 0.05 7."20 0.645 7. y t3u 0.511 7.852 0.521 
0.775 C.e5 6."311 0.614 t.B57 0.48t1 6.140 0.474 
0.825 0.05 6.749 0.647 4. M44 O.42J 4.643 0.424 
0.375 0.05 9.607 0.784 3.'1ti3 0.392 3.245 0.362 
0.925 C.05 ; 6.793 0.66 q '1.400 0.421 2.226 0.308 
~35 Q.-!....~~5 1.289 0.2gl) 1.Y'Jd 0.288 ~.CoO O. ~O 3 
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TABLE VII 

Structure function F(x, <p2» = ~ fb !* d
2

O-2 dp~ where a and b are the limits of the 
1 a Pmax dxdp 1 

var iou,s , 1?~ intervals given. The column labelled x gives the central value and L\x Ub ,)in 

width.:i:>ata plotted in Fig. 17. 

2 
E F(x, <Pl» (fLb) 

'Y x ~ 
(Gev)i 2 

0.04 P1 < 2 
0.04<P1 <0.16 2 

0.16<P1 <0.36 P~ > o. 36 (GeV IcY. 

• 
-l.9(1,) C."r: 0.(47 ± C.~.~?7 ,0. (141, ±Q. C' 2 t- 0.(' ± f).0 0.0 ± o. (1 

-1.700; C."C O.? 82 0.058 0.445 0.076 O.')Ql.. 0.06" C'. (' 04 o • L' 32 
-J.5eO C.?O o. ~ '3 C1 ;). )72 0.9<9 0.092 O.o,? 7 0.C31 O.34? 0.072 
-'J.3'30 C .le 1.014 0.120 1.810 0.175 1. • "!. 40 D.155 0.787 O.1/+~ 

-J. ";0 c.'r I.? 05 0.140 2.<5° 0.184 1.704 O. 133 G.R0n 0.151 
-0.1'30 c.'e 2. 4 5' O. ! 45 3.f:~C:; 0.221 2./'-'36 0.222 j.~ ?? o. ~ :' 3 
-0.075 O.~5 3 • ~ 9q 0.229 / 4.781 0.332 2.8'''' C • "3-.1 ~ 1.203 0.?42 
-J.025 C.(t; 3. P 71 O.2?9 5.f. 13 o. ~5 9 3. ' ')5 (,.33~ O. FH) (). 199 

2.8 'J.,)25 c.e,:: 4.C'5? 0.735 u • 1 f:, :>, 0."7;> 2. (' 8 R 'J. 3";> 1.71:>? 0.301) 
).8 F 0..C5 4.49'1 0.2'58 6.140 0.378 3. B0 O. 362 1.'<'12 C.273 
0.125 c. r: 5 4. ~.,44 '0.275 6.<'1'3 0.3136 3. ) 'i"3 0.337 l.H9 ':1.283 
0.175 C.C5 3.790 (). 21 4 7.719 O.i.lt 9 2. () () 1+ O. 3? 8 1 .j?? C.261 
C. 2 '50 S. Jr ::.n 0 0.1C,3 6.;> 'lS O.?01 3.?71 i).251 1. J·'H 0.170 
().15C C.1C 2.776 O.!C17 0.J80 o. 320 3. '.no (). ;: gg o. q?,;> 0.152 
0.45C c. , C 2. 0 '(, 0.223 b.:1 /tA a • 3'> 1 3.?17 1J.273 0. nn 0.149 
oJ.5se O.le 2.Q78 0.2<' 5 5.~·38 0.3" 1 2.771 0.266 0.738 i). F1 
J. (. so C.le 1: C1 So O. 2! 3 4'.410 O. 332 

, 
2.3 os 0.2'36 0.BO~ 0.161 

).750 C.le 1.75 0 O.2J6 3.J.20 1).297 1.7 F.4 0.2"36 G.?!)] o. C' '3 2 
,). '-1 ';0 C. lC 2 .4l. fl 0.271 4.f 1. 7 O.li33 1. ' 1 2 ,J. ' 90 o.n 0.C 
C.95':) 

, 
C.10 2.77< 0.302 1.2f,fl 0'. zo '5 c. r, o.c c. c' o.c 

-
-oJ.90", O.LJ C .~) ±O.O L. 03:>± oJ.017 C.02'> ± oJ. u 17 C.v20±J.014 
-c. JUG U .~O .:..;. i.,2 7 + u.030 C.l.bl. 0.034 C .db v.G]] C.CUI. v.027 
-C.5C(' Li.2U C.J1..: 0.03'1 C.jdi U.U~b C •. ~.: j .U. U 5l. C.2':1ti v.u46 
-C.j~0 0.10 ( ./5] 0.u76 1 •. ",9 (l.lG7 I:..Bb .O.Oel C.jilj 0.081 
-LJ.2jlJ C.10 l.;)i:l1 o • C 0'1 2.210 J.124 1,.45 I ;0. ll~ C.d3j 0.101 
-0.15" v.10 ". LL> u.CS4 ~.l'-J5 J. i.4d ".210 U .134 1.417 O.UU 
-t,;.C75 ().C:> j .~'t 7 0.147 5.10 1 J.231 .; •. j 15 o. ae lo\)(.d 0.155 
-(,.0;:;; G.\.~ ~ .'", 7 0.150 .: • ti51 J • 241. . .: .c.h, J.22t. 1.'t/ib 0. i. 77 

U.U2' J.G5 ".004 oJ.l.o; c. obI>· v.2-,;)"/ 3.049 ,0.236 l..d23 0.2.C7 

4.7 u.Gi: Li.e5 4.2 ttl 0.1.07 c.b2u v.201 2..9<32- ,0.21S 1.044 0.1':12 
C. 12 ~ C.L') ;.u03 0.109 t.d22 0.271 ;.05b 0.2.22 1.377 0.179 , 
oJ. 11 :: 0.';5 J.O:>o 0.167 . 7 .;)44 0.295 3.Stle 0.24.1 j • It 7 1 0. lIb 
U.c:.:>\J i.j. I. 0 ~.d~4 \.i. 12 '.J t.'+lJ '0.214 3.77d u.1 il0 1.04,j O.l'd 
C.3~':; ~.ltJ L.':>OO u .13') ) .LB· U.h4 '3.3Uil \).Ltj'1 1.ulS 0.14 "/ 
",.45C C. lG 2. ft4~ 0.154 ~.vlL "0.230 '2.,-)134 ;u.10,> 1. Hi U .133 
C.5~C ";.I.J L.59:> 'J. i7 5 "'<.dl; 0.247 ':'.869 0 • .!-99 :l.L'Ii. O.i'tu 
C.6SU J.1(; £ • i.it 1.J 0.17", :3.0':>7 0.230 ~ .4,3 0.196 1 • C tl7 \).1..:)8 
c. i::iu C.IG ! .'iG-I u. 1 74 2. .-Hl':> U.221 "0017 0.1138 C. ;0':1, u.C9-j 

C.u;i(' 0.1v C • ,; '16 J .131 2 ... :'1 0.1';9 1 • .101 0.147 C.l.ti4 ·O.Uol 
(.':;5C 0.10 1.'dJ U.l B i.51.0 0.175 L.LO,:> 0.vb5 l.U 0.u 

-0.900 0.20 (; .000 ± 0.000 0.009 ±0.C09 0.0 ± 0.0 . o. 031 ±:O .018 
-0.700' 0.2e 0.014 0.C09 0.077 0.024 0.C31 0.015 0.043 :0.019 
-0.500 C.?C 0.716 O.O"3S 0.:3 79 0.046. 0.262 0.039 0.354 ,0 .050 
-0.3<;0 C.IO 0. 4 56 0.061 0.907 0.08~ O.E 15 0.089 0.7"3A 0.093 
-0.2'30 C.~C 1.139 0.083 1.609 0.104 1.453 0.108 0.c75 '0.101 
-0.150 0.10 1. 0 20 0.088 3.277 0.'.29 2.01° 0.116 1.466 0.11 9 
-0.015 C.C" 3.228 ·0.135 ':).464 0.214 3.03' O.I'l2 1.83':) :0. IA 3 
-0.025 C. 0 5. 4.176 0.139' 6.4':)3 0.221 3.279 0.196 i'··992 '0.184 

0.025 c.ce; 4.677 0.146 7. L~g 0.233 3. 4 82 0.202 2.07':) 0.192 
9.3 0.075 C.05 ',4.403 0.159 ,7.64 4 0.252 3.724 0.212 12.041 O.leH 

0.125 C.05 '4.160 0.175 7.(,03 0.259' 3.383 0.210 2.212. 0.202 
0.175 O.CS 3.454 0.178: 6.'501 o • 26 8i 3.608 0.229 ,2.361 0.211. 
0.250 C.l( 2 • ~,,~o 0.137: 6.253 i 0.207 3.020 0.179 2.303 0.156 
0.350 C.le 2.490 0.143 5.517 :0.221 3.676 0.190 1.835 0.149 
0.450 O.lC 2.C'57 0.J.46 4. 0 41 .0.232 2.925 o .lln 1. 754 10.155 
0.5S0 C.I0 1.90 e; o. !.59 4.045 0.230 2.1381 O.19'l '1.405 0.152 
0.650 C.10 1.841 0.166 3.424 0.229 2.208 0.186 1.061 ·0.135-
0.7'50' C.lO 1.7lfl 0.171: 2.6qz 0.217 1 .610 0.169 0.976 0.136 
0.850 C.I0 '1.243. 0.155 1.825 '0.189 0.475 :0 .097 0.400 0.091 
0.950 C.10 0.979 Q.146 0.71R ,0.125 0.355 0~OFl8 0.090 0.045 

~ 
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u I u £) 

2 1 E* 
Structure function f 3(x, PI) = -

7r P~ax 
2 2 

are labelled PI and API' respectively. 

E 
2 6P~ y PI 

(GeV) (Gev/c)2 (Gev/cl -1. 0 < x <-0.3 -0.3< x< -0.1 -O.l<x<O.O 

I) .("\'11) ..... r I 11.t}H ±l.Rq ~".J:' ± c:; .. 11 111.\0 ± H.(2 
r .• r 1" 1. r·l q .. ~"1 1.47 ~ 7 .. t~ ~.n ~q./-t2 7 .. 77 
() .,')2 'i -1.~1 R .. 16 1.4q t., 7 .. -; 1 4.8', q 1.54 ci .. :3 7 
0.:);\') n."l G.Ql 1.65 t.,fI.48 5. OJ 81, '2 R..?7 
(. .:)45 '1."1 'i.~b 1.22 43.0(J 4. q'l 1e.; .I-,C; H .. 27 
0.0"'>~ 1".0t 'i.14 1.74 33. e" 4 .4'."" 5G.22 7. sg 
iJ.")f>') (1.01 '.57 1.4(:; lG.1(' 3.44 57. G6 7.7') 
" •. "7 "i r.01 'f.:1() I. C<; ~L.f3 4.')7 45.4J 7. ')1 
·'.llA .., .).01 4.38 1.11 ~3.54 4.0'"> 41. ·i2 6.'n 
r: .nQ5 rl .01 5.55 1.27 2'l.7~ 3.13 4~.~h 7.41 
O.l1l"'! (:.02 5.10 O.et ?b.O n 3.07 34 .... 6 4.he") 
n. t y~ n. (? "i. 7'1 O.Q6 23.65 2.Q·l 4:3.2t-: S.4l 

2.8 c·. 1 " .... ".('2 4.75 (;.85 14.t.h 2.41 19."jq 3.77 
G.11·'" n.r? "' .41 0.73 15.'i 2. '5(_\ 24.76 4.40 
u.lQ() 0.02 7.14 0.58 18.52 2.83 23.<;4 4.37 
o.n" n.1":'5 2.·)5 O.le 11.11 1.44 19.57 2.59 
r. 27 5 '). r5 2.39 n.4t 11.q(1 1.54 10.15 1.9" 
IJ. 32 Ii ":.(5 1.2B (').-n ~.B7 1.22 9.25 1.93 
(\.17<; n. ,,~ ".qA 0.27 .~ .21 C.86 ti.:C l.br1 

\'.45" n. J r 1.('0 0.7(' 2.92 C. h(l 3. q6 'J.Q6 
/).'>Ii(\ r.lr 0.11 ~.I2 I.C 8 C.3B 2.34 ".78 
O.6'jn !"I. If 0.36 0.13 0.84 r..14 ":.55 ·1.39 
(I.Ar'') ,.'.7" n.09 /).05 r..65 C.23 ::. II 0.22 
1.(,1r:, n.71"' ~.~ n.n n. C H C.OJ:\ O. 17 '1.17 
I.?( n ~.2" n.r. '.n 'J.0, c.r; r. : n .:1 

o.ono:; c.nl 5.41 ± f). P'; -42.~f.±3.0q 87.28 ±'t.7'j 
0.01~ 0.01 Ii.q 1 I":.Q(' -49.(;~ 3.4") 9C.71 5.2'1 
0.02~ 0.01 7.26 c. 9 ~ "39.13 ~. 11 79.94 5.18 
O.O'~ 0.01 4.1() t:.A3 43.16 ~. 37. 91.q3 5.81 
0.04~ C.Ol 4.44 C.77 47. lor) ~. ")q 7~. 7<; 5.51 
0.05" 0.01 5.19 Q.9C 37.13 ~. 2~ 60.22 5.06 
0.Ob5 0.01 ",.47 C.7I "? 2.64 ? 12 U.ll 5.31 
o. C7r; O.~I "3.74 0.73 25.71 2.77 53.56 ~.C7 
O.DA5 ~.Ol ! .12 0.71 20.4Q 2.~0 41.<;1 4.58 
0.095 8.01 2.B4 n.fo7 26.AO 2.92 '51.13 5.19 
0.11 C 0.02 3.73 1).'54 22. ~:3 1.9C; 4C.31J "3.34 
O.Dr 0.02 2.02 0.4<; 16.13 1.69 28.34 2.Ql 

4.7 
O.l~C 0.02 2.3b ().43 16.31 1.11 34.75 3.1n 
0.170 0.02 1. Rn tj.40 16. R"~ 1.79 27.1';5 2.9q 
0.190 0.02 2.29 0.45 14.3Q 1. h8 2'.2C 3.r.l 
0.n5 0.C5 l.li6 n. 2 3 q.16 C.90 p.n 1.64 
0.275 0.05 1.C6 C.20 1.6C C.81 14. et . 1.57 
0.325 0.C5 1.r:S 0.20 '5. t 'l C. 14 C;.14 1.31 
0.375 r..05 C. AS OolB '::.46 C.74 7.71 1.21 
0.450 C.IO C.75 0.17 3.CE C.41 3.79 O.t2 
C.!'50 0.10 0.4A ~olO ,.32 C.H 2.~2 0.'54 
0.65C 0.10 0.20 0.C7 1.4A C.31 1.91 0.49 
0.800 n.2C n.ab 0.03 0.69 0.15 C.47 O.lA 
1.0(ln 0.2e 0.04 0.02 C.lC C.Oq c. c e o. CA 
1.200 0.20 O.C 0.0 O.CO C.06 n.l7 0.12 
l.40r. 0.20 O.n 0.0 C .14 C.oe e.c 0.C 
1.60e a .2C o.t: 0.0 O.C C.O r..o 0.0 
·l.()i)" .. 1.11 l, -,".h ± ..... 71 "l.q.q~ ± "'.r.6 1 II • ~l <; ± 4. 7·~ 
(\.~l~ 0.~1 3.1)<) 1.1 ? J,l.;\I, 3.12 '.)Q.14 4.<;, 
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FIGURE CAPTIONS 

1. a) Scatter plot of 1f - longitudinal momentum p in the laboratory frame 
II 

and x = PI*I/P* in the c.m.s. for the 9.3 GeV data. max 

b) Scatter plot of 1f - longitudinal momentum PII and the rapidity 

y = ~ 1:1l~E+PII)/(E-PII)J in the laboratory frame. 

c) Scatter plot of y = -2
1 

/}tf(E+P )/(E-p)l and x = p*/p* . The curves L II II J. II max 

in each case show contours of constant transverse momentum calculated 

for E-y = 9. 3 Ge V . 

20 Photon energy spectra for the exposures at (a) 2.8, (b) 4.7, and (c) 9.3 

GeV. 

3.. Total and topological photoproduction cross sections versus the center-of-

mass energy squared s. The lines are provided only to- help distinguish 

between topologies. 

4. Structure function $(PII) in the laboratory at2. 8, 4.7, and 9.3 GeV for 

-yp -1f - + (anything). The insert shows ~h~ region PII < 300 MeV on an 

expanded scale. Data given in Table IV. 

2 . 
Structure function $(p) for -0.15 < P (LAB) < 0.15 GeV at 2.8, 4.7, and 

1 II 
5. 

9.3 GeV. 

6. Structure function $(p ,s) in the laboratory for labelled intervals in p II .. II 
-1/2 versus s . 

7. Longitudinal-momentum distributions du/dPII in the laboratory system 

normalized to the total cross sections at s=oo for hadron-induced reactions 

compared with our photoproduction results at 9.3 GeV. Curves are poly-

nomial fits to the hadron-induced data with representative data points 

shown (as provided by the authors quoted). 



'" 

u 

8. Sketch of the general features of the "rapidity" variable distribution do-j dy 

for secondary particles as predicted by the multiperipheral model. The 

labels I, II, and III correspond to the target, central, and beam regions, 

respectively, discussed in the text. 

9. yp - 1f - (anything) at 9.3 GeV: Scatter plot of the rapidity variable y in the 

2 
laboratory frame versus transverse momentum squared Pl. 

10. Reaction yP -1f - + (anything): Differential 1f - cross section da/dy. The 

solid and broken bell-shaped curves superimposed on the 9.3 GeV data 

represent the 2.8 and 4.7 GeV data beneath, having the same y . while mm 

the partial curves are the lower, energy data transposed to have the same 

Ymax· Data given in Table V. 

11. Reaction yp - 1f - + (anything): Differential 1f - cross section do/dy for 

various intervals in the transverse momentum at 2.8, 4.7, and 9.3 GeV. 

12. Reactionyp -1f- + (anything): Structure function F(x) for Ey= 2.8,4.7 

and 9.3 GeV. Data given in Table VI. 

13. The structure function F(x, s) integrated over different intervals in x plotted 

as functions of s. 

14. Normalized structure function F(x)/o-TOT(oo) for photoproduced 1f - reactions 

compared with those for 1[± induced reactions (Ref. 17). Curves are approx-

imations to the hadron-induced data with representative data points shown. 

15. F(x) with the elastic p
o events excluded (yp - 1[+ 1f - P with M~1f- < 1. 0 GeV 

removed), for a) 2.8 GeV, b) 4.7 GeV, c) 9.3 GeV, above each we show 

the contribution to F(x) from the pO. d) F(x) for the 4.7 and 9.3 GeV data 

superimposed for comparison for x < o. e) same for x> o. 



16. F(x) for 3, 5, 7, 9-prong events separately at 9.3 GeV. The curves show 

the contributions from the events having no missing neutrals, a single 1fo 

missing, a single neutron missing and from multineutral events. 

17. The structure function F(x, < P: » plotted versus x for various intervals 

in transverse momentum. pata given in Table VII. 

18. Structure function f3(X'P~) at 9.3 GeV a) for finite x-intervals b) same 

data for selected x-intervals shown on an expanded scale. Data given in 

Table VITI. 

,19. F~x>,p;)for3, 5, 7, 9- prong eyents separately at 9.3 GeV. The curves 

2 2 ' 2 
are the res:ults of fits to F«x>,O)expt-API) fo~ PI < 0.3 (GeV/c) . See 

Table I for values of A. 

20. Average charged-prong multiplic ity (labelled < n » and 1f - (labelled < n - > ) 

versus s. The straight lines are the results of a fit of the data to the form 

< n> = cln s+ d (c = 0.93 ±O.12, d = 1.,01 ± 0.22) and (c - = 0.44 ± 0.04, 

d- = 0.07 ± 0.08). 

21. Dominant diagram expected to contribute to 1f - production near the kine

matic boundaries for a) target associated 1f -, b) beam ~ssociated 1f - . 

22. Values of the effective Regge trajectory, ,determined as described ,in the 

text, as a function of t for a) target vertex, b) photon vertex. The curve 

corresponds to the A trajectory. 

23. The differential cross section da/dcf> plotted against the a,zimuthal angle cf> 

between the outgoing pion and the polarization vector of the photon, for 

various x-intervals. Elastic p
O 

production is n<;>t included in the + points 

and is given separately by the t points. Data are at 9.3 GeV. 
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24. The longitudinal momentum p distributions at 9.3 GeV in the frame where 
II 

R = P t /p h t has the value a) R = 1.0 (c.m.s. frame). b) R = 1.5 pro on p 0 on 

(Q-system). and c) R = 2.3 (symmetric frame). Elastic po production 

events have been excluded. 
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