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Abstract

Correlations of positive pions and protons measured with the Plastic Ball de-
tector in ultrarelativistic nucleus-nucleus collisions are studied. Source param-
eters are extracted for various projectile-target combinations. While the proton
source can be explained by geometry, the pion source shows more subtle effects,
which may be related to a very large source component.

1 Introduction

Correlations of identical particles allow a study of the emitting source in high energy
collisions. Two-proton correlations exhibit a characteristic peak structure related to
the 2He-resonance. Two-pion correlations show an enhancement in the production
for small relative momenta — known as Bose-Einstein correlations, the Hanbury-
Brown - Twiss effect (HBT) [1] or the Goldhaber - Goldhaber - Lee - Pais effect
(GGLP) [2]. Both these effects yield information on the space-time properties of
the particle production.

In two-proton correlations one has to deal with effects of both strong and
Coulomb final state interaction and Fermi-Dirac statistics. The most useful feature
of these is the resonant behavior of the attractive mutual strong interaction. The
more proton pairs are produced within the range of the interaction, the stronger
is the resonance. As a consequence, the strength of the two-proton correlation
increases for decreasing source size. For a realistic theoretical correlation function



protons pions
identification AE - E AFE — E & wt-decay
resolution og ~ 30 MeV ~ 10 MeV
rapidity yiab -0.6 - 0.6 -1-1
transv. mom. pr | 100 MeV/c — 700 MeV/c | 40 MeV/c — 200 MeV /c
misidentification 5% - 13% < 5%

Table 1: Particle identification and acceptance of the Plastic Ball detector

one has to calculate the relative wave function including all the above-mentioned
effects [3]. In our analysis of two-proton correlations we have used a Monte-Carlo
program [4], which evaluates these wave functions and where detector acceptance
and resolution was incorporated.

A simple theoretical picture of multi-pion production yields the following
prediction for the two-particle correlation function [5]:

. <n>? d®N/dp3dp3
~ <n(n—-1)> dN/dp?-d>N/dp3

where n is the pion multiplicity and d®*N/dp? and d®N/dp3dp3 are the one-pion and
two-pion inclusive yields. 5 is the Fourier transform of the distribution of emitters;
the most commonly chosen analytic expressions for j contain a suitable correlation
length R. While this parameter seems to measure dynamical properties of the
produced strings in ete~ collisions [6, 7], it can provide geometrical information in
medium energy heavy ion collisions (Ej» < 2AGeV) [8, 9, 10, 11, 12].

The parameter ), a correlation strength, was introduced for technical reasons
[13]; it is expected to be = 1 for a completely chaotic source. Theoretically a value
of A < 1 can be ascribed to a certain amount of coherent production of pions [14],
but in the experiment many different effects may reduce the measured value of A.

Ca =1+ X |p(p} = p5)I%, (1)

The interpretation of pion interferometry measurements is however still not
straightforward:

e The question of the relevant variables is not solved. There is in general no
common rest frame for all particle pairs. In addition, the choice of the six
fundamental degrees of freedom from the two four-momenta is not a priori
defined. This is especially difficult, if one considers dynamic (expanding)
sources.

e The meaning of the correlation strength parameter is unclear. It is however
obvious [15] that one cannot ignore unexplained variations of its values.

o The extracted source sizes are effective values. The production through reso-
nances, the evolution of the source and the mechanism of freeze-out are folded
into these parameters.
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Fig. 1: Proton-proton correlation as a function of the invariant rela-
tive momentum Q for 10-induced reactions on Au and C targets at
200 AGeV. The circles show experimental data and the curves show the
calculations. The width of the shaded area represents the statistical un-
certainty of the numerical calculation.

But while absolute values extracted by interferometry analysis should be
treated with caution, a comparison of different data sets may be most useful to
learn both about the method itself and the dynamics of high energy collisions.

Experiments with ultrarelativistic nuclei have revealed the importance of
rescattering of produced particles in the target spectator matter [16, 17]. Hints for
pion absorption in the target nucleus are observed [18]. 1t is therefore of interest to
study the target fragmentation region also by interferometric methods.

Data presented here have been taken in the WA80 experiment [19] at the
CERN SPS with 200 AGeV proton, oxygen and sulfur beams. Protons and positive
pions have been identified using the Plastic Ball detector [20]. A technical summary
on the particle identification is given in table 1.

2 Proton correlations

Figure 1 shows experimental two-proton correlations as a function of
Q = \/—(p* — p4)? together with fitted calculations for oxygen-induced reactions
on Au and C targets. In the calculations Gaussian source distributions have been
used. As expected, the most prominent feature is the increase of the resonance
enhancement for smaller targets. This is well reproduced by the calculation, which
establishes the fact, that the proton source is obviously smaller for smaller targets.
Proton-induced reactions exhibit a similar behavior. To allow a more quantitative
interpretation one can investigate the target mass dependence of the source radii.
Figure 2 shows the radii extracted from pp correlations as a function of the cubic
root of the target mass.
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Fig. 2: Gaussian radius parameters extracted from two-proton correla-

tions as a function of Ai‘.{fget. The shaded band corresponds to Gaussian

target radii parameterized as A:ﬁget‘

It can be clearly seen that the radii follow very closely a dependence of

A3 The proton source seems to coincide with the target nucleus; the whole

target-
target nucleus is involved in rescattering processes.
The radii are slightly larger for oxygen-induced reactions than for proton-

induced ones — both are however compatible with a geometric explanation.

3 Pion correlations

First results from pion interferometry analysis in the target region for **O-induced
reactions have been published [21], where details of the analysis procedure are given.
In the present paper the analysis is extended to other projectiles. In addition, a
pair efficiency correction is introduced, which allows to measure pairs of smaller
relative momentum than compared to [21]. This efficiency results from cross-talk via
scattering of the decay-positrons into neighboring modules and has been determined
from the data. Details of this efficiency correction will be given in a forthcoming

publication.
The pion correlations discussed in this paper have been analyzed as a func-
tion of Qr = |pr1 — pre| and QL = |pr1 — pr2| simultaneously. Figure 3 shows

as an example projections of the two-pion correlation function on Q7 and @ for

200 AGeV 32S 4+ Al. The data have been corrected for the Coulomb interaction

with the standard Gamow factor [5] and with the additional efficiency correction.
Included in figure 3 are fits of a Gaussian parameterization:

Cx(@r Qu) =1+ - oxp (-4 LT &)

which describes the data rather well.
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Fig. 3: Two-pion correlations as a function of Q7 and @ for 200 AGeV
325 4+ Al a) projected onto Qr for Q7 < 50 MeV/c a) projected onto
Qr for Qr < 50 MeV/c. The dashed lines show Gaussian fits to the

correlation function.

We have also looked at the target dependence of the extracted parameters.
In figure 4 one can see Rr, Ry and A as a function of A:ﬁget for proton-, oxygen-
and sulfur-induced reactions on various targets. Most astonishingly, the extracted
radii do not follow the geometric expectation, but are more or less independently
measured as ~ 4fm for all systems. These values are much higher than expected
for the light targets (esp. C).

People have expected an increase of transverse radii from expansion prior to
freeze-out for phase-space regions of high particle density, i.e. at mid-rapidity. One
would however not expect such a behavior for a system like p + C in the target
region. At the same time, the radii for the Au target are not larger than the target
nucleus, although the particle density is much higher in this case.

Another hint for the interpretation of these fits can be obtained from the
values of A. While ) is close to 1 for the C target, the values are much smaller for
the heavier targets. As has been emphasized [15], one should not naively compare
radii in such cases, because the parameters R and A are not independent.

A closer look at correlation functions for the Au target, where high statistics
are available, yields further information. Figure 5 shows projections of two-pion
correlation functions on Qr and @ in ?*S + Au reactions. For these projections
very small bins in the orthogonal variable (10 MeV/c) have been used. One can
clearly see that the Gaussian fits do not describe the data. The function completely
misses the first data points. An exponential fit is slightly better (dotted line), but
the best fit is provided by using a sum of two Gaussians as the source distribution
- a second larger component is needed to account for the steep rise at small relative
momentum. This easily explains, why the single Gaussian fits are meaningless at
least for the Au target.
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Fig. 4: Gaussian parameters RT, Ry and A extracted from two-pion

correlations as a function of A:ﬁget. The shaded band corresponds to

. .. . 1/3
Gaussian target radii parameterized as Au{rget.

In figure 6 the systematic variation of the relative contributions A; ; and the
radii of the two components are displayed for reactions of p, !0 and 3?S + Au.
While the relative contributions are independent of the projectile mass, the radii
increase with increasing A,.,;. The radius of the smaller component is on the or-
der of the projectile size, the second component however is much larger, reaching
values of more than 15 fm. This two-component fit is however primarily a prag-
matic approach. It has to be investigated, whether the shape is truly related to a
two-component physical mechanism. In addition, a more realistic treatment of the
Coulomb interaction may change the correlation function at very small relative mo-
mentum. This has to be studied, before one can draw conclusions on the production
mechanism of the pions.
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Fig. 5: Two-pion correlations as a function of Q7 and Q1 for 200 AGeV
32§ 4+ Au a) projected onto @ for Qr < 10 MeV/c a) projected onto
Qr for Qr < 10 MeV/c. The dashed lines show Gaussian, the dotted
lines exponential and the solid line double-Gaussian fits to the correlation
function.

4 Summary

Correlations of soft pions and protons have been investigated in nucleus nucleus
reactions in the target region. The extracted source parameters yield the following

picture:
e The proton source seems to be identical to the target nucleus.
e The effective pion source is larger than the target nucleus for light targets.

e The correlation functions for the Au target cannot be described by single
Gaussians. They indicate a very large second component of the pion source.
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