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We have measured two-pion correlations in rapidity and transverse momentum in pp collisions at 102

GeV/c. The correlations, which are highly sensitive to the charges of the pions, display a behavior

consistent with that expected on the basis of the short-range-order hypothesis, and, when compared

with a model which does not contain explicit correlations, suggest the presence of substantial dynamic

correlations in the data.

Several studies of longitudinal- and transverse-
momentum correlations between particles pro-
duced in high-energy collisions have recently ap-
peared in the literature. ' The results of these in-
vestigations of inclusive reactions have often been
somewhat difficult to interpret because these ex-
periments have suffered from either (1) the fact
that correlations, particularly at low energies,
tend to be strongly influenced by the requirements
of momentum-energy conservation, or (2) the fact
that the measurements did not provide a compari-
son of correlations between different types of par-
ticles. In this paper we discuss the nature of
transverse and longitudinal correlations between

two g', between two g, and between w' and m

mesons produced in pp collisions at 102 GeV/c.
Preliminary results from this experiment, con-
ducted in the 30-in. bubble chamber at the Fermi
National Accelerator Laboratory (FNAL), have
been published elsewhere. ' The present data are
from a measurement of a complete sample of
=1800 events (a11 topologies) and an additional
sample of =1200 events from the &10-pronged
topologies.

The specific reactions we consider are the fol-
lowing:

Pp m+ w + anything,



10 TWO- PION C ORRE LA TIONS IN pp COLLISIONS AT 10102 GeV/c

pp-m 71 +anything,

pP -w'm' + anything,

pp m'm' + anything,

(2)

(3)

(4)
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FIG. 2. Fitted contours of constant correlation density
R(y y ) for the Monte Carlo simulation of reaction {4).~1~~2

of the symmetry of the pp incident channel, and
reflected all well-measured data about the ex-
pected axes of symmetry. Specifically, the regions
of rapidity used for these studies were y, (0 (no
selection on y, -) for reaction (1) and y, +y, (0 for
reactions (2)- (4).

To facilitate comparison of our measurements
with those at the CERN Intersecting Storage Rings
(ISR)' and at FNAI, ' we discuss pion-pion longitu-
dinal-momentum correlations in terms of the two-
dlmensional density fuIlctioll A(yl, y2):

(5)

where cr. is the total Pp inelastic cross section atine1

102 GeV/c. ' Due to poor statistics we have inte-
grated reactions (1)-(3) over all transverse mo-
menta (Pr). The data in the (y„y, ) plane were fit-
ted with exponential polynomials of tenth order:
exp[&(y„y, )], where P(y„y, ) contains all terms
of the form p y g2 with arbitrary coeffic ien ts, for
(n+m) (10. The fits were constrained to approach
8 =-1 near the kinematic boundaries (~y ~= 4). The
g' probabilities for all the fits were excellent,
and the results of these fits are shown in Fig. 1 in
terms of contours of constant R. There is an ap-
proximately 6% uncertainty of the value of 1+A
when both pions are in the central region of the
rapidity plot ( ~ y ( 6 1.5); this includes a 3% sys-
tematic uncertainty on the value of cr. „(typical er-
rors are shown on the contours). The errors are
statistics limited outside of the central region and
vary between 10%%uI1 and 50% of the value of I +A.
For acceptable y„' values, the order of the poly-

Table I. Fitted values of A(0, 0).

Reaction Data
8 (0, 0)

Model

(+ -)
(- -)
(++)
(ce)

0.78 ~0.06
0.28+ 0.06
0.38+ 0.05
0.55 + 0.05

0.45
0.19
0.07
0.28

nomial used in the fit does not markedly affect the
results shown in Fig. 1, except for the outermost
contours. For comparison, we present in Fig. 2
the contours of R(y„y, ) for reaction (4), which
are expected on the basis of a pion-production
model discussed previously in the literature. 2

This model uses as input the known charged-
particle multiplicity spectrum, and the observed
single-particle inclusive and semi-inclusive dif-
ferential cross-section properties. Hence, al-
though the model contains, implicitly, correlations
among produced particles provided through these
input characteristics, there are no explicit corre-
lations or resonance features introduced in the cal-
culations. Consequently, deviations of A from ex-
pecectations due to the model ean be taken to provide
a measure of resonance or of multiparticle-cluster
production in the data. The shape of the typical 8
contour plot, based on the pion-production model,
is shown in Fig. 2. Although the magnitudes of
the predicted 8 values depend on the charges of
the pions, the shapes of the contours are essen-
tially independent of the pion charges. In Table I
we present a comparison of the experimental val-
ues of B(0, 0) with the predictions of our model.

Comparing the features of the data in Fig. 1 with
those of the model given in Fig. 2, the following
remarks apply:

(1) Significant charge-dependent differences in
8 are observed for reactions (1)—(3). Much of the
interesting structure and quality of A observed in
the individual reactions is lost when there is a
summation over all charges [as in reaction (4)].

(2) There is a clear elongation of the 8 contours
approximately along values of constant 4y
= ~y, —y, ~

for reactions (+-) and (- -). [The slight
tilt of the contours relative to the Ay=0 axis in
reaction (+-) is an interesting feature, presum-
ably reflecting the predominance of m' production
over II production, even near y =0.]

(3) The values of 8 tend to drop rapidly and be-
come negative as hy increases. In reactions (+ —)
and (++), however, there is some evidence for a
modulation in this decrease of R (and, in fact,
even for the presence of a secondary maximum in
A) when the values of hy are nearly maximal.

(4) The absolute values of R for small ay are
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considerably larger than expected on the basis of
our pion-production model.

From these observations we may conclude the
following:

(1) Short-ranged (small Ky) correlations are
evident in the data in that R values are larger than
expected for small Ay, and appear to be approxi-
mately y-independent for the central region of pion
production. ' These statements are particularly
well supported by the results of reactions (+-)
and (—-).

(2) Possible long-ranged (large dy) correlations
may be apparent, particularly in reaction (+-),
where a secondary maximum in A occurs when y„+
= -y, —at large y values. This correlation could
partially be due to the presence of a simultaneous
dissociation of the two incident protons. '

(3) It is somewhat surprising that the elongation
of the contours along constant ~y, observed in
reaction (- —), is absent in reaction (++). How-
ever, a long-ranged type of correlation (arising
from diffractive processes) might be expected to
be more important in reaction (++}than in reaction
(- —), and this difference in the two channels may
qualitatively explain the lack of the elongation of
the 8 contours in data from reaction(++). That is,
there could be an overlap of comparable short-
ranged and long-ranged correlations near y = 0
which would tend to increase the overall value of
A and mask the elongation of the contours.

En addition to two-particle correlations in rapid-
ity we have also examined the dependence of cor-
relations between transverse momenta in reactions
(1)—(3). We define an azimuth P between two
transverse momenta as follows':
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The distribution in p is expected to be peaked near
180' due to requirement of momentum conserva-
tion. The data for reaction (+-) do, in fact, have
this feature. 2 The distributions for reactions (- -)
and (++}, integrated over all y, are, on the other
hand, far more isotropic in g. In Fig. 3 we dis-
play the dependence of the asymmetry in the P
spectrum (A&), for events with six or more
charged particles in the final state, as a function
of hy, and as a function of the average value of P ~
of the two pions ((pr}) for different hy and different
hpr =

1 lp»1 —
1 p»11. The asymmetry is defined as

follows:

-04—

Oh-
Q3—
Q2—
0.1—

-Ql-
-Q2—
-Q3—
-04—

Q3 0.6

/b, y/& 1,0
t~pT( &Q15 GeV/c

(p, P
L2

(GeV/c)

—d
1T dg—dQ .

dp

Results of Fig. 3 illustrate that A& is a strong
function of charge for small hy, particularly when

dpi', is also small [data from reactions (- -) and

FIG. 3. Transverse asymmetries (Ae) for reaction
(1) (solid points) and for the sum of reactions (2) and (3}
(open circles), as a function of the rapidity difference
(16yl), the transverse momentum difference (16p rl), and

the average of the magnitudes of the transverse momenta

((P r)) of the two pions. Only events with six or more
charged particles in the final state are used.
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(++) were consistent with one another and the re-
sults were combined to improve statistics]. How-

ever, as Ay increases, A. &
becomes independent

of charge. The pr dependence of A& for 6y &1 (not
shown) is similar to that observed for events
having Ay &1 and

~ 4pr ~
& 0.15 GeV/c. Further-

more, for small ~y, A& is not only a function of
the charge, but also of the value of ~bpr (. (The
increase in Ae when

~ hpr [ or (pr) becomes large
may partially be due to the important influence of
overall momentum conservation. )

The short-ranged anticorrelation in Q for reac-
tion (+-) can be attributed to a requirement of
local transverse-momentum conservation for par-
ticles which are strongly correlated in longitudi-
nal rapidity space. The smaller anticorrelation in

g observed in reactions (- -) and (++) [and pos-
sibly the diminution in correlation for reaction
(+-) at large ay values] may be accounted for
through the fact that a relaxation of the require-
ment for local transverse-momentum conservation
is expected when the produced particles are not
strongly correlated in rapidity. (If the production

process is visualized as a multiperipheral chain,
then it would be expected that n+m pairs would tend
to be neighbors and consequently correlated in y
and anticorrelated in P.)

We can summarize our conclusions as follows:
We have observed strong dynamic correlations for
small rapidity differences between produced pions
in pp collisions at 102 GeVjc. The nature of these
correlations depends on the charges of the pro-
duced pions, but is rather insensitive to the colli-
sion energy. " Positive correlations in longitudi-
nal momenta tend to be associated with anticorre-
lations in transverse momenta. Although the gen-
eral features of the data can be understood on the
basis of a multiperipheral mechanism, through a
resonance production model, or simply through
the production of low-mass multipion clusters, ' a
detailed understanding of the correlations would
require more extensive model calculations. '
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