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Two-particle correlations are studied as a function of tg2, the square of the difference
of the four-momentum of the particles. We observe that the m. ~ correlation differs
from the m x+ correlation only at low values of t&&. This difference can quantitatively be
understood as a consequence of Bose-Einstein statistics.

Short-range correlations for particles produced
in high-energy inclusive reactions are known to
exist. Various models for multiparticle-produc-
tion processes, e.g. , clustering, ' have been con-
sidered to account for the observed correlations.
These models yield correlations arising from dy-
namical production processes which have a range
of 1-2 units of rapidity and are essentially inde-
pendent of the azimuthal angle between the trans-
verse momenta. Both of these features are ob-
served for correlations involving unlike pions;
when the pion pairs have like charges, however,
a striking narrow correlation (width -0.4 units of
rapidity) for small azimuthal-angle separation is
observed. "' It has been suggested that this nar-
row correlation may be a Bose-Einstein (BE)
symmetry effect, ~ rather than a consequence of
charge-structure dynamics in particle production.
Experimental evidence supporting this explana-
tion has so far been lacking. We present here an
analysis which shows evidence for the presence
of both dynamical and BE symmetry effects for
like charges.

The data presented here are obtained from s P
interactions at 200 GeV/c using the Fermilab 30-
in. bubble-chamber, wide-gap spark-chamber hy-

brid system. Experimental details have been re-
ported elsewhere. ' The data sample consists of- 17000 events of all topologies.

The normalized two-particle correlation func-
tion is given by

R(y y y q q )
-t 2(y»»~+~Q»Q2) ]

Vi(yi, Qi) ai(y2, Q2)

Here p, and p, are the two-particle and single-
particle densities, respectively, y is the center-
of-mass-system rapidity, Q is the magnitude of
the transverse momentum, and the azimuthal an-
gle y is defined by cosy =Q, Q,/Q, q, . We inte-
grate Eq. (1) over y, and consider the resulting

(Rby, y, q„q,), where by =y, -y, . We denote
the correlations for s s (like charges) and for
m m' (unlike charges) as R(- -) and R(-+), re-
spectively.

In Fig. 1, we present R(- —) and R(-+) as a
function of by for various choices of y and Q.
The values of R, summed over all Q, and Q„
are shown for three regions of y (0'-45', 45'-
135, and 135 -180 ) in Figs. 1(a) (like charges)
and l(b) (unlike charges). As noted in Ref. 2,
R(- -) and R(-+) manifest different characteris-
tics in the cp dependence of the rapidity correla-
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FIG. 1. R as a function of Ay. (a) R(--) for all Q,
but three ranges of y; (b) R(-+) for all Q, but three
ranges of y; (c) R(--) for y&45', but for 0&@&=@2
& 0.15 GeV/c; and (d) R(-+) for y&45, but for 0.25
GeV/c & Q&

——
Q2 & 0.5 GeV/c. The ourves correspond to

a Monte Carlo calculation (see text).

tion length. Studying the 0'& y & 45' data for sub-
samples chosen with Q, and Q, small and equal
(0&Q„Q,&0.15 GeV/c, closed circles) and with

Q, and Q, larger and equal (0.25 GeV/c & Q„Q,
& 0.5 GeV/c, open circles), shown in Figs. 1(c)
and 1(d), we observe that the Ay =0 enhancement
in R(- —) is even more pronounced than in Fig.
1(a), and Q dependent. By contrast, the R(-+)
distributions are similar to the distributions of
Fig. 1(b). Correlations for both like and unlike
charges are in excess of the predictions (solid
curves) of a Monte Carlo calculation generating
events which reproduce the multiplicity and sin-
gle-particle momentum distributions. This Monte
Carlo calculation includes no explicit dynamical
correlations, but does exhibit the kinematic con-
sequences of energy-momentum conservation.

In Fig. 2 we present corresponding distributions
for data subsets with Q, g Q, (0&Q, &0.15 GeV/c;
0.5 GeV/c &Q, & 1.0 GeV/c) for the three ranges
of azimuth angle. It is evident that the strong,
short-correlation-length enhancement in R (- —)
at Ay =0 for cp &45 essentially disappears. The
R(- —) distributions for the three ranges of azi-
muth angle are rather similar, when Q, w Q, . The
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FIG. 2. R as a function of Ay for 0&g~& 0.15 Gev/c
and 0.5 GeV/c & @2&1.0 GeV/c but for three ranges of
y: (a,), (b) R(--) and R(-+) for y&45; (c), (d) R(--)
and R(-+) for 45 & p&135", (e), (f) R(--) and R(-+)
for 135'& y& 180'. The curves correspond to a Monte
Carlo calculation (see text).

R, = (0.58+ 0.07) + (2.8 + 1.1)t„, (2)

as is shown as the dashed line in Fig. 3. As pre-

R (-+) distributions similarly show no pronounced
p dependence. Both R(- —) andR(-+) distribu-
tions again indicate correlations in excess of the
predictions (solid curve) of the Monte Carlo cal-
culation reproducing energy-momentum conser-
vation effects.

The enhanced R(- —) correlation is observed
for Ay = 0 (longitudinal momenta are approximate-
ly equal), p small, and Q, and Q, small and equal
(transverse momentum vectors are approximate-
ly parallel and etlual), which corresponds to low
values of the square of the difference in four-mo-
mentum of the particles t» = (p, —p, )'. This sug-
gests that R is a function of t» rather than of the
complete set of inclusive variables. In Table I
we present values' of R (- —) and R (-+) for ~y
= 0, y & 45', for various ranges of Q, and Q, . We
also show the average values of t» for the parti-
cle pair for each Q„Q, region.

The dependence of R on t» is readily apparent
in Fig. 3, where we have plotted the data of Ta-
ble I. A striking increase in R(- —) compared to
R(-+) is seen for small t» values. The data
points for R(-+) can be empirically parametrized
to a linear expression.
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TABLE I. Values of R for —0.2&Qy &0.2 and @-45,
as a function of Q& and Q&. The numbers in parentheses
correspond to the values of -t&2 (GeV ) .

2.0—

(a) Values of R(--)

0. 0 - 0. 15

0. 0 - 0. 15

l. 68 + 0. 10
(0. 005)

0. 15 - 0.25 0. 25 - 0, 5 0. 5 - 1.0

R)0

0. 15 - 0. 25 l. 64 + 0.08

(0. 012)
1.50+ 0.07

(0.013)

0. 25 - 0. 5

0. 5 - l. 0

0. 89 * 0. 10

(0. 045)

0. 71 + 0.07

(0. 089)

l. 15 + 0. 07
(0.032)

0. 88* 0.06

(0.063)

1.05 + 0. 10

(0. 032)

0.95+ 0. 07
(0.070)

0. 74 + 0. 10
(0.085)

0
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(b) Values of 8(-+)

0. 0 - 0. 15 0. 15 - 0. 25 0. 25 - 0. 5 0. 5 - 1.0

FIG. 3. R for Dy = 0 and y &45 as a function of t~2.
The curves correspond to best fits (see text).

0. 0 - 0. 15

0. 15 - 0. 25

0. 25 - 0. 5

0. 65 + 0. 10

(0. 006)

0. 54+ 0. 10

(0.013)

0. 2S + 0. 10

(0.046)

0. 53 + 0.08

(0.021)

0. 54+ 0.07
(0.017)

0. 39 *0.07

{0.036)

0. 38 + 0. 10

(0.044)

0. 54+ 0. 10

(0.034)

0. 39 + 0. 10

{0.046)

0. 36 + 0. 10

(0.090)

0. 35 + 0. 10

(0. 067)

0. 32 + 0. 10

(0.083)

0. 5 - 1.0 0. 28 + 0. 10

(0. 088)
0. 40+ 0.08

(0.066)
0. 31 + 0. 10

(0.082)
0.29 + 0. 10

(0. 127)

viou'sly noted, the R(-+) correlations are much
larger than what would be expected from energy-
momentum conservation. R, can thus be expect-
ed to represent a correlation of predominantly
dynamical nature.

To explain the particular dependence of R(- —)
on t», the influence of Bose-Einstein statistics
on the two-particle correlation must be taken in-
to account. ' This effect has been theoretically
formulated by Goldhaber, Goldhaber, Lee, and
Pais (GGLP). ' The relativistic form of such a
correlation is given by

E&E = 1+R~z = 1+exp[(p/2. 15')'t»]

[see Eqs. (14a), (14b) of Ref. 7] which depends
solely on t». The parameter p describes the
range of the BE correlation in units of pion Comp-
ton wa. velength (1.41 fm). If the experimentally
observed like-particle enhancement E (——)—= 1
+R(- —) is the resultant of the BE enhancement,
E~E, and of the dynamical enhancement E,-=1
+R~, then E(- —) may be expressed as' E(- —)
=EBFE,. In terms of R, we then have,

R (- - ) =R B E (1+R, ) +R, .

Using R, as given by Eq. (2), we can reproduce

the t» dependence of R(- —) by parametrizing
RgE as

R ~z
= 0.80 a 0.10 exp[(11.2 a 2.4) t»] . (5)
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The solid line in Fig. 3 shows R(- —) calculated
from these fits. Comparing Eq. (5) with Eq. (3),
we obtain p = 1.00+ 0.25. The R, dynamical corre-
lation need not be the same for (- —) and (- + ).
Allowing R, in Eq. (2) to vary within 2 standard
deviations and fitting R(- —) we find p =1.00
+ 0.45. This value of p is consistent with that
obtained for the BE effect (GGLP effect) for pions
produced in pp annihilation and other reactions. '

In summary, we conclude that for the two-par-
ticle system, the Bose-Einstein symmetry effect
leads to an additional enhancement, over and
above dynamical correlations, for like charges
with small t». This effect depends solely on t»
and is quantitatively consistent with the GGLP
formulation.
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76. Goldhaber, S. Goldhaber, W. Lee, and A. Pais,
Phys. Hev. 120, 300 (1960).

Sjn this formulation, E, = 1 and E(- -) =Eg~ if there
is no dynamical enhancement. E(--)=EPEE, if the cor-
relations due to BE statistics and production dynamics
occur incoherently. Note that for unlike particles, Eqp
=1 and hence E(-+) =E~, the dynamical enhancement
observed.

~In their original study of angular correlations of like
particles in' annihilation, GGLP tRei. '|'l found that
the maximum effect of BE correlation occurs for val-
ues of p between 0.5 and 0.75. Similar estimates have
also been made for lower energy m. P reactions: P. L.
Bereyni et a/. , Nucl. Phys. 837, 621 (1972).

178


