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of such a time-delay coincidence histogram.
Noise and the filter-broadened gradual change
in amplitude combine to give the breadth of the
distribution. For comparison, Fig. 4(b) are the
results of Ref. 4.

The results of Figs. 3 and 4(a) appear to pre-
clude all physical explanations of the results of
Ref. 4 [our Fig. 4(b)]. Indeed, the data of Ref. 4
were processed with a faulty computer program—an above-threshold event in one specific anten-
na which happened to fall in the last 0.1-sec bin
of a 1000-bin data block was a/nays counted as
a prompt coincidence with a later above-thresh-
old event in the other antenna. " This error was
shown" to account for essentially all of the zero-
delay excess events on a four-day tape of the da-
ta of Ref. 4.
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Using data obtained from an exposure of the 80-in. Fermi National Accelerator Labora-
tory bubble chamber to a 20-5GVe/pcroton beam, results are presented on azimuthal
distributions. Evidence is presented for dynamical azimuthal correlations whose behav-
ior depends on the particular charge combination. The dependence of the azimuthal cor-
relations on the rapidity difference and on the transverse momentum is also given.

The study of two-particle correlations has re-
ceived considerable attention recently, both the-
oretically and experimentally. At the Fermi Na-
tional Accelerator Laboratory (FNAL) and the
CERN intersecting storage ring energies, most
of the emphasis has been placed on the analysis

of two-particle rapidity distributions, although
some studies have been made of azimuthal corre-
lations. '2 In this Letter we present new results
on azimuthal correlations in pp interactions, at
the inclusive and, for the first time at FNAL en-
ergies, at the semi-inclusive level. The depen-
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FIG. j. Semi-inclusive azimuthal distributions for
all charged-particle combinations.

dence of the azimuthal distributions on the par-
ticle's charge, transverse momentum, and rap-
1dity 1s also studied.

The results are' based on an unbiased inclusive
data sample of -3500 completely measured events
obtained from an exposure of the 30-in. FNAI,
hydrogen bubble chamber to a 205-GeV/c proton
beam. Further details of this experiment are
given elsewhere. ' For the analysis of two-parti-
cle distributions we make the following choice of
kinematic variables: the magnitude of the trans-
verse momentum of particle i, P,.T; its center-of-
mass rapidity, y,.; and the azimuthal angle be-
tween the transverse momenta of particles i and

4

, P,T P,.T
iT jT

In this paper we anaIyze the azimuthal distribu-
tions

do„
dp

do/dp =Q„do„/dp,

where n is the charged-particle multipIieity.
In Fig. 1 we show the semi-inclusive azimuthal

distributions for all charged-particle combina-
tions. It is observed that (a) the distributions
are asymmetric and peak near 180' and (b) the
asymmetry becomes less pronounced as the
charged multiplicity increases. As will be dis-
cussed later, these trends may be understood in

part as a consequence of transverse-momentum
conservation. To parametrize the distributions,
we define, for fixed n, the asymmetry parameter
A„:

A = dy "4p I . —, d(

Table I and Fig. 2(a) present A„as a function of
n for the different charge combinations. In gen-
eral, for each n, the asymmetry for the (+ -)
combination is larger than that for either the
( ——) or (+ +) combination. This holds as well
for the inclusive values listed in Table I.

There exist simple model calculations which
predict a definite relation between the asymmetry
A and the total number (nr) of particles produced
in the final state. For example, a statistical
model' which incorporates only transverse-mo-
mentum conservation and a Gaussian distribution
in transverse momentum predicts A = 1/(nr —1).
Applying this model to our measured asymmetry
parameters for all charged particles, 6 A„", we
give in Table I estimates of nT for a given num-
ber of charged particles, n. We also list in Table
I the values of nT calcuIated using the experimen-
tally observed average number of m', K', and A
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TABLE I. Asymmetry parameter A„[Eq. (1)j for different charge combinations and leading
particles. The total number of particles, nz, , estimated from A„' and experimentally ob-
served.

ACC
n

0.20+0.04

A,
n

A
n

0.20+0.04

++

leafing
0.20+.04

A
n from A, observed

6+1 4+1

0.11+0.01 0.14+0.03 0.09+.02 0.04+.03 10+1 6+1

0.10+0.01 0.11+0.02 0.09+0.01 0.09+.03 0.07+0.03 11+1 ll+1

0.072+0.006 0.08+0.01 0.05+0.01 0.05+.04 0.08+0.02 15+1 13+1

10 0.051+0.005 0.06+0.01 0.04+0.01 0.05+, 06 0.02+0.01 21+2 17+1

12 0.040+0.005 0.06+0.01 0.02+0.01 0.03+0.01 26+3 18+1

14 0.050+0.006 0.06+0.01 0.07+0.01 $ 0.00+.03 0.01+0.01 21+2 21+2

0.035+0.008 0.04+0.02 0.05+0.01 .02+0.02 29+6 24+2

Inclusive 0.056+0.003 0.067+0.006 0.048+0.005 0.027+0.009

per inelastic event. ' We have assumed that on
the average there is one neutron or antineutron
per inelastic event. ' We observe that the model's
predictions for n~ are consistently larger than
the values experimentally determined, which may
be a manifestation of dynamical effects not includ-
ed in the model.

In order to study the transverse-momentum de-
pendence of the azimuthal correlations, we con-
sider the distribution

d g

oincl ~9 ~Pr

in which we have integrated over the transverse
momentum of one of the two particles. Figure
2(b) shows the asymmetry A, integrated over all
n, as a function of pr. The asymmetry is seen
to increase monotonically with p r, an effect due at
least in part to energy-momentum conservation.
In Fig. 2(b) we also show the asymmetry as a
function of pr for particle pairs with a large ra-
pidity difference, 4y = ly; -y~ I &2. We observe
that the above trend continues even over large
rapidity differences.

Correlation effects between the longitudinal and

transverse momenta can be analyzed by studying
the distribution

1 dso

6 „y dy ~ dy egg ~

(2)

We note that in the independent-particle emis-
sion the asymmetry in p for the distribution (2)
depends only very weakly on the rapidity differ-
ence hy. ' In Figs. 3(a)-3(d) we show the asym-
metry parameter as a function of b,y for the
charged-charged, + —,++, and ——cases, re-
spectively. We observe that for the (+ -) com-
bination (which, as noted above, shows larger
correlations in both the inclusive and semi-in-
clusive cases), the asymmetry is large for small
rapidity differences and decreases as the rapidity
difference increases. That is, for this combina-
tion, particles which are close together in rapid-
ity tend to balance their transverse momenta. By
contrast, for the (+ +)'o and ( —-) combinations,
we find that the asymmetry is small for small Ay.
The asymmetry then increases to a maximum as
the rapidity difference increases (hy = I —2) and
then drops to zero again.

The suppression of the azimuthal asymmetry at
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FIG. 3, Asymmetry parameter as a function of ra-
pidity difference dy for the (a) charged-charged,
(b) +-, (c) ++, and (d) ——combinations.

small b,y of like pions (+ + and —-) may be part-
ly caused by correlations due to Bose-Einstein
statistics. " However, it is tempting to go a step
further and compare our observations with a
short-range cluster model of particle production
which has been successful in explaining two-par-
ticle rapidity distributions. In one such picture, '~

the clusters are assumed to be neutral and con-
tain three pions. Hence, within such a simple
cluster, there are no (++) or (- -) combina-
tions. This implies that the (+ +}and (- -) cor-
relations are due to cluster-cIuster correlations
alone, whereas the (+ -) combination has, in ad-
dition to the cluster-cluster contribution, corre-
lations between the particles within a single clus-
ter. Qualitatively, this is consistent with the
observation that the (+ +) and ( —-) correlations
are small at small 4y, rise with increasing 4y
[as correlations between (neighboring) clusters
become important], and then fall toward zero
(beyond the range of correlations between clus-
ters). In a multiperipheral model with only sin-
gle-pion emission the above effects can only be
produced by imposing strong isospin constraints.

As has been shown above, as two particles get
farther apart in rapidity, their transverse mo-

menta become less correlated. It is natural to
examine the extreme case where one studies the

azimuthal correlation between "leading" particles
(either v' or proton). In order to look for such
correlations, we have defined the leading parti-
cles in an event as the positive particles with the
smallest and largest angle (with respect to the
beam direction) in the laboratory. Table I gives
the asymmetry parameter as a function of topol-
ogy. %Ye obtain an asymmetry of 0.04+ 0, 02 aver-
aged over events with four or more prongs. Thus,
we observe that the asymmetry for the leading
particles is nonzero but consistently smaller than
the overall asymmetry. (Of course, for the two

prongs, the two distributions are the same. ) For
n &8, the average leading-particIe asymmetry is
consistent with zero.

We conclude that there are azimuthal correla-
tions present which cannot be explained solely
by energy-momentum conservation, since the
asymmetry has a substantial charge dependence.
The asymmetry is also a strong function of the
rapidity difference between the two particles.
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