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ABSTRACT 

We study the inclusive spectra of 7r- 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 pl and three suggested choices for the other 

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

system, the rapidity variable y = i bt (E+ p,,)/(E - p,,) 
[I 1 , and the variable sug- 

gested by Feynman x = pf/pmax in the c .m. s. The 47r geometry of the bubble 

chamber allows us to cover the entire kinematically. al&wed 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 

-l/2 asA+Bs . 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=0. We find 

f(x, py) is not factorizable into independent functions of x and p:. For our data 

the mean ‘lr- multiplicity is described well by <n- > = c- &;t sf 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- = 0.44 f 0.02 in agreem.ent with the value obtained 

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

polarization plane only for x>O. 3 when elastic $ photoproduction is excluded. 

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

metric in the “quark frame” where p Target =” 5 PBeam’ 



I 

INTRODUCTION 

We present a study of the inclusive reaction 

yp -+ 7rr- + (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: 

d30- = 9 fi(s,i;) , (2) 

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

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

fI(s,I;), 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. ’ have proposed the use of p,, , -- 

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

s they suggest that l,(s,‘, of Eq. (2) should be independent of s for small p,, . 

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

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

E + pII y=+ - [ 1 E - PII (3) 

is the “rapidity”. Here ,the energy E and p,, are evaluated in the laboratory 

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

becomes simply 

d20- = dy dp; ~f~(s,y,p;) , (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 -I,( s, y, p$ is a function of p; 

only. 334 

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

tion of Eq. (2) “scales” at high energy. That is, as s --+oo , it becomes a function 

only of p: and the ratio x = pi/pmax, where pt is the c .m. s. longitudinal pion 

momentum and pm,, is the maximum c . m. s . pion momentum. 5 The differential 

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

P” 
d20 = 1~ $$- dx dpf r,(x, P; 9 s) 9 (5) 

where E* is the c. m. s. energy of the picn. 

To illustrate the connection between the variables we give in Fig. 1 the 

relation between p,, in the laboratory and the variables x (Fig. la) and y (Fig. lb) 

for our 9.3 GeV data. The upper boundary for p,, > 0 in both cases corresponds 

to p, = 0; points above the kinematic boundary in Fig. la are due to the finite 

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

displays how the region near x=0 is expanded when expressed in terms of y. The 

47r-geometry of the bubble chamber allows us to cover the entire kinematically 

allowed range of these variables. 

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

tribution in fl(p,, , pf) for target-fragmented pions results in a structure function 
2 f,(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 the structure function 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 moderate 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 using 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/pb 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 n- mesons produced. Furthermore, in the case of 

S-constraint events (no outgoing neutrals), we fitted for Ey and rejected low 

energy events. 

We used all well measured 3, 5, 7, and g-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 -f 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 n- mesons from these 

events are estimated to be 1.3 rt 0.2% (2.9 =t 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- 



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

of 2 1%. However, we found greater losses in the reaction yp 4 ?r+a-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 + ~+a-p were 

used in this study and a total correction to the channel yp -+ nfnp of -1*1, (+5*1), 

<+2&l>% 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 photoproduction cross section 798 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 np, Kp, and 

pp interactions. 9 

LONGITUDINAL MOMENTUM DISTRIBUTION IN THE LABORATORY 

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 

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

rapidly from p,, < 0 (backward production) to p,, cy 500 MeV followed by a more 

gradual fall off at high pion momenta. For small p,, (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 p,, < 300 MeV is lower by 10-300/o (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 ~(p,,) at 

our energies. 10 

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

of the structure function on the square of the transverse momentum, p: , in the 

region near p,, (lab) = 0. Again, we find the 9.3 GeV data systematically lower 

than the 4. 7 GeV results. 

Mueller” has suggested that the single-particle distributions in the inclusive 

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

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

the usual Regge singularities, (i) the Pomeranchuk trajectory with (Ye (0) = 1 and 

(ii) the approximately exchange-degenerate meson trajectories (p, P’ = f, o, A2) 

with oM (0) z 0.5, Chan et al. I2 -- predict that the invariant cross section should 

reach a limiting distribution as A + Bs -l/2 where A and B are independent of s. 

In order to test this prediction we give in Fig. 6 ~(p,, , s) for various intervals 

in p,, versus s -l/2 . Cur data are consistent with the predicted s -l/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 --+ 7rr- + (anything) 

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

which have exotic quantum numbers in abc (i.e. , ppa’, K+p?r+, n+pa+) will 

approach limiting behavior more rapidly than 

z + p --+ 7rr- + (anything) 

y + p --t r- + (anything) 

which are nonexotic (i.e. , n-pn* and ypn+). 
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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 

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

shows 
1 du -.v 

u+d dp,, 

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 X- cross sections from the -- 

“exotic” pp, K+p and x+p reactions agree but are a factor 2 smaller than the 

X- cross sections from the “nonexotic” n-p and yp reactions. We note that the 

X- cross sections from photoproduction and the x’-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 f2( s, y, pf) : 

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

function without a phase space factor, 

d2cr = dy dpf r j2(s, Y, P;) . 

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

y + & y (1-r p) where y and p 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 
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incident energies, the function f2(y, pf , s) has three characteristic features: 

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

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

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 

parton model. 2 

In Fig. 9 we show the scatter plot in y and p: at 9.3 GeV for the 7r- 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 do-/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 do/dy whose width increases with 

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

nificant decrease in dcr/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 dcr/dy at an 

equal distance from ymax. Figure 10 shows that du/dy at (y-y,,) also 

decreases with increasing photon energy. 
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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 

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

Fig. 11 we give du/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 du/dy would not be surprising at our energies 

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

fragmentation r- 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 X- 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 co’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=pR/pm,, and pf we write the differential cross 

section as 

d2u = x pC.cax 
7 dx dpf f,cx, P;, s) . 
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Feynman’ has suggested that at high energies the structure function is independ- 

ent of s, that is 

f3(X¶ Pf. s) - r,cx,p,2, . 
S-00 

In Fig. 12 we show the integrated structure function 

(6) 

The same qualitative features hold at the three energies: a rapid increase from 

negative x to x=0 by three orders of magnitude, a relatively flat region to 

x - 0.6, and a drop at large x (the narrow peak at large x is a reflection of the 

A* production via yp ---, 7r-A*(l236) which falls off rapidly with increasing 

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

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

ence of the 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 crTo+~) and plot it together with similarly normalized n’ data at 18 GeV/c 

of Shepard et al. 17 
-- The regj.on x < 0.2 corresponds to the interval in p,, given 

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

to that of n-p but is larger than that of r’p. Not unexpectedly, the shapes of 

the distributions do not agree for x > 0.2, since the three reactions are initiated 

by different beam particles. 
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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 p” from background7 

we have attempted to eliminate the reaction yp -+ pop by the simplest cut: we 

refer to all events of yp ---, x+x-p with Mtin- < 1.0 GeV as “elastic” p” events. 

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

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

find that the x- mesons from elastic p” events do not influence F(x) for XC 0. 

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

of background under the p” 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 p” 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 r” 

missing, a single neutron missing and from multineutral events. l8 We see that 

almost a11 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. 
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FACTORIZATION OF THE STRUCTURE FUNCTION 

In the reaction pp ---) 7rr- + (anything) above 12 GeV/c, N. F. Bali et al. 19 
-- 

found that the x and pf dependence of the structure function was uncoupled, 

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

f3(x9 P;) = G(x) H(P;) . 

In contrast Ko and Lander 20 found in the reaction K+p -+ n- + (anything) at 

11.8 GeV/c that f,(x, pf) did not factorize in this way. To test whether the 

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

plots of 

F(x,<p;>) = ;[ E --$$ dp; 3 
1 

where a and b are the limits of the -various pf intervals shown. The distributions 

in F(x, < pp> ) do not have the same shape for all intervals of pf, i.e., the 

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

display 

f3(x,p,z) = 1. +- L&L 
’ ‘max AxApt 

for the different x-intervals indicated. 

The qualitative changes in the pf 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 f,(x, pt) with py is faster near x=0 than 

for other x-intervals. Yen and Berger 21 .22 and Berger and Krzywicki 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. A(1236), 

N*( 1680)) wi.th small Q-values. 
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From Fig. 1% we also see j-,(x, p$ flattens for the x-interval 0.3 c x < 0.5 

at small pf which is due to elastic p” events and their peripheral production 

mechanism and decay (sin2 8 in the helicity system) into 7r+n - 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 

of phase space increases favoring pions at smaller c. m. s. 
9 

the dirnensionality 

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 pf distribution of the 7rlr- 

mesons at small 1x1 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 

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

There is a steeper falloff in pf (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 < 0.1 than for other x regions. Thus our data seem to support the 

kinematic argument. 

AVERAGE ?r- MULTIPLICITY AND SCALING 

Scaling predicts that at sufficiently high energy the r- multiplicity <n-> 

will obey the relation 

<n >=c bts+d , (‘1 
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I 

where c- and d- are energy independent. 
19,24 It is interesting to investigate 

how well this form describes the data at our finite energies. In Fig. 20 we 

show the average charged-prong and r- multiplicities for our four photon 

energies. For < n- > we find the form of Eq. (7) fits well with c- =O. 44 * 0.04 

and d-=0.07&0.08 (for s in GeV2). However, we also find the dependence 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 r- multiplicity is 

’ n- n-u 
<n-> = 

uTOT ’ ’ 

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

Then, because the inclusive cross section, d20, counts the production of n- 

negative pions n- times, c n-on-= fld2cr and 

<n-> = Tr 

o-TOT 

I,6 Pf) 

2 P;+P 
2 l/2 

( ) 

x -t- 
P*2 max 

, 

where p is the pion mass. Expanding f 3 about x = 0 we find24 

<n-> =T COT [fipf f,(O,pf,]h s+constant+O(i& s) , (8) 

where we have used the approximation pmax - - &2. For our data the quantity 

in brackets is just F(0) which is plotted in Fig. 12 and is 14.7 il.0, (16.0*0.7), 

<17.1*0.7> pb at 2.8, (4.7), <9.3> GeV (a small correction ~1.3% has been 

applied to correct F(0) for the strange particle events). Using for oTOT our 

values of 133 * 3, (127 & 3)) < 122* 4> pb, we find for the coefficient of 1;~ s 

valuesof0.35A0.03, (0.40*0.02), <0.44+0.02> at2.8, (4.7), <9.3> GeV 
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which are similar to the slope c- = [O. 44 f 0.041 found from the fit to the meas- 

ured 7rIT- 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=0 (- 7% between energies). It is 

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

good at our moderate energies. 

We remark that any reasonably smooth scaling distribution in x and pz 

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

a flat region in du/dy (in fact, if &x, pf) 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 do-/dy 

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

E about x=0 transforms into a region in y of width &(se2) and height ?rF(x=O)h 

Alternatively, a flat region in du/dy would lead to a & s increase of the average 

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

energies no clear flat region in du/dy is seen (Fig. 16). Nevertheless, the integralof 

1 du 
flm dy 

is increasing as 4~ s thus giving < n-> a! dglt 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 - lxl)1-2cy(t) , (9) 

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

bers and momentum transfer at the y +X (at x=1) and p-+ ?r (x=-l) vertices. 
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Such behavior can also be predicted by the multiperipheral model. Caneschi 

and Pignotti 25 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 s/s’): 

(G(t)i2 u;oT(s’,t) . 

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

(photon) with a residue function G(t). u;fOT(s’, t) is to be interpreted as a 

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

energy E* of the outgoing r- 

I 2 
L=k +1- 2E* 
S S 

- - 1 - 1x1 
$s 

for s large and p& >> pf +p2. If we assume ugoT (s’ , t) to be asymptotically 

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

d3u f(x,t) = E - 
d3$ * 

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

’ 1-2@(t) for our 9.3 GeV data to F ( > for finite t-intervals. We fitted over 

two ranges: a < $ < 0.7 for the target region and b < $- < 0.5 for the beam 

region. The limits a - 0.25 and b - 0.1 were adjusted for each t-interval to 

avoid effects due to the kinematic boundary in 
( > 
$- and t. While s = 18.3 GeV2 

may be considered large, we recognize that the lower limits, s’ = 1.8 GeV and 

S 

( > -7 S 
= 1.4 are not large as was required in the derivation of Eq. (10). 

In Fig. 22a we give resulting values of o!(t) for the p -+ 7f vertex (target 

region and diagram of Fig. 2la) . The values of o(t) are much lower than the 
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known leading Regge trajectory (A in this case) 26 but similar to those obtained 

from other inclusive experiments, 2’,28 e.g., pp 4 r- -I- (anything). Discussion 

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

In Fig. 22b we give o(t) for the y + r vertex. (Elastic p” events have been 

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

and o(0) =O; 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 4 of the r- and 

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

at 2.8, (4.7), <9.3> GeV . We define $ as 

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

show for the 9.3 GeV data 

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

events are shown separately. A fit to the data to the form * = d+ (A-I-B cos2 @) 

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 n- and the polarization 

vector for x < 0.3. However, some correlation is present for x ? 0.3. On the 
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other hand, even for x > 0 elastic p” events show a strong correlation. The 

lack of correlation of the 7r- with the polarization vector for x < 0.0 is consistent 

with factorization (in the Regge sense) of the residues of the photon and target 

vertices. 29 

LORENTZ FRAME FOR A SYMMETRIC LONGITUDINAL MOMENTUM DISTRIBUTION 

The F(x) distributions showed an asymmetry about x = 0 (see Fig. 12,15) which 

has also been found in inclusive n-p studies. In the case of n-p reactions, 

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

r- and forward ?r+ and found that by Lorentz transforming to a frame where the 

ratio R of the incident proton momentum to the incident X- momentum is 1.5 

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

n becomes symmetric. This result has been interpreted in the framework of 

the quark model. If there are 2 quarks in the K 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 p,, distribution for the 9.3 GeV photon data in the 

frames whereR=l.O, 1.5, and 2.3. R=2.3 yields a symmetric distribution. 

Here we have excluded elastic p” 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” events included and Table III shows even 

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

give symmetry for photoproduced 7r-. 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. 
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CONCLUSIONS 

1. du We find a decrease of E dpli in the target region (p,, < 300 MeV) with 

increasing photon energy. Thus limiting target fragmentation in the strict 

sense of Ref. 1 is not observed. du The energy dependence of E - is 

-l’2d!s predicted compatible with approaching a limiting distribution asA+Bs 

by Chan et al -- l2 (Fig. 4,6). 

2. We observe a significant decrease in du/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. l2,13). 

4. We find that the structure function &(x, p:) does not factorize into independ- 

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

5. Even at our moderate photon energies (1.4 GeV to 9.3 GeV) the increase 

in 7rr- 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 -+ X- vertex (forward 

‘IT- production) with (Y(O) Z 0.0 and a slope z 1 GeV-2; for the trajectory 

associated with the p --, K- vertex. (backward 7~~ production) one obtains a 

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

trajectory (the A) (Fig. 22). 

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

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

correlation approximately half of which comes from elastic p” 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 X-. We find at 9.3 GeV that symmetry is reached for the 

ratio of colliding momenta R = 2.3 with elastic p” removed and R = 2.75 

with elastic p” included (Fig. 24 and Table III). 

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

target region are similar to those found in n-p reactions. They are larger 

by a factor of zz 2 than those obtained from n+p, K+p and pp reactions (Fig. 7,14). 
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(PF + c1 ) 

a= 
P” ’ f=f3(0,P$ 1 af -I =-j , etc. 

max dx x=0 

After expanding 4(x, p$ about x=0 
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1 r,(%P3 1 1 

s -1 hm = -1 (x2+;)1/2 I- s’ rs J 

f” IL 2 
-1 * -I- 2 -1 (xt+a+ + * * l 

J 

s-a 

(P;+I3 
f - s j-‘1 d9t 1 

I---- 
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-&pf(l+2 ‘py)) + . . . . 
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TABLE I 

Values of the exponential slope A (GeV/c) -2 fitting the structure function F(<x>,pF) 

of Fig. 19 for pf < 0.3 (GeV/c)2 to F(<x>,p:)=Ff<x>,O) exp (-APT). 

X 3-prongs * 5-prongs* ‘-prongs* g-prongs * 

(-l.O)- c-o. 1) 5.3 * 0.5 6.4 f 0.4 7.2 22 0.9 12.5 ik 4.3 

(-O.l)- (0.1) 7.3 i 0.3 7.9 zt 0.3 9.2 zk 0.4 11.9 * 1.5 

(O.l)- (0.4) 6.0 f 0.3 6.1 * 0.3 6.8 ;t O-.6 7.8 -I 2.4 

(0.4)- (1.0) 6.8 k 0.3 6.2 * 0.6 7.2 zt 2.9 - 

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



TABLE11 

Value of A and B fitting du/d$ to the form du/d$ = (A+B cos2 $) 

E 
Y 

WV) 

2.8 

4.' 

Elastic p" onlya 
X 

A(nb/deg) 1 B@b/deg) 

(-l.O) -(-0.3) 

(-0.3)-( 0.0) 

( O.O)-( 0.3) 

( 0.3)-( 1.0) 

0.24kO.08 0.07*0.13 

0.29rtO.06 0.28kO.11 

0.89hO.12 2.65zt0.25 

7.06zkO.41 5.42~0.73 

(-l.O)- (0.3) 

(-0.3)- (0.0) 

(O.O)- (0.3) 

(0.3)- (1.0) 

Elastic p" excludeda, 

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

2.80k0.22 0.24zkO.3' 

7.36hO.29 0.1'*0.47 

9.65k0.33 0.73*0.55 

7.602cO.39 2.24=tO.66 

2.16hO.14 -0.18*0.22 

7.82hO.21 0.22iO.36 

11.51*0.25 -0.05-+0.41 

8.38kO.30 2.61k0.52 

1.55k0.12 0.08kO.20 

7.95zko.19 -0.03i0.30 

12.87~0.25 0.45rtO.42 

9.48hO.33 2.29hO.56 

0.04-+0.03 0.05*0.05 

0.04~0.02 0.00-10.02 

0.43*0.06 1.40~0.13 

4.3OkO.25 5.21i0.46 

9.3b 

(-l.O)-(-0.3) 

(-0.3) - (0.0) 

(0.0) - (0.3) 

- - 

- - 

0.21~1~0.04 0.77zkO.08 

(0.3)- (1.0) 3.41zkO.22 
I 

3.53kO.41 

"Elastic po event: yp + n'lr+p with Mtin- < 1.0 GeV. 
b Data plotted in Fig. 23. 



TABLE III 

Value of R = !k@% for the frame in which the rIT- longitudinal 
‘photon 

momentum distribution is symmetric. 

R 
EY 

Gev) 
elastic p” excluded* elastic p” included* 

2.8 1.75 f 0.05 2.95 f 0.1 

4.7 1.85 f 0.05 2-75 * 0.1 

9. 3 2.3 f 0.05 2.75 f 0.1 

*elastic p” event: yp -+.li.+rp with M,+r- Cl.0 Gev 



TABLE IV 

The structure function S(p,, ) in the laboratory. The central value of p and 
the bin width are labelled p,, and Ap,, , respectively. Data plotted in Fi$ 4 . . 



TABLE \- 

Differential ‘(r- cross section dcr/dy. The central vrtlue of the “rapidit.y” y a& 
the bin width are labelled y and Ay, respectively. Data plotted in Fig. 10. 

Y 

-0. $30 
-0.700 
-0.500 
-0.300 
-O.lOC 

3.10@ 
'3.300 
0.500 
;3 . 7 3 0 
0.900 
1.050 
1.156 
1.250 
1.350 
1.450 
1.550 
1.650 
1.75C 
1.95c 
1.95c 
2.65G 
2.L5G 
?.25C 
2.350 
3.450 
2.55C 
2.351: 
2.75c 
2.85c 
2.950 
3.100 
3.,mT 
3.502 
3:1oc; 
3.9r30 
4.100 
4.300 
4.500 
4.,7Lm 
4.,90G 

Ay 

(I.20 
c.2c 
c.20 
0.20 
c. 2c 
0.2c 
c.20 
C.2@ 
c.20 
0.20 
C.lc! 
O.l@ 
C.lc! 
C.10 
c.10 
0.10 
c.10 
0.10 
O.?? 
0.10 
0.10 
9. lc! 
C.10 
0.10 
C.lP 
C.lC 
c. 10 
O.lC 
C.lC 
0.10 
c.20 
a. ?O 
c.20 
C,2G 
c.zc 
c.20 
c.20 
c.30 
0.20 
0.2c 

T- 
EY=2*8 GeV 

1.873 
3.929 
I.123 

IC.L32 
is,988 
il.tilb 
JC.c+Qti 
3te45’Z 
4 i.Yd7 
49.1<6 
4d .b34 
4+.3cs 
4b .*ti I 
c4.Cb~ 
46.064 
47.332 
43.634 
4!l.Y81 
4L.4d.L 
d7.5ib 
2'3. A64 
2i.c;Y)o 
25.951 
24.819 
Ll.413 
l‘i.Y4b 
14.372 
1c.7z9 
AL.823 

1.75ki 
3.5iL5 
I.035 
C.436 
C.0 
3.ti 
C.0 
C.0 
0.0 
a.0 il.0 

0 . i2i 
3.4b6 
U.tJ3G 
i). 559 
0.tStC.L 
L.ldG 
1 . .3tio 
1.424 
l.SSc\! 
2.333 
L.3L2 
L .LjG 
L.272 
L.-f48 
L.L74 
2 .LiiS 
L.LSb 
4! .LSL 
L.LtJ2 
2.332 
1.791 
L.848 
1 .bt39 
L.b5A 
1.533 
1.47&I 
L.L!J,S 
l.CB3 
i.G87 
u.fJ5c 
u.442 
U.251 
0.154 
U.3 
0.0 
(3.0 
0.0 
3.0 

E =4.7 GeV 
Y 

1.66P f 07231 
1 .I57 0.192 
3.113 0.316 
5.381 0.415 
8.113 0.510 

ll.f?47 0.617 
1E.Ll.7 0;768 
23.805 0.873 
31.083 0.399 
39.988 I.133 
43.246 1.665 
49..333 1.781 
52.06?. 1.829 
40.577 1.7bR 
50.537 I.902 
49.550 1.784 
51.03: 1.8l.2 
53.560 1.556 
51.482 1.823 
47.571 !.753 
46.323 I. 710 
42.007 1.661 
40.754 1.624 
36.542 1.539 
33.797 1.473 
32.344 1.450 
28.475 1.363 
2h.103 1.304 
23.275 1.232 
19.509 1.128 
15.192 0.704 
10.25f.J 0.579 

7.OQ4 0.482 
3.734 0.349 
1 .h26 0.232 
0.499 0.128 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

EY=g*3GeV .__~ - 
0.565 f 0.176 
1.073 0.196 
2.435 0.257 
3.751 0.367 
6.316 0.477 
9,477 0.584 

13.455 o.ose 
20.991 0.872 
26.256 0.576 
37.751 1.091 
42.120 1.751 
45.R70 1.831 
44.675 l..EC3 
49,591 1.9c4 
51.429 .l.S?3 
55.447 2.0x2 
55.830 2.017 
56.77A 2.C32 
57.133 2.0?$ 
54.980 1.997 
56,425 P.C26 
57.332 2.042 
ST.622 1.954 
53.686 1.977 
52.191 1,943 
48.204 1.e5.7 
50.733 1.916 
47.557 1.e58 
42.712 I.750 
40.801 1.717 
36.504 1.115 
28.510 l.Cl3 
22.472 0.899 
14.933 0.72'3 
11.090 0.632 

7.540 0.520 
4.160 0.386 
2.126 0.276 
I..253 0.211 
0.437 0.124 
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TABLE VI 

Structure function F(x) = i dp;- The central value of x and the bin width 

are labelled x and Ax, respectively. Data plotted in Fig. 1.2. 

F(x) w-4 
X Ax ’ 

Ey=2.8 GeV 
EY=4*7GeV EY=g*3GeV 

-3.900 c.2c O.C‘?? f r!.Q?H C .2d5 f U.GL8 0.050f 0.022 
-0.703 C.?C l.CR4 0.11 ti.>ti9 d.063 0.166 O.G36 
-0.550 C.?C 1.673 0.2131 l.LOb U.123 O.E55 0.109 
-0.450 C.lC 2.s94 0.249 ’ i.lZu 0. AS5 1.568 0.133 
-0.350 c.10 4.757 0.301 2.4L3 O.A.80 2.917 0.169 
-0.275 0.05 4.204 r).44!3 5.111 O.LY3 4.596 0.273 
-0.225 c.c5 7.175 7.471 6.648 cj.3iu 5.761 0.291 
-0.175 0.05 3,159 0.523 t.tlC;tl 3.33> 7.415 0.311 
-0.125 c.c5 ?O.C 32 0.524 0.370 9.Q5C 0.334 
-0.090 C.cl? 10.471 

hk+b- 

0.312 ll.YY2 O.bi)L 12.416 0 . 5 6 4 
-0.070 c.!?2 13.586 0.957 _ L3.400 ii.038 13.742 0.576 
-0.050 c.c7 13.267 6.905 li .Yl’> 3.592 15.lC6 0.599 
-0.030 C.C2 12.4Q5 0.@56 14ii42 U.648 15.!?33 0.579 
-‘).OlO C.02 14.s66 0 . ‘3 8 ‘3 L5. L6Y 3.04o 16.953 0.612 

0.010 9.C.2 14.382 G.Y70 Lb .OLY O.btl5 16.84;. 0.603 
G.039 o.c2 15.744 0.399 L7 .LC4 ti.7i.7 17.165 0.619 
0.050 c.c2 14.t 5s G.965 15.417 0.666 17.764 0.6361 
0.070 C.G2 14.548 1.. r 2 3 i5.765 0.661 18.105 0.664 
C.090 c.cz 16.CC5 I.(;53 15.kJlO c).b84 18.013 0.564 
O.llC c.02 15.6?8 1.306 15.364 0.690 16.569 0.460 
0.130 0.02 l5.?5Q 1.C46 14.iJA.O 0.061 16.901 0.683 
0.150 c.02 14.5 P,4 O.C;37 A6 .231 U.7j.z 16.691. 0.706 
0.170 0.02 16.392 1 . C:e,Y 13.723 ti.670 16.273 0.705 
0.190 c.c2 15.853 l.(>:j3 15.7’37 u.755 15.502 0.707 
0.225 o.cE; 13.Q51 i).h51 lct.>AL L).47L 15.642 0.476 
0.275 o.c5 13./+?? (2.665 1.i .bLL (J.560 15.033 0.492 
0.325 c.05 13.497 O.CH5 Ii .‘365 u.4dY 14.C84 0.505 
0.375 c.c5 13.957 0.735 11.527 Cl.503 12.955 0.507 
0.425 c.c5 13.ci5C 0.710 id.uL2 0.503 12.109 0.517 
0.475 c.c5 13.46= C.751 11 .i46 0.5,L4 11.051 0.516 
0.525. c.c5 12.138 a.739 il.i4F O.230 11.080 0.539 
0.575 c.c5 11 .Ql.3 0.752 li.YLO O.SOt; 9.757 0.525 
0.625 c.c5 10.2 31 0.775 4 .‘i4ti 0.5.54 9.259 0.530 
0.675 0.05 8.635 G. 683 E .‘)4b 0.325 7.P!2 0.501 
0.725 0.95 7.L 20 0.645 7.YW ir.511 7.852 0.521 
0.775 c.c5 6.31.1 0.614 6.657 0.488 6.140 0.474 
0.825 c.c5 h .74Q 0.647 4. tl44 cJ.413 4.643 0.424 
0.975 !I* 05 9.607 C.784 3.5t33 G.jYilL 3.245 0.362 
0.925 c.c5 6.-‘93 0.55s 4.4uu U.4.21 2.226 0.308 

4.-75 Ok!!-3 1.2p.9 0.295 1 .Y’>ti 0.288 2.ChO 0.303 
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Structure function F(x,<pf>) = i J 

b E* d20- - - dp: where a and b are the limits of the 

0 
a ‘&xx dxdpf 

various p: intervals given. The column labelled x gives the central value and Ax lbti *jin 

width. Data plotted in Fig. 1’7. 

2.200 0.186 
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TABLE VIII 
1 E” A20- Structure function d(x, p:) = - - - 
’ ‘ii-~ax AxAp; 

. The central value of pf and the bin width 

are labelled py and Ap$, respectively. Data plotted in Fig. 18. 
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FIGURE CAPTIONS 

1. a) Scatter plot of 7~~ longitudinal momentum p,, in the laboratory frame 

and x = P;/P&,, in the c.m.s. for the 9.3 GeV data. 

b) Scatter plot of 7rr- longitudinal momentum p,, and the rapidity 

Y = ++E+pl,)/tE-P,,)] in the laboratory frame. 

c) Scatter plot of y = k L’~[(E+ p,,)/(E-p,,)] and x = pt/pmax. The curves 

in each case show contours of constant transverse momentum calculated 

for Ey = 9.3 GeV. 

2. 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 g(p,,) in the laboratory at 2.8, 4.7, and 9.3 GeV for 

yp + r- + (anything) . The insert shows the region p,, < 300 MeV on an 

expanded scale. Data given in Table IV. 

5. Structure function g(pr) for -0.15 < pi (LAB) < 0.15 GeV at 2.8, 4.7, and 

9.3 GeV. 

6. Structure function @(p,, , s) in the laboratory for labelled intervals in p,, 
-l/2 versus s . 

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

normalized to the total cross sections at s=o) 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). 



8. Sketch of the general features of the “rapidity” variable distribution du/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 + r- (anything) at 9.3 GeV: Scatter plot of the rapidity variable y in the 

laboratory frame versus transverse momentum squared pf . 

10. Reaction yp + K- + (anything): Differential K- cross section do/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 ymin while 

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

Y max ’ Data given in Table V. 

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

various intervals in the transverse momentum at 2.9, 4.7, and 9.3 GeV. 

12. Reaction yp -+ K- + (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(~) for photoproduced YT- reactions 

compared with those for 7r* 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” events excluded (yp --+ ?r+n-p with Mtir- < 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 p”. d) F(x) for the 4.7 and 9.3 GeV data 

superimposed for comparison for x < 0. e) same for x > 0. 



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

the contributions from the events having no missing neutrals, a single r” 

missing, a single neutron missing and from multineutral events. 

17. The structure function F(x, <pT >) plotted versus x for various intervals 

in transverse momentum. Data given in Table VII. 

18. Structure function f3(x, pf ) 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 VIII. 

19. F(cx>,p$r3, 5, 7, 9- prong events separately at 9.3 GeV. The curves 

are the results of fits to F(<x>, 0)exp (-Ap:) for p: < 0.3 (GeV/c)2. See 

Table I for values of A. 

20. Average charged-prong multiplicity (labelled <n >) and K- (labelled < n-> ) 

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

<n> = c LH s+d (c = 0.93 & 0.12, d = 1.01 zt 0.22) and (c- = 0.44 * 0.04, 

d- = 0.07 & 0.08). 

21. Dominant diagram expected to contribute to ?T- production near the kine- 

matic boundaries for a) target associated ?r-, b) beam associated r-. 

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 do/d+ plotted against the azimuthal angle + 

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

various x-intervals. Elastic p” production is not included in the + points 

and is given separately by the f points. Data are at 9.3 GeV. 



24. The longitudinal momentum p,, distributions at 9.3 GeV in the frame where 

R=p proton”photon has the value a) R = 1.0 (c.m.s. frame), b) R = 1.5 

(Q-system), and c) R = 2.3 (symmetric frame). Elastic p” production 

events have been excluded. 
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