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Rapidity Correlations between the Negative Pions ProdUced in the K'p Interaction*
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Dramatic behavior is observed in the correlation between m 's as a function of their
rapidity separation ~y. At small Dy, the &'s are strongly positively correlated. At large
Dy the correlation length is measured to be 0.52+ 0.08, Particle-production and particle-
particle correlations are distinguished and studied.

In the attempts to understand the fundamental
nature of strong interactions by studying inclu-
sive reactions, the correlation between particles
along the longitudinal direction is one of the most
important' ' measurements. The "correlation
length, "which estimates the rapidity separation
beyond which particle productions become inde-
pendent of one another, could be of great value.
The shape of the correlation curve as a function
of rapidity separation is a quantity that a correct
inclusive theory must be able to derive in addi-
tion to agreeing with single-particle spectra.

A simple longitudinal correlation function was
proposed by Wilson' and thereafter has been used

in many models and theories, among which is
Mueller's generalized optical theorem. ' This cor-
relation function between particles c and d is de-
fined by

d (I 1 do do
g(y

~1 ~2 T ~1 ~2

It is the difference between the coincidence of c
and d at rapidity values y, and y2 and the product
of their singles counts aty, and y2 divided by the
total cross section. At finite energies, this mea-
sure of correlations has its difficulties; among
others, the kinematic limits of the two terms in
Eq. (1) are different.
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It is the purpose of this Letter to study critical-
ly this longitudinal correlation using a high-sta-
tistics sample of m 's from a 31-events/pb K'p
interaction' experiment at 12 GeV/c. A total of
6V 463 ~ pairs were studied. No events with
charge multiplicity of 10 or higher are consid-
ered.

First we compare the two terms of Eq. (1). In
Fig. 1(a), the solid histogram is the coincidence
of two ~ 's when their rapidities are hy from
each other. The dotted histogram is the product
of the single-particle rapidity-distribution histo-
grams, when two bins are hy apart, divided by
the total cross section (17 mb). This dotted hist-
ogram includes the four-prong events although no
~ -m coincidence is possible for those events.
To obtain the correlation functions of Eq. (1) we
will take the difference of the solid and the dotted
histograms. Now, in addition to the statistical
error, the errors in knowing the absolute normal-
ization will play an important role. Unlike the

K++p~7r +~ + ANYTHING, l2 GeV/c
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(2)

single-particle distribution where the normaliza-
tion only affects the absolute value, the shape of
the curve can be affected here.

Figure 1(b) shows the correlation as a function
of 4y. The error bars are for the statistical er-
ror only, and the upright and inverted triangles
indicate the value of the correlation when the
path length is + 7% off. One observes in the plot
a striking corre1ation at ~y = 0. This correlation
drops rapidly and reaches zero correlation at Ay
=1. At Ay'= 2 the two m 's negative correlation
reaches the maximum. This negative correlation
gradually tapers down at 0.

As in the single-particle spectrum, we can di-
vide the particle production into fragmentation
and central regions; we are interested to know
the correlations within one region and between
different regions. Figure 2 shows the correla-
tion function as a function of Ay when we fix one
of the particles involved in the target fragmenta-
tion region (—3.3 &y, & —1), the central regions
(- 1 &y, & 0, 0 &y, & 1), and the projectile fragmen-
tation region (1 &y, & 3.3).

The strong correlation at hy = 0 occurs only
when one (and therefore both) pa. rticle is in the
central region. So far we know of no models that
predict this effect. It could be the manifestation
of the Bose-statistical behavior we have observed
earlier. "

At large Ay, the rate of decrease of the nega-
tive correlation as we increase Ay determines
the correlation length I. defined by

g(Qy Qy ))L) e n9/I
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FIG. l. (a) Solid histogram, coincidence d o/dy&dy,
of two & 's with ra.pidity separation 4y. Dotted histo-
gram, (1/or)(der/dy~)(do'/dy&), the product of inclusive
one-& distributions divided by total cross section.
(b} The difference of the two histograms of (a). Up-
right and inverted trianges, values when absolute nor-
malization is + 7~i& off. (c) Absolute value of the quanti-
ties in (b} for Ey - 2. Dotted curve, error of the
straight-line fit to points for Ay & 3.
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FEG. 2. The quantities of Fig. 1(b) with cuts {a) —8.3
&y&& 1, (b) 1&y&&3,3, (c) 1&ye&0, (d) 0&ye&1.

936



VOLUME 28, +UMBER 14 PHYSI CAL RK VIE%" LETTERS 3 APRIL 1972

This exponential behavior is apparently ob-
served in a semilog plot of Ig[ versus Ay in Fig.
1(c). A correlation length of 0.52+0.03 is mea-
sured for Ay &3. The contribution to the negative
correlation is largely from the ~ 's in the projec-
tile fragmentation region (Fig. 2). This correla-
tion length we have measured is, therefore, the
correlation between the projectile fragments with
both the central and target fragments. "

The behavior at large lby I is, however, domi-
nated by the four-prong contribution to the sec-
ond term of Eq. (1). In four-prong events, no co-
incidence is possible„yet the width of its rapidity
distribution is wider than that of six- or eight-
prong events because of kinematics. When the
correlation is affected largely by the contribu-
tions where no correlation is possible, it seems
to us that the interpretation of the correlation is
in doubt.

The question of correlation may become clear-
er if one separates two kinds of correlations.
The previously discussed correlation is a mix-
ture of the two. The first kind is the particle-
production correlation, where one asks the ques-
tion, "If one finds a m with some rapidity y, how
many other Tt 's can one expect to see with any
value of y?" The second kind is the particle-par-
ticle correlation in which, given a definite num-
ber of particles, one observes the relation of
pairs in the rapidity space.

The particle-production correlation is, of
course, related to the average multiplicity of the
v distribution. " In Fig. 3 the average number
of other m 's produced in conjunction with the
chosen r is plotted as a function of the rapidity
of the chosen' . One sees that a ~ in the cen-
tral region has a relatively good chance of having
another m produced with it.

In studying the particle-particle correlation,
we first construct an uncorrelated expression
that should be the coincidence rate when there is
no correlation between any pairs of a given set of
n m 's. For the events with n r 's, we have

5(«/dy). dy =«., (3)

where cr„is the particle partial cross section of
n mproduc-tion and (dv/dy )

„

is the single-parti-
cle spectrum when there are n ~ 's. The proba-
bility to find a m at y is therefore (1/nv„)(do/
dy)„. The joint probability for a pair of w s to
occur at y, and y, is

1.0

+
+

O. 0

Y (7I )

FIG. B. (N —1) as a function of the rapidity of a w .

but, for n n 's we can construct n(n —1) pairs of
m 's with values y, and y„sowe should multiply
by this factor. Normalized to the particle cross
section, the coincidence rate (in millibarns) of n

uncorrelated m 's is

(5)

We will investigate the difference of measured
coincidence rate to the uncorrelated coincidence
rate of Eq. (5). We define

Here, since the number of Tt 's are fixed, the in-
tegration of G„overy, and y, vanishes. In other
words, a positive correlation at some point in the
rapidity space will cause a negative correlation
somewhere else. Another point: The error of
G„should only be statistical; the uncertainty in
absolute normalization now only affects the ab-
solute value of G„,rather than changing the
shape as we discussed in the case of the correla-
tion function g of Eq. (1).
. Figures 4(a) and 4(b) shows G, and G, for six
and eight prongs, respectively. For the six-
prong data we see that the two & 's still show
strong correlation near Ay = 0 but the peaking is
much narrower so that zero correlation is reached
near Ay -0.4. After reaching maximum negative
correlation at hy -1, the curve turns again and
crosses 0 at hy -2. Unlike the correlation func-
tion g, we now start to have positive correlation
again; it reaches its maximum value near hy -3.
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F1G. 4. (a) G& and (b) G3 as defined in the text.

The statistics on the eight-prong data are not
good but show characteristics similar to those
for six-prong.

%e present this dramatic behavior of the two
n 's as functions of their rapidity separation as a
challenge to any theory of inclusive reactions.

The author wishes to thank Richard Lander for
his support and encouragement. The author also
appreciates the many useful discussions with him,
David Pellett, and Philip Yager. He also benefit-
ted from stimulating conversations with William

*Work supported by the U. S. Atomic Energy Commis-
sion under Contract No. AT(04-8)-84 PA 191.

K. G. Wilson„Cornell University Report No. CLNS-
131, 1970 (to be published).

W. B. Fraser et al. , to be published.
H. D. I. Abarbanel, Phys. Rev. D 8, 2227 (1971).
R. C. Hwa, to be published.
D. Z. Freedman, C. E. Jones, F. E. Low, and J. E.

Young, Phys. Rev. Lett. 26, 1197 (1971).
C. K. De Tar, Phys. Rev. D 8, 128 (1971).

VA. Bassetto, M. Toner, and L. Sertorie, Nucl. Phys.
B34, 1 (1971).

8A. Mueller, Phys. Rev. D 4, 150 (1971).
W. Ko and B. L. Lander, Phys. Bev. Lett. 26, 1064

(1971}.
J. Erwin, W. Ko, R. L. Lander, D. K. Pellett, and

P. M. Yager, Phys. Rev. Lett. 27, 1534 (1971).
The correlation length of about 2 is even shorter

than the short-range Mueller-Begge-theoretical value
I.R. C. Arnold, ANL Report No. ANL-HKP 7189, 1971
(unpublished), and Ref. 5J. In that theory a correlation
length of 2 is only achieved for the center-center corre-
lation if the intercept of exotic trajectories (as the &—

channel has exotic quantum numbers) is —1 [W. Ko,
R. L. Lander, and C. Risk, Phys. Bev. Lett. 27, 1476
{1971)].The correlation length of 1 or 2 is usually pre-
dicted for fragment-center or fragment-fragment cor-
relations.

H. T. Nieh and J. M. Wang, to be published.

Experimental Test of Local Hidden-Variable Theories*

Stuart J. Freedman and John F. Clauser
Department of Physics and Lagerence Berkeley Laboratory, Unioersity of California, Berkeley, California 94720

(Received 4 February 1972)

We have measured the linear polarization correlation of the photons emitted in an atom-
ic cascade of calcium. It has been shown by a generalization of Bell's inequality that the
existence of local hidden variables imposes restrictions on this correlation in conflict
with the predictions of quantum mechanics. Our data, in agreement with quantum me-
chanics, violate these restrictions to high statistical accuracy, thus providing strong evi-
dence against local hidden-variable theories.

'Since quantum mechanics was first developed,
there have been repeated suggestions that its sta-
tistical features possibly might be described by
an underlying deterministic substructure. Such

features, then, arise because a quantum state
represents a statistical ensemble of "hidden-
variable states. " Proofs by von Neumann and
others, demonstrating the impossibility of a hid-
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