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We study the inclusive spectra of x mesons from the events obtained in three exposures
of the SLAC 82-in. hydrogen bubble chamber 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 p~ and three suggested choices for the other independent variable, i.e., the long-
itudinal momentum p~~ in the laboratory system, the rapidity variable y = 2 ln[(E+pii)/(E —p~~)],
and the variable suggested by Feynman @=pi~~/p*, in the c.m. system. The 4n geometry of
the bubble chamber allows us to cover the entire kinematically allowed range of these vari-
ables. 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+ 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 9.3-0eV
data near x =0. We find f (x, p~ ) is not factorizable into independent. functions of g and p~~.
For our data the mean 7r- multiplicity is described well by (n ) = c-lns+ d, where c
=0.44+0.04 and d- =0.07 +0.08. Following the procedure suggested by Bali et al., we calcu-
late c from our experimentally observed 9.3-GeV structure function at @=0 and find c
=0.44+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 p photo-
production is excluded. Lastly, we note that the distribution of m longitudinal momentum
is not symmetric in the "quark frame" where p =1.5p

target beam

INTRODUCTION

We present a study of the inclusive reaction

yp - m + (anything)

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:

d'pd'o= f (s, p),

where p and E are the momentum and energy of
the pion and s is the center-of-mass energy
squared. It has been suggested' ' that the struc-
ture function, f, (s, p), when expressed in terms of
an appropriate set of variables should have a sim-
ple form at large s. Three sets of variables have
been proposed:

i. I.ongitudinal momentum. Benecke et al. '
have proposed the use of p~i, the longitudinal mo-
mentum of the produced pion in the laboratory
frame. At large s they suggest that f,(s, p) of Eq.
(2) should be independent of s for small P(~.

ii. The xaPidity variable. Feynman has pro-
posed the use of the variables P, and y, where P,
is the transverse momentum of the pion and

d'o = dy dp, 'wf2 (s, y, pi'), (4)

i.e., the denominator E is incorporated into dy.
The multiperipheral model predicts that in this
set of variables, the structure function should

is the "rapidity. " Here, the energy E and pi~ are
evaluated in the laboratory frame. After an inte-
gration over the azimuthal distribution of the m,
Eg. (2) becomes simply
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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,(s, y, p~') is a function of p,' only."

iii. Feynman x variable. Feynman has sug-
gested that the structure function of Eq. (2)
"scales" at high energy. That is, as s-~, itbe-
comes a function only of p ' and the ratio x=P*„/P* „,
where pl( is the c.m. longitudinal pion momentum
and P*,„ is the maximum c.m. pion momentum. '
The differential cross section, Eq. (2), in terms
of these variables, becomes

(5)

I.O

yp —7T. + (ANYTHING)

Ey =9.3 GeV

0.5

/c)

tion is a(3-4)%. The low-energy tail of the spec-
trum gives &2.5% of the v mesons produced. Fur-
thermore, in the case of 3-constraint events (no
outgoing neutrals), we fitted for E„and rejected
low-energy events.

We used all well-measured 3-, 5-, 7-, and 9-

where E* is the c.m. energy of the pion.
To illustrate the connection between the vari-

ables we give in Fig. 1 the relation between pll ln
the laboratory and the variables x [Fig. 1(a)J and

y [Fig. 1(b)] 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.
1(a) are due to the finite width of the photon en-
ergy spectrum. The scatter plot of x and y shown
in Fig. 1(c) displays how the region near x=0 is
expanded when expressed in terms of y. The 47t.

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 distribution in f, (P~~, P ') for
target-fragmented pions results in a structure
function f,(x, P~') which is independent of s for the
corresponding x region. However, this equiva-
lence is not valid for the photon energies used
here.

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 ex-
pected in the high-energy region, at our moderate
photon energies; (b) determine the dependence of
the structure function on these variables; (c) in-
vestigate the dependence of the average pion mul-
tiplicity on s; and (d) compare inclusive pion
photoproduction with that from hadronic reactions.

EXPERIMENTAL PROCEDURES
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We have studied photoproduction of hadrons us-
ing a nearly monochromatic polarized photon beam
at 2.8, 4.7, an/ 9.3 GeV in the 82-in. LBL-SLAC
hydrogen bubble chamber. We have obtained 92,
150, and 138 events/gb at the three energies, re-
spectively. Figure 2 shows the photon energy
spectra at the three energies; the energy resolu-

FIG. 1. (a) Scatter plot of 7( longitudinal momentum

pll in the laboratory frame and x =pII/p~, „ in the c.m.
system for the 9.3-GeV data. (b) Scatter plot of ~ longi-
tudinal momentum pll and the rapidity y =2 in[+ +pll)/
(E -pI&)] in the laboratory frame. (c) Scatter plot of
y=2l"~++pll)/+'-pll)l and& pll/pma„. The curves in
each case show contours of constant transverse momen-
tum calculated for E& =9.3 GeV.
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FIG. 2. Photon energy spectra for the exposures at
(a) 2.8, {b) 4.7, and (c) 9.3 GeU.
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FIG. 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.

prong events; 1-prong events do not have a nega-
tive track. Each topology was weighted separate-
ly for its fraction of unmeasurable events. There
is a small contamination from unidentified 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, re-
spectively. Events having an identified strange
particle were not included in this study. ' The
fractions of z 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.

All photographs were scanned at least twice,
giving over-all scanning losses of &1%. However,
we found greater losses in the reaction yP -m'n 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 -m'n P were used in this study and a total cor-
rection to the channel yp -a'"w p of (-I+ I)%,
(+5+ 1)%, (+2+ l)% at 2.5, 4.7, and 9.3 GeV is in-
cluded in the results reported here. We estimate
systematic uncertainties in the cross sections to
be less than 3%.

CROSS SECTIONS

%e show in Fig. 3 the total photoproduction
cross section' 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 mul-
tiplicities increase with energy. A similar be-
havior is found in +, Kp, and pp interactions.

LONGITUDINAL-MOMENTUM DISTRIBUTION

IN THE LABORATORY

The hypothesis of limiting fragmentation put
forward by Benecke et al.' suggests that the spec-
tra of low-momentum particles become indepen-
dent of the beam energy as the beam energy be-
comes lavage. To test if this hypothesis holds at
our energies we give in Fig. 4

d'cr
+(ptl) t' E

d 2d dpi.
~o & PII

in the laboratory frame for inclusive m produc-
tion. The structure function rises rapidly from
ptt & 0 (backward production) to ptt 500 MeV/c fol-
lowed by a more gradual falloff at high pion mo-
menta. For small Ptt (target fragmentation region)
the curves are qualitatively the same; however,
as seen in the insert of Fig. 4, the structure func-
tion at 9.3 GeV for p, t

&300 MeV/c is lower by 10-
30% (2-5 standard deviations at every point) than
at 4.7 GeV. This means that in the laboratory sys-
tem we. do not observe exact limiting fragmenta-
tion in 5:(ptt) at our energies. 'e
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FIG. 4. Structure func-
tion F(p11) in the laboratory
frame at 2.8, 4.7, and 9.3
GeV for yp x + (anything).
The insert shows the re-
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To demonstrate further the energy dependence
we show in Fig. 5 the dependence of the structure
function on the square of the transverse momen-
tum, p, ', in the region near p~~(lab} = 0. Again, we
find the 9.3-GeV data systematically lower than
the 4.V-GeV results.

Mueller" has suggested that the single-particle
distributions in the inclusive reaction a+ 5
-c+(anything) can be related to the forward elas-
tic three-body amplitude a+b+c-a+5+c. As-
suming that this amplitude is dominated by the
usual Regge singularities, (i) the Pomeranchuk
trajectory with c.~(0) = 1 and (ii) the approximately
exchange-degenerate meson trajectories (p, P'
=f, ~, A, ) with e„(0)=0.5, Chan et al."predict
that the invariant cross section should reach a
limiting distribution as A+ Bs "', where A and B
are independent of s. In order to test this predic-
tion we give in Fig. 6 6 (p„, s) for various intervals

in p11 versus s ' '. Our data are consistent with
the predicted s "' dependence.

Using the duality hypothesis, Chan et al."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 re-
actions such as

p + p - w + (anything),

K'+ p-w +(anything),

w'+ p -w +(anything)

which have exotic quantum numbers in abc (i.e.,
ppw', K+pw', w'pw') will approach limiting be-
havior more rapidly than

w +p w +(anything),

y+p-w +(anything}
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which are nonexotic (i.e., s ps+ and yps').
To compare the pion spectra from photoproduc-

tion with those from hadron-induced reactions we
normalize the distributions by dividing by the as-
ymptotic total cross section of each reaction, as
suggested by Chan et aE." Figure '1 shows

I
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in the laboratory frame for our 9.3-Gev photo-
production data together with the results of Chen
et al."'" The normalized n cross sections from
the "exotic" pp, K'p, and n'p reactions agree but
are a factor 2 smaller than the ~ cross sections
from the "nonexotic" m p and yP reactions. We
note that the m cross sections from photoproduc-
tion and the n p reaction are remarkably similar.

THE RAPIDITY VARIABLE

The introduction of the rapidity variable, y, re-
sults in the following simplifications for the
structure function f,(s, y, pi'):

(a) The differential cross section is simply re-
lated to the structure function without a phase-
space factor,

d'o =dydp, 'sf, (s, y, p, ') .

e-ii~ (GeV i)

FIG. 6. Structure function P(pII, s) in
the laboratory for labeled intervals in p|t versus s

(b) Under a Lorentz boost along the beam axis,
y transforms into y+ lny(1+ P), where y and P de-
fine the boost. Therefore, the form of the struc-
ture 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, Wilson' and DeTar4 pre-
dict that at sufficiently high incident energies, the
function f2(y, p, ', s) has three characteristic fea-
tures;

(i) An energy-independent limiting behavior of
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f,(y, p, ') is expected as the total energy is in-
creased, for (y -y - ) or (y,„-y) sufficiently
small. This corresponds to limiting fragmenta-
tion 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 tar-
get 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. '

In Fig. 9 we show the scatter plot in y and p,' at
9.8 GeV for the w of reaction (I). 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
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FIG. 8. Sketch of the general features of the "rapidity"
variable distribution do/dy for secondary particles as
predicted by the multiperipheral model. The labels I, II,
and III correspond to the target, central, and beam re-
gions, respectively, discussed in the text.
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FIG. 9. + x +(anything) at 9.3 GeV: Scatter plot of
the rapidity variable y in the laboratory frame versus
transverse momentum squared P~2.
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FIG. 10. Reaction yp 7r + (anything): Differential x
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2,8- and 4.7-GeV data beneath, having the same ym&
while the partial curves are the lower-energy data trans-
posed to have the same ym~.

value. In Fig. 10 we show do/dy; in particular,
no ext:ended flat region is observed (region II of
Fig. 8)." For the three energies we find roughly
Gaussian distributions in do/dy whose width in-
creases arith increasing energy. Furthermore,
we find in the target region (small y} a significant
decrease in do/dy with'increasing photon energy
(e.g., from Fig. 10 at y =0.5 the 9.3-GeV value is
-20/0 lower than the 4.V-GeV result). We conclude
that me do not have exact limiting target fragmen-
tation at our energies. To test limiting fragmen-
tation of the beam region we compare dc/dy at an
equal distance from y». Figure 10 showers that
do/dy at (y -y,„}also decreases with increasing
photon energy.

In Fig. 9 ere saw clearly hoer the kinematic

FIG. 11. Reaction yp m' + {anything): DiKerenti;al 7t.

cross section do jdy for various intervals in the trans-
verse momentum at 2.8, 4.7, and 9.3 GeV.

boundary narrows the range in y as transverse
momentum increases. Thus, a flat distribution
ln

will not result in a flat do/dy when integrated over
all transverse momenta. In Fig. 11 we give der/dy
for various intervals of transverse momenta. At
2.8 and 4.7 GeV no extended flat region is ob-
served even vrhen p~' is restricted to a narrower
interval; at 9.3 GeV the data are inconclusive.

The absence of a flat region in do/dy would not
be surprising at our energies in view& of the follmv-
ing argument. Ne assume that the influence of
the target fragmentation 7 ls given by the kine
matic region in which significant production of
nucleon resonances at the nucleon vertex occurs.
Nucleon resonance production occurs for masses
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up to 2 GeV corresponding to m laboratory mo-
menta from the resonance decay up to -1 GeV and
hence to values of y up to 2.V. Therefore, the tar-
get fragmentation region can be expected to extend
up to values of y = 2 to 3. On the other hand we
observe that the p"s which are elastically pro-
duced by fragmentation of the beam photons in-
fluence 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= pg/p*, „and p, ' we
write the differential cross section as

d'a = w dxdp, 'f,(x,p, ', s) .

Feynman' has suggested that at high energies the
structure function is independent of s, that is,

f.(x,p, ', s) f.(x,p,'). -

In Fig. 12 we show the integrated structure
function

1 t" E* d'v
(6)

The same qualitative features hold at the three
energies: a rapid increase from negative x to
x=0 by 3 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 4" produc-
tion via yp -v b, (1286) which falls off rapidly
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FIG. 13. The structure function F(x, s) integrated
over different intervals in x plotted as functions of s.

with increasing energy]. We seem to see scaling
to within+10% over most of the x region. To in-
vestigate this apparent scaling more carefully we
display the energy dependence 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 are 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-oeV data
by o„,(~}and plot them together with similarly
normalized w' data at 18 GeV/c of Shephard et al. '~"
The region x&0.2 corresponds to the interval in

P~, given in Fig. I. Again we find that the photo-
production structure function is similar to that of
m p but is larger than that of ~'p. Not unexpect-
edly, the shapes of the distributions do not agree
for x&0.2, since the three reactions are initiated
by different beam particles.

In the vector-dominance model (VDM) of photon
interactions the reaction yp -p'p 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 func-
tion.

Because of the well-known difficulties in sepa-
rating p' from background' we have attempted to
eliminate the reaction yp -p'p by the simplest cut:
We refer to all events of yp -~'m p with M,+„-&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
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FIG. 15. I' (x) with the elastic p events excluded (yp
m+x p with M„+ - &1.0 GeV removed), for (a) 2.8

GeV, (b) 4.7 GeV, (c) 9.3 GeV. Above each we show the
contribution to E(x) from the p . (d) I' (x) for the 4.7-
and 9.3-GeV data superimposed for comparison for
x&0. (e) Same for x& 0.

contribution to F(x) from the eliminated events.
We find that the n mesons from elastic p' events
do not influence F(x) for x&0. (The small contri-
bution at 2.8 and 4.7 GeV for x&0 is mainly due to
inclusion of background under the p' resonance;
this background decreases rapidly with increasing
energy. } As seen in Figs. 15(d) and 15(e) the com-
parison of the 4.V- and 9.3-oeV data shows that
exclusion of elastic p' events does not alter our
conclusions about scaling,

To explore further the composition of the struc-
ture function, we give in Fig. 16 F(x}for the sep-
arate charged multiplicities at 9.3 GeV. The
curves show the contributions from the events
having no missing neutrals, a single m' missing,
a single neutron missing and from multineutral
events. " We see that almost all the contributions
to F(x}at large x come from 3- and 4-body pro-
duction in the 3-prong events. By eliminating these
events we obtain the dotted curve in Fig. 16 (top). .

This distribution (for five or more bodies with at

0
—I.O -0.5 0.5 1.0

least two neutrals) is somewhat similar in shape
(though not in magnitude) to the 5-prong distribu-
tion which suggests that the neutral-pion distribu-
tions may be like those of the charged pions.

FACTORIZATION OF THE
STRUCTURE FUNCTION

In the reaction pp - n + (anything) above 12
GeV/c, Bali et al "found that th.e x and p, ' depen-
dence 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 Lander" found in the reaction
K'p-w +(anything) at 11.8 GeV/c that f,(x,p ')
did not factorize in this way. To test whether the

FIG. 16. E(x) for 3-, 5-, 7-, 9-prong events separate-
ly at 9.3 GeV. The curves show the contributions from
the events having no missing neutrals, a single m miss-
ing, a single neutron missing and from multineutral
events.
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structure function in yp -v + (anything) may be
factorized we give in Fig. 17 plots of

FIG. 17. The structure function E(x, (p~~)) plotted
versus x for various intervals in transverse momentum.

for the different x intervals indicated.
The quantitative changes in the pi' dependence of

the structure functions are more clearly seen in
Fig. 18(b) where three x regions are shown in an
expanded scale. The exponential decrease of
f,(x,p ') with p ' is faster near x=0 than for other
x intervals. Yen and Berger" 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., b,(1336),N*(1680)] with small
Q values.

From Fig. 18(b) we also see f,(x,p, ') flattens for
the x interval 0.3 & x&0.5 at small p~' which is due
to elastic p' events and their peripheral produc-
tion mechanism and decay (sin'8 in the helicity
system) into v'm .'

We now turn to a comparison of the structure
function for different charge multiplicities. Fried-
man" and Berger and Krzywicki" 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.
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 inP, ' at any x. The same is ex-
pected for higher neutral multiplicities. Since we
cannot separate events with different numbers of
neutral particles, this effect will cause a steepen-
ing of the p,' distribution of the w mesons at
small IxI for a given charged multiplicity.

In Fig. 19 we show that the transverse-momen-
tum dependence changes with x at a given multi-
plicity. The straight lines are exponential fits to
the data for P,'&0.3 (GeV/c)'. 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 in-
terval -0.1&x&0.1 than for other x regions. Thus
our data seem to support the kinematic argument.

1 I" E* do
&(x, (p'&)=- p, d dp. dp',

~~ g IlMX X J
AVERAGE m MULTIPLICITY AND SCALING

where a and 5 are the limits of the various p, '
intervals shown. The distributions in E(x, (p,'))
do not have the same shape for all intervals of
pi', i.e., the structure function does not factorize
This is also seen in Fig. 18 where we display

Scaling predicts that at sufficiently high energy
the v multiplicity (n ) will obey the relation

(n ) = c lns + d,

1 E* LPo
fs( ~Pi)-- p, ~ Ap 2

where c and d are energy-independent. "" It is
interesting to investigate how well this form de-
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50 where o„ is the topological cross Section for pro-
duction of n negative pions. Then, because the
inclusive cross sectim d'a, counts the produc-
tion of n negative pions n times, Qn o„=f|d o
and

4
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See part (b)50
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IO= 4

5

where p is the pion mass. Expanding f, about
x=0, we find'4

&n-) =
O to~ .0

0.5 &x& 0.7 dP~' f,(0,P~') lns

+ const+ O(s ' lns}, (8)0.7 &x& 1.00.5

where we have used the approximation p*,„=-', I) s.
For our data the (Iuantity in brackets is just E(0)
which is plotted in Fig. 12 and is 14.V+ 1.0,
16.0+ O. V, and 1V.1+O. V p,b at 2.8, 4.V, and 9.3
GeV [a small correction &1.3% has been applied
to correct E(0) for the strange-particle events]
Using for et' our values of 133~3, 12V~3, and
122+4 pb, we find for the coefficient of lns values
of 0.35+0.03, 0.40+0.02, and 0.44+0.02 at 2.8,
4.V, and 9.3 GeV which are similar to the slope
c = (0.44+ 0.04) found from the fit to the measured
m multiplicity. The increase of c with increas-
ing energy is caused by the decrease of the total
cross section (-4% between energies} and the in-
crease of the integrated structure function at x=0
(-'1% between energies). It is interesting that the

0.2
I.

1.4 1.6
I I I I

0.2 0.4 0.6 0.8 1.0 1.2
0, 1

0

pz [(GeI//c) ]

scribes the data at our finite energies. In Fig. 20
we show the average charged-prong and m multi-
plicities for our four photon energies. For &n )
we find the form of Eq. (7) fits well with c = 0.44
+ 0.04 and d = 0.0V+ 0.08 (for s in GeV'). However,
we also find the dependence of &n ) on s is com-
patible with a power-law behavior.

Following Bali et al."we can approximately
calculate c from the structure function. The
average m multiplicity is
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FIG. 19. F({x),P~2) for 3-, 5-, 7-, 9-prong events sep-
arately at 9.3 GeV. The curves are the results of fits to
F((x),0) exp(-Ap~) for p~2&0.3 (GeV/c) . See Table I for
values ofA.

FIG. 20. Average charged-prong multiplicity {labeled
(n)) and x (labeled (n )) versus s. The straight lines are
the results of a fit of the data to the form (n) =c lns+ d
(c =0.93+0.12, d =1.01+0.22) and (c =0.44+0.04, d
= 0.07 + 0.08).

approximations used in deriving EII. (8) seem to
be quite good at our moderate energies.

%e remark that any reasonably smooth scaling
distribution in x and p, ' results at very high energy
in a y distribution having li.miting fragmentation
and a flat region in do/dy [in fact, if f,(x,P,') ex-
hibits scaling for all incident particles, properties
(i), (ii), and (iii) previously mentioned in the sec-
tion on the rapidity variable will follow]. In par-
ticular, a flat plateau in da/dy (presumably in-
dicating pionization} is predicted [a fixed interval
in x of width c about x = 0 transforms into a region
in y of width In(se') and height wE(x= 0)J. Alter-
natively, a flat region in der/dy would lead to a lns
increase of the average multiplicity (n ) and
scaling in x. However, at our relatively low
photon energies no clear flat region in do/dy is
seen (Fig. 10). Nevertheless, the integral of

1 do'

O~ot dS

is increasing as lns thus giving (n )~lns. This

TABLE I. Values of the exponential slope A [(GeV/c) 2] fitting the structure function F(g),p~2)
of Fig. 19 for p~ &0.3 (GeV/c) to F((x),p~ ) =F((x),0) exp(-Ap~ ). Data at 9.3 GeV.

3-prongs s 5-prongs s 7-prongs 9-prongs s

(-1.0)-(-0.1)
(-0.1)-(0.1)

{0.1)—(0.4)
(0.4)-(1.0)

5.3+ 0.5
7.3 + 0.3
6.0 + 0.3
6.8+0.3

6.4+ 0.4
7.9+ 0.3
6.1+0.3
6.2+ 0.6

7.2 + 0.9
9.2 + 0.4
6.8+ 0.6
7.2+ 2.9

12.5 +4.3
11.9 + 1.5
7.8+2.4

'An N-prong event has N charged particles without detected strange-particle decay.
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FIG. 21. Dominant diagram expected to contribute to
7( production near the kinematic boundaries for {a) tar-
get-associated x and (b) beam-associated x .

behavior is unrelated 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 ).

d3O 1 s
IG(t) I

a ' (&', t)
d3P E s' (10)

Here n(t} is the Regge trajectory exchanged, which
is coupled to the proton (photon) with a residue
function G(t). o„'"(s', t) is to be interpreted as a

REGGE TRAJECTORIES AND THE
STRUCTURE FUNCTION

Feynman has suggested' that if scaling occurs,
then, at the extremes of x one should have

f(x, t) =(1- lxl)'-'"&'&

where n(t) is the highest Regge trajectory that
could carry off the quantum numbers and momen-
tum transfer at the y-s (at x=1}and p -s (x=-1)
vertices. Such behavior can also be predicted by
the multiperipheral model. Caneschi and Pig-
notti" using a multi-Begge 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'):

0
ty~~- (Gev )

FIG. 22. Values of the effective Regge trajectory, de-
termined as described in the text, as a function of t for
(a) target vertex and (b) photon vertex. The curve corre-
sponds to the 6 trajectory.

Reggeon-photon (proton) total cross section. Now,
in terms of the c.m. energy E* of the outgoing n

s'
lU,
' 2E*—=—+1-

s s Ms

for s large andpll'»p, '+p'. If we assume
a„'"(s', t) to be asymptotically constant in s', we
obtain Eq. (9) after equating

d Q'

f(x, t)=E

We have determined a(t) in Eq. (10) by fitting the
experimental distribution for our 9.3-6eV data to
(s'/s)' '" ' for finite t intervals. We fitted over
two ranges: a& s'/s &0.7 for the target region and
b&s'/s&0. 5 for the beam region. The limits
a-0.25 and 5-0.1 were adjusted for each t interval
to avoid effects due to the kinematic boundary in
(s'/s) and t. While s = 18.8 GeV' may be consid-
ered large, we recognize that the lower limits,
s' = 1.8 GeV and (s/s'} = l.4 are not large as was
required in the derivation of Eq. (10).
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In Fig. 22(a) we give resulting values of n(t) for
the p - v vertex [target region and diagram of Fig.
21(a)]. The values of o(t) are much lower than the
known leading Regge trajectory (d, in this case)"
but similar to those obtained from other inclusive
experiments, '" "e.g., pp - v + (anything). Dis-
cussion of this discrepancy can be found in Refs.
27 and 28.

In Fig. 22(b) we give o.(t) for the y -v vertex.
(Elastic p' events have been included. } Here the
o.(t) is compatible with a Regge trajectory of slope
1 GeV ' and o (0) =0; from VDM we would expect
this trajectory to be associated with the pion.

POLARIZATION DEPENDENCE

Next we look for a correlation between the azi-
muthal angle Q of the v and the polarization vec-
tor c of the photon: 93%, 91/0, and VV/p average
polarization at 2.8, 4.7, and 9.3 GeV. We define

P as

0.004

0.000

y p 77 +(ANYTHING)

Ey =9.3 GeV

~ ELASTIC p EXCLUDED

v ELASTIC p
I I I

-l.p & x& —0.3

I I l

0.004 -0.3&x&0.0

0.000

I I I

o.ooa ~)~

/Axe ~

e p, f'
where k is a unit vector in the direction of the
incident photon. In Fig. 23 we show for the 9.3-
GeV data

0.008

0,004

0.0&x&0.3

for various x intervals. Here, the elastic p' pro-
duction events and the residual events are shown
separately. A fit to the data to the for'm do/dP
=A+Bcos'p results in values for A and B given
in Table II for the three energies (no correction
has been applied to account for the unpolarized
component in the beam). We find no statistically
significant correlation between the m and the po-
larization vector for x&0.3. However, some cor-
relation is present for x&0.3. On the other hand,
even for x&0 elastic p' events show a strong cor-
relation. The lack of correlation of the m with
the polarization vector for x&0.0 is consistent
with factorization (in the Regge sense) of the res-
idues of the photon and target vertices. "

LORENTZ FRAME FOR A SYMMETRIC

LONGITUDINAL-MOMENTUM DISTRIBUTION

The E(x}distributions showed an asymmetry
about x=0 (see Figs. 12 and 15) which has also
been found in inclusive n p studies. In the case
of n P reactions, Elbert et al.so studied the com-
posite P„distribution in the c.m. system of back-
ward n and forward n' and found that by Lorentz
transforming to a frame where the ratio B of the
incident proton momentum to the. incident n mo-
mentum is 1.5 (the "Q system" in their notation),

VVV VVV VV VV VVV0 OPP vlvv l v~lvv V

0.0 I 2
JL

AE
JL

gl
sL

JE HE )L

0.008

0.004

0.3 & x & I.p

0.000 I l I

-l80 -90 0 90 ISO

$ (degrees)

FIG. 23. The differential cross section da/dQ plotted
against the azimuthal angle Q between the outgoing pion
and the polarization vector of the photon, for various x
intervals. Elastic p production is not included in the i
points and is given separately by the T points. Data are
at 9.3 GeV.

the longitudinal-momentum distribution of the m

becomes symmetric. This result has been inter-
preted in the framework of the quark model. If
there are two quarks in the n and three 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 symmetry in the quark-quark
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TABLE II. Value of A and B fitting do/dQ to the form do/dQ = (A+B cos2$).

(GeV)
Elastic p excluded '

A (nb/deg) B (nb/deg)
Elastic p~ only '

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

2.8

4.7

9.3'

(-1.0)-(-0.3)
(-0.3)-(0-0)

(0.0)-(0.3)
(0.3)-(1.0)

(-1.0)-(-0.3)
(-0.3)-(0.0)

(0.0)-(0.3)
(0.3)-(1.0)

(-1.o)-(-o.3)
(-o.3)-(o.o)

(0.0)-(0.3)
(0.3)-(1.0)

2.80 + 0.22
7.36 +0.29
9.65 +0.33
7.60 +0.39

2.16+0.14
7.82 +0.21

11.51+0.25
8.38 +0.30

1.55 +0.12
7.95 +0.19

12.87 +0.25
9.48 +0.33

0.24 + 0.37
0.17+ 0.47
0.73+ 0.55
2.24 + 0.66

-0.18+ 0.22
0.22 + 0.36

-0.05 + 0.41
2.61+0.52

0.08 + 0.20
-0.03 + 0.30

0.45 + 0.42
2.29 + 0.56

0.24 + 0.08
0.29 + 0.06
0.89 + 0.12
7.06 + 0.41

0.04 + 0.03
0.04 + 0.02
0.43 +0.06
4.30 +0.25

0.21 + 0.04
3.41+ 0.22

0.07 + 0.13
0.28 + 0.11
2.65 + 0.25
5.42 + 0.73

0.05 +0.05
0.00 + 0.02
1.40 + 0.13
5.21+ 0.46

0.77 +0.08
3.53 + 0.41

Elastic p event: yp 7t' n+p withM~ -&1.0 GeV.
"Data plotted in Fig. 23.

center-of-mass system for the quark-quark col-
lision that takes place.

In Fig. 24 we show the P~~ distribution for the
9.3-oeV photon data in the frames where R = 1.0,
1.5, and 2.3. R=2.3 yields a symmetric distribu-
tion. Here we have excluded elastic p' production
as before. Table HI 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 photo-
produced w . In the spirit of the Q-system argu-
ment, a value of R=3 would suggest that the
photon interacts as a single quarklike object with
one of the three quarks of the proton.

CONCLUSIONS

(1) We find a decrease of Edc/dP~~ in the target
region (P~, & 300 MeV) with increasing photon en-
ergy. Thus limiting target fragmentation in the
strict sense of Ref. 1 is not observed. The energy
dependence of Edc/dp~~ is compatible with ap-
proaching a limiting distribution as A +Bs "' as
predicted by Chan et al."(Figs. 4 and 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 (Figs. 12

and 13}.
(4) We find that the structure function f,(x, P~')

does not factorize into independent functions of x
and P~' (Figs. 17 and 18).

(5) Even at our moderate photon energies (1.4
to 9.3 GeV) the increase in v multiplicity is con-
sistent 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- & vertex
(forward v production) with o. (0) =0.0 and a slope
=1 GeV '; for the trajectory associated with the
p- & vertex (backward v production) one obtains
a similar slope but an a(0) which is lower than
that of the expected leading trajectory (the 6)
(Fig. 22).

(7}There is no azimuthal correlation of the out-
going & 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).

(8) The Q system of Elbert et aL, SO does not
result in a symmetric distribution in P~~ for the

Ey
(GeV) Elastic p excluded ' Elastic p 0 included

2.8
4.7
9.3

1.75 + 0.05
1.85 + 0.05
2.3 +0.05

2.95+ 0.1
2.75+ 0.1
2.75+ 0.1

'Elastic p event: + ~+g p with M +~-&1.0 GeV.

TABLE III. Value of R =p&gott /pphptpn or the frame in
which the 7t longitudinal-momentum distribution is sym-
metric.
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yp =m + (ANYTHING)

{ELASTIC p' NOT INCLUDED)

I I I I ee& I 1

~ 0~

0

We find at 9.3 GeV that symmetry is reached
for the ratio of colliding momenta A = 2.3 with
elastic p removed and B=2.75 with elastic p'
included (Fig. 24 and Table III).

(9) When scaled by the total cross section our
inclusive & cross sections in the target region
are similar to those found in & P reactions. They
are larger by a factor of =2 than those obtained
from &'p, If'p, and pp reactions (Figs. 7 and 14).
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We present single-particle Inomentum spectra for 7i-, X, go, and A particles produced
in ~+p collisions at 12.7 GeV/c, and for 7l mesons produced in x+p collisions at 7 GeV/c.
We examine the correlations between the transverse and longitudinal momentum components
of these particles and compare them to those expected as a result of momentum conservation
alone. We also investigate the transverse-momentum correlations in two-particle inclusive
reactions and discuss the underlying kinematic constraints on these correlations.

I. INTRODUCTION

a+ b -anything (2)

in which all final states are summed over. It has
also been suggested' that more complicated pro-
cesses in which two final-state particles are de-
tected, and their momentum correlations analyzed,
i.e., the processes

a+ b - c+ d+ anything, (3)

Total cross sections for hadron-hadron collisions
appear to remain relatively constant in the high-
energy domain, and since the amount of quasi-two-
body production decreases rapidly with increasing
bombarding energy, the major part of high-energy
total cross -sections necessarily involves processes
in which many final-state particles are produced.
Consequently, the study of multiparticle reactions
is an essential part of the investigation of high-
energy processes. Although a detailed theoretical
analysis of multiparticle reactions would be at
present prohibitively complicated, Feynman, Yang,
and others" have suggested that the characteris-
tics of a single particle, summed over all final
states, can yield important dynamical information
concerning strong interactions. Such "inclusive"
processes may be schematically represented by

a+ 5 -c+anything,

where & is the single particle being analyzed, and
are the next level of sophistication above a total
cross-section measurement which may be regarded
as the analysis of the process p ~ g + ~ ~ ~

p~ +0+ ~ ~ ~

7

++P~ AD+ e ~ ~
y

EP A+
7T P~g +

EP K+@ t

a'p- Ao+ ~-+ ~ ~

y

12.7 GeV/c

12.7 GeV/c

12.7 GeV/c

12.7 GeV/c

7 GeV/c

12.7 GeV/c

12.7 GeV/c

(4)

(6)

(6)

(7)

(6)

(9)

(16)

may also be amenable to present theoretical an-
alysis.

The theoretical application of Regge-pole ideas
to inclusive reactions has implied that the mo-
mentum spectra of individual final-state particles
approach limiting behavior differently in various
kinematic regions. For example, in the region
of target or beam fragmentation these limits are
approached as I/Ws, while in the central, or
"pionization, " region these limits are reached
more slowly, approximately as s ' . For two-
particle inclusive reactions, the distribution in
the correlation angle between the transverse mo-
mentum of the two particles is expected to ap-
proach limiting behavior as I/Ws in the appropri-
ate single-Regge limit. Even at present accelera-
tor energies, the I/~s approach to asymptotic be-
havior may be rapid enough so that useful tests of
the Regge ideas involved in these predictions may
be carried out.

%e present data from two4*' experiments utiliz-
ing the 80-in. BNL bubble chamber. The following
reactions have been investigated:


