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Abstract

A detailed analysis of pair correlations of positive pions in the target
rapidity region is presented. Data on 200 A GeV nuclear collisions
were measured with the Plastic Ball in the WA80 experiment at the
CERN SPS. The correlation functions are compared with analytical
functions and with simulations incorporating Bose-Einstein symmet-
rization, final-state interactions and detector resolution. Source radii
are shown to increase with increasing target size and with centrality.
For central collisions the radii are larger than the geometrical sizes of
the involved nuclei.

1 Introduction

Pion interferometry has become a widespread tool in high energy nuclear
and particle physics. It allows a study of the space-time properties of the
particle emitting source via the enhancement in the production of identical
pions with similar momentum [1]. The underlying effects are also known as
Bose-Einstein Correlations, the Hanbury-Brown - Twiss effect (HBT) [2] or
the Goldhaber - Goldhaber - Lee - Pais effect (GGLP) [3].



A simple theoretical picture of multi-particle production yields the follo-
wing prediction for the two-particle correlation function [1]:

<n>*  d°N/dpidp;
<n(n—1)> &N/dp}-d*N/dp;

where n is the pion multiplicity and d®N/dp? and d®N/dp3dp; are the one-
pion and two-pion inclusive yields. p is the Fourier transform of the dist-
ribution of emitters; the most commonly chosen analytic expressions for p
contain a suitable correlation length R.

The parameter A, a correlation strength, was introduced for technical
reasons [4]; it is expected to be = 1 for a completely chaotic source. Theo-
retically a value of A < 1 can be ascribed to a certain amount of coherent
production of pions [5], but in the experiment many different effects may
reduce the measured value of A [6, 7].

Cy = =1+ X-[ppf —p)I*, (1)

Experiments with ultrarelativistic nuclei have revealed the importance of
rescattering of produced particles in the target spectator matter (8, 9}. Hints
for pion absorption in the target nucleus are observed [10]. It is therefore
of interest to study the target fragmentation region also by interferometric
methods. First WAS0 results from pion interferometry analysis in the target
region for ¥0-induced reactions have been published previously [11]. In the
present paper the analysis will be extended to other projectiles - reactions of
200 AGeV p, 180 and %S with various targets will be studied. In addition,
a pair efficiency correction is introduced, which allows to measure pairs of
smaller relative momentum than compared to [11]. This efficiency results
from cross-talk via scattering of the decay-positrons into neighboring mo-
dules and has been determined from the data. First results of fits using this
efficiency correction have been presented earlier [12, 13].

2 Data Analysis

Data presented here have been taken in the WA80 experiment [15] at the
CERN SPS. 10- and ®?S-induced reactions were selected for centrality by
requiring less than 30 % of the total beam energy to be measured in the
Zero-Degree Calorimeter [16]. For °0 + Au collisions also samples of other
centralities have been analyzed. An additional bias is introduced for all data
sets by requiring at least one positive pion pair to be detected in the Plastic
Ball. This cut also favors central reactions.

Positive pions have been measured using the Plastic Ball detector [14].
A technical summary on the particle identification is given in table 1. Pions
were identified both with the AE — E-signals and with the delayed signals
from the sequential decay to muons and eventually positrons. Details of the
analysis procedure can be found in [11].
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detector technique phoswich (CaFs, plastic)

no. of modules 655

identification AE — E & decay (7% = ptv, = etven,v,)
resolution og ~ 10 MeV

rapidity yias -1-1

transv. mom. pr 40 MeV/c - 200 MeV/c
misidentification ~ 5%

Table 1: Pion identification and acceptance of the Plastic Ball detector [14].

Uncorrelated pair distributions were created using the so-called event-
mixing technique. Only events with the same pion multiplicity in the Plastic
Ball were combined to form mixed pairs. It has been shown in several publi-
cations [7, 17] that distortions of single particle spectra (like e.g. those arising
from the Bose-Einstein statistics itself) may naturally lead to distortions in
experimentally extracted correlation functions. While it was recommended
in [17] to use unsymmetrized pair distributions instead of the product of
singles rates, the extraction of such distributions from experimental data is
not straightforward. As was emphasized in [7] the singles distributions should
be the same for positive and negative pions, so the same arguments apply
to both the event-mixing technique and the use of unlike-charged pion pairs
for the background distribution. However the calculations in [17] were per-
formed for conditions similar to e*e~-collisions, while the estimates obtained
in [7] show that the distortion effects may not be very severe for the source
sizes expected in heavy ion reactions. We will therefore not perform any
correction for these effects. This seems to be a good approximation, because
there are no residual effects visible in the correlation functions investigated
here - e.g. the correlation functions are perfectly flat outside the region of
the enhancement.

It was already realized in previous analyses [11] that the positron signal
used for the pion identification may lead to problems. Not all decay-positrons
are stopped in one detector module. Some may scatter out into a neighboring
module causing a fake time signal. If the energy signals in this module
accidentally satisfy the cuts used for pion identification, which can arise
e.g. from a negative pion, this cross-talk would simulate a positive pion.
However, for all these fake pions there exists a module close by, which shows
a coincident time signal. By requiring that no pairs are used where the two
timing signals are closer than 60 ns all fake pairs could be eliminated.

However, if such a scattering masks a true pair of positive pions, this will
also be rejected. This procedure therefore introduces a pair efficiency, which
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Figure 1: Scattering probability of a positron from a pion decay as a function
of the opening angle of the pair of detector modules. The shaded area shows
the systematic uncertainty of this probability. The “kinks” in the line are
due to the granular structure of the detector.

depends on the relative distance of the detector modules and implicitly on the
measured relative momentum. Such an efficiency would lower the correlation
function at small relative momenta.

In [11] it was stated that the cross-talk effects are negligible for pair ope-
ning angle ¢ > 25°. Therefore, in the analysis only pairs with larger opening
angles were used. While this solves the efficiency problem, it reduces signifi-
cantly the statistics in the interesting region of small relative momentum.

In the present paper a different approach was used. The probability of a
positron faking a time signal was extracted from the data - it can be taken as
the number of coincident time signals for a given opening angle normalized to
the detector phasespace. Figure 1 shows the extracted scattering probability
as a function of the opening angle. From this the pair efficiency, i.e. the ratio
of correctly identified positive pion pairs to the true pairs, was calculated.
It is observed that the efficiency is only a function of this one variable and
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does not depend on global observables like e.g. the particle multiplicity. It is
a detector property, which doesn’t seem to be influenced by the hit density.
Variations in the extracted values for different data samples are found, but
no systematic effect for the dependence on multiplicity, target, projectile or
the angle § was seen. These variations are included in the systematic error
of the efficiency.

The consequences of the different analysis procedure can be seen by
comparing correlation functions obtained with the two different methods.
Figure 2 shows an example of such a comparison for the reaction of 180 + Au.
The two functions are indistinguishable beyond values of @ = 50 MeV . For
the data with the opening angle cut the statistics is very limited for smaller
values of Q. Here one can only say that the data points agree within errors.
One should however keep in mind that the shape of the selected region in
relative phase space is different depending on whether the angular cut is used
or not.

In the present analysis the extreme values of the scattering probability
(see figure 1) are used to obtain an estimate of the systematic error due to
the efficiency correction.

The Gamow-corrected correlation functions have been fitted with a maxi-
mum likelihood method [11] using Gaussian, exponential and double-Gaussian
parameterizations as functions of the invariant relative momentum

Q= \/(Pfl) - Pé))(lﬂ(l)u — P@)u)

and the longitudinal and transverse components of the relative momentum.
This approach is simple, but has the following disadvantages :

1. The strong interaction is ignored.

2. The Coulomb interaction is treated in a local, non-relativistic approxi-
mation.

3. The detector resolution is not taken into account.

While the strong interaction may be negligible for heavy ion collisions, it
is known that the Coulomb effects deviate from the Gamow approximation
for larger source sizes. Also the detector resolution of the Plastic Ball may
significantly influence the correlation functions.

In addition to these standard fits the pion correlations have therefore been
analyzed by comparing to results of a Monte-Carlo program [18]. This pro-
gram uses a given phase space distribution of pions to sample the two particle
wave functions with symmetrization, Coulomb interaction and s-wave strong
interaction phase shifts. Detector acceptance and resolution have been in-
corporated. The phasespace distributions were created randomly according
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Figure 2: Correlation functions for reactions of 200 AGeV *0O + Au obtai-
ned with the opening angle cut as in [11] (open symbols) and the efficiency
correction used in the present paper (filled symbols). It can be seen that
the two functions are compatible in the region of overlap. However only the
efficiency corrected correlation functions allow to measure down to low values
of the relative momentum Q. The filled symbols are slightly displaced for
clarity.

to measured pion spectra and various parameterizations for the source dist-
ribution.

Both these approaches rely on the assumption of a static source. We have
not studied a dynamical source because of principle and pragmatic reasons:

o The investigation of the dynamics of the source relies on model as-
sumptions about the correlations between space-time and momentum
space.

e Current event generators, which claim to describe also the target re-
gion at least qualitatively, require very much computing time to deliver
results for a reasonable comparison.
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The static source assumption yields effective radii. These require some cau-
tion when being interpreted, but this is true for all other approaches, too. It
should however be kept in mind, that in the static picture most (if not all) dy-
namical models would predict effective sources smaller than the geometrical
sizes 19, 20, 21].

3 Results

3.1 Standard fits

One-dimensional correlation functions, which are corrected for the Coulomb
interaction by the so-called Gamow factor, are displayed in figures 3 and
4. Here data are analyzed as a function of @ = \ﬂpz‘l) - pt‘z))(p(l)“ — D(2)u)-

Also shown are Gaussian (2) and exponential (3) parameterizations; for the
reactions with the gold target also two-component Gaussians (4) are included.

Co(@) =1+ Aexp (-—Q;R2> (2)
C3(Q) = 1+ Aexp (—QR) | (3)
C(@Q)=1+ {)\1 exp (—Qf%) + A exp (——Q4R2)] (4)

All functions exhibit the typical Bose-Einstein enhancement for small
values of Q. One can see immediately that the Gaussian does not provide
a good fit. The exponential gives a much better description of the data -
this is confirmed by the log-likelihood values.! For p, 0 and *?S + Au the
double-Gaussian is still better.

The extracted radius values for the Gaussians are in the range of 4-5 fm;
the radius parameters for the exponentials are generally larger. Also the
correlation strength ) is slightly higher for the exponentials. The parameter
values are listed in table 2.

In [11] a clear, but counterintuitive observation was made: the source radii
seemed to decrease with increasing target size. A simultaneous decrease in
) was seen, too. It was already suspected in [11], that this effect was due
to a subtle interplay between the measurement of correlations at the limit
of the resolution of the detector and the special choice of a fitting function.
The simultaneous decrease of both fit parameters may be explained by the
following scenarios:

IThe log-likelihood was normalized in such a way, that their numerical values should
correspond closely to those expected for a x? function.
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Figure 3: Correlation as a function of @ for reactions of 200 AGeV 'O
on various targets (C, Cu, Ag, Au). The experimental data (circles) are
efficiency- and Gamow-corrected. As a comparison the best fits of Gaussian
(dashed line) and exponential (dotted line) parameterizations are included.
The solid line shows a double-Gaussian for 0 + Au. The error bars are
statistical only.
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Figure 4: Correlation as a function of @ for reactions of 200 AGeV 3258 with
Al and Au and 200 AGeV protons with C and Au. The experimental data
(circles) are efficiency- and Gamow-corrected. As a comparison the best fits
of Gaussian (dashed line) and exponential (dotted line) parameterizations
are included. The solid lines show double-Gaussians for p and 25 + Au.
The error bars are statistical only.




The pion emitting source for different systems may change in such a way
that a larger fraction of it is effectively hidden at small Q. (This is e.g.
the case for pions decaying from long-lived resonances.) In [11] it was shown
that a two-component source could simulate the observed effect, if the smaller
source stayed the same while the larger one increased for larger targets.

In the present analysis the behavior of the radius parameters has changed.
Especially for the larger targets the radius values have increased compared
to [11], so that the target dependence is not very striking. This is obviously
caused by the better sensitivity of the present analysis at low relative mo-
mentum. Still the correlation strength decreases for increasing target mass,
which indicates that one still misses part of the correlation function. In ad-
dition, for those cases, where statistics allows it, the double-Gaussian yields
the best fit.

The results of the two-dimensional fits (Qr, @) are summarized in
table 3. In all cases the transverse and longitudinal radii extracted are very
similar and slightly smaller than those extracted from the one-dimensional
fits. Again the exponentials work better than the single-Gaussians, and the
double-Gaussians provide the best fits.

3.2 Simulation fits

We have seen that, in addition to the caveats already listed in section 2, the
fits do not provide a description of the data, which can be easily interpre-
ted. Especially the variation of the strength parameter A leaves room for
speculation and casts doubt on the validity of the radius parameters.

If the observed behavior of the fit parameters is in fact related to a very
large source component, this would make the estimate of actual source radii
unreliable and would call for a more thorough treatment, especially of the
Coulomb interaction and the detector resolution. We have therefore followed
another approach, where the pion pairs are simulated according to realistic,
observed distributions. The granularity of the Plastic Ball detector, which
is to a large extent responsible for the limited resolution, was incorporated
as well as the energy resolution. The background of other particles among
the pion sample (= 5%) and the two-particle efficiency due to the cross-talk
discussed above were taken into account.

The wave function of the pion pairs was calculated with a code, which
uses the full Coulomb and strong interaction [18]. It should therefore account
for deviations of the Coulomb correction due to source size effects.

The evaluation of the correlation function with this Monte Carlo simu-
lation requires much greater computing time than using a simple analytical
formula. It is therefore excluded to perform a general fit with standard fitting
algorithms, especially for more than one free parameter. We have chosen to
analyze the data only as a function of Q. A set of correlation functions for a
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range of source sizes was calculated, where symmetrical Gaussian:

F(rs) o exp (——)

and Lorentzian source shapes:

1
) = TRy

were employed (r; = z,y, z,t). For technical reasons the Lorentzian source
distributions were truncated at r; = £10R. This gives integrable distribu-
tions and allows to obtain RMS-values of the radii for comparison. While
the value of the RMS depends on the actual cutoff used, this is not so impor-
tant for our purpose - the truncated Lorentzian should just be taken as one
example of a distribution with a long tail. The time and the three space com-
ponents were taken to be equivalent in the source distribution. The strength
of the correlation was set to one. This leaves us with only one free parameter
(a radius) for each calculation.

The simulated correlation functions were compared to the experimental
functions and x2-values were obtained. The optimum parameter was estima-
ted using a quadratic interpolation of the x? around the minimum.

The radius parameters (as well as the RMS-radii) are given in table 4.
A comparison of these simulated correlation functions with the experimental
data is shown in figures 5 and 6. In contrast to the previous figures the
experimental functions are not Gamow-corrected in these plots, since the
calculations include the Coulomb interaction.

Both from the figures and the table one can see that in most cases the
Lorentzian source results in a better description of the data. This is not sur-
prising in view of the results of the standard fits, because a Lorentzian source
corresponds to an exponential shape for the standard fit. The Lorentzian al-
ways yields slightly larger RMS-radii because of its long tail towards large
distances.

The x2-values for these simulations are comparable to those obtained for
the fits. The extracted radius values are however significantly larger in most
cases. This is related to the fact that our simulations have been performed
assuming a correlation strength A = 1. The extracted radii are closer in cases
where the A-value of the standard fit is close to one. For those systems, where
a very small value of ) is reported from the standard fits, the radius from the
simulation is much larger. The large source in the simulation accounts partly
for a component of the source, which would not be identifiable through the
fit and would only reduce the apparent strength, as observed.
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The results of the simulation can be regarded as compatible with those
of the fits, however, both from the more thorough treatment of the Coulomb
interaction and detector resolution and the consistency of the results we have
more confidence in the simulation.

The target dependence follows an expected trend: The radii increase with
increasing target size. For the largest targets the RMS-radii reach values
larger than 10 fm.

For the system 200 AGeV 0 + Au the centrality dependence of the
correlations was studied in addition. The centrality was estimated from
the forward going energy, which was then used to calculate the number of
participants. Five different centrality classes were used. The results are
summarized in table 5. It can be seen that the radii increase with increasing
centrality.

3.3 The correlation strength

The assumption that the correlation strength A = 1 seems to be well jus-
tified because, especially in the target region, pion pairs should dominantly
come from two different binary collisions. For coherence to occur one would
therefore need to invoke exotic phenomena like e.g. a condensate.

In addition, detection efficiencies have been included in this analysis.
There is however at least one other mechanism, which should reduce the
apparent strength: the contribution from the decay of long-lived resonances.
These simulate a very large source, which is related to the resonance lifetime
and is not resolvable in this analysis. A source much larger than 20 fm is
indistinguishable from a reduced correlation strength.

As the effort to fit simultaneously both radius and strength is very de-
manding, we have used only one system (200 AGeV %0 + Au) to estimate
the influence of the strength parameter. We have obtained optimal radius
values for A = 0.25, 0.5, 0.75, 1. The values are given in table 6.

There is a clear correlation between A and R, a relation that is also
known for fits of analytical functions ([6]). The best fits are obtained with
the Lorentzian source for values of A of 0.5 or 0.75. The RMS-radius is still
~ 10 fm.

While these calculations provide the best x? for this system, it is highly
probable that another shape of the source distribution may yield a similar
description assuming A = 1, as in fact a source shape with a very large
component would be experimentally equivalent to the assumption of a smaller
value of A. As one can see from figure 7, where the different simulations for
a Lorentzian are compared to the data, none of these correlation functions
describes the data perfectly. While the simulation with a small A does not fit
in the region of small Q, it provides a good description at @ =~ 100 MeV. The
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calculation for A = 1 works better for small @, but has a small discrepancy
at more intermediate Q, which is however important because of the small
statistical error of the data in this region.

The question, whether a smaller value of A should be used, can not be
decided in this analysis. We must note however that the effect of a smaller
A-parameter might lead to a &2 20% reduction in the radii. We would expect

this effect to be smaller for the other systems, as the A-parameter from the
fits is smallest for (200 AGeV %0 + Au).

1 | 1 1 i 1 | l 1 1 1 l b . | l 1 1 I l 1 1 1 l | L L I 1

0 20 40 60 80 100 120 140
Q (MeV)

Figure 7: Correlation function for 200 AGeV %0 4 Au with simulations as-
sumning different values of the correlation strength. The solid line shows
X = 1, the dashed line A = 0.75, the dotted line A = 0.5 and the dash-dotted
line A = 0.25.

The comparatively large x?-values of even the best fits shown here in-
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dicate that the optimal description of the data has not been found. This
will not be attempted, as the freedom to choose a specific distribution is
very large and the effects of small changes in the shape on the effective radii
should not be very important.
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Figure 8: RMS-radii extracted from simulations using a Lorentzian source
shape as a function of the target mass. The lines show fits of a power law
for the three different projectiles.
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4 Discussion

The target dependence of the extracted radii® is displayed in figure 8. While
there is a clear increase of the radii with target mass for **0- and *?S-induced
reactions, there is no such dependence for p-induced collisions. In figure 8
a power law R o« A* was fitted to the target dependence. The p-induced
reactions yield a = —0.03 + 0.04. For 200 AGeV '®0 + A and ®*S + A one
obtains a = 0.08 £+ 0.03 and a = 0.20 + 0.03, respectively.

E |
212 b 0 °0 + Au ‘
o -
10 -
8__
6 ®
4_
i ®
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10 15 20 25 30 35 40 45 50 55 60
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Figure 9: RMS-radii extracted from simulations using a Lorentzian source
shape as a function of the average number of participants for reactions of

200 AGeV %0 + Au. The lines show a fit of a power law.

2 the following we will use the Lorentzian source with A = 1 unless stated differently.
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A simultaneous fit to **0- and 3?S-data yields o = 0.1440.02. The target
dependence appears to be relatively weak compared to e.g. the geometrical
target radius.

Both from the weak target dependence® and the discrepancy between the
absolute values and the geometrical size of the target nuclei one can conclude
that the target size plays only a minor role in determining the pion source
size. This has to be compared to the WA80 analysis in [22], where it was
found that the source of protons in the target region is very closely related
to the size of the target nucleus. Obviously the mechanisms involved in pion
and proton emission in the target region are different.

The centrality dependence for 200 AGeV '*O + Au is shown in figure 9.
One observes a significant increase of the radii with increasing number of
participants - a fit results in a power @ = 0.99 + 0.07. This can not be
understood purely from the geometry of the interaction region (fireball),
because one would expect a ~ 1/3, but shows a more prominent dependence
on the “violence” of the collision. Peripheral *0 + Au collisions seem to
have a similar source size to p + A collisions, while for central heavy ion
reactions the source size is considerably larger.

For the simulations we have assumed that the source is at rest in the
laboratory (=target) frame, which seems to be reasonable for measurements
in the target fragmentation region. If the source itself, or part of it, is mo-
ving in the laboratory frame, the interpretation is more complicated. In the
appendix a simple estimate on the possible effects of Lorentz transformation
is given - it is shown that effective radii might be enlarged by as much as
a factor 3.6. This would however contradict the indication from the stan-
dard fits for a source, which is spherically symmetric in the lab. This would
correspond to a rather moderate correction. Also the centrality dependence
would not be explained: It is unlikely that the transformation effects enter
only for central collisions.

In addition, data from the NA35 collaboration on pion interferometry for
similar reactions [23] indicate that pions observed at small rapidities are also
emitted from a source at small y. One can conclude that Lorentz transfor-
mation should only have very little influence on the results shown here.

A direct comparison of these data to NA35 is difficult, because the cor-
responding rapidity regions do not overlap (they measure for yis > 0.5).
A look at their most backward region reveals that the mean values of their
outward and sideward radii obtained from Gaussian fits are similar to the
transverse radii given by the standard Gaussian fits to our data - both are
in the range of 4-5 fm. While this may be reassuring, we have to emphasize
again, that we believe the simulation fits to be more reliable. The Gaussian
radii extracted there e.g. for '*0 4+ Au and 3?S + Au are almost a factor of

3The target dependence would even be weaker, if the effects of A < 1 were included.
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two higher than the standard Gaussian fits.

5 Conclusions

Correlations of positive pions were measured in the target rapidity region for
central reactions of protons, 0 and 3?S with various targets. A new effi-
ciency correction for pion pairs was extracted and applied to the correlation
analysis.

Standard fits with analytical functions have been performed on Gamow-
corrected correlation functions. The parameters extracted from these fits
exhibit the following features:

1. In most cases exponentials provide a better fit to the data than single-
Gaussians.

2. The radius parameters extracted show no significant dependence on
projectile or target. The values are ~ 4 — 5 fm for the Gaussian fits
and ~ 6 — 7 fm for the exponential fits.

3. The apparent correlation strength decreases with increasing target size.

4. A double-Gaussian yields the best fit for the heaviest target. The
second component has radius values of =~ 10 — 15 fm.

5. A two-dimensional analysis shows no directional dependence of the ra-

dii.

It is obvious that the Plastic Ball detector is at its limit for such large
sources. For reliable estimates of the source size it is therefore indispensable
to incorporate the detector resolution, which was done with a Monte-Carlo
simulation. This simulation also takes into account more realistically the
effects of final-state interactions. The results of these simulations are:

1. In most cases the Lorentzian source describes the data much better
than a Gaussian. The extracted radii are larger than the geometrical
size of the nuclei involved.

9. There is a weak increase of the radii with the target size for central
heavy ion reactions. The RMS-radii reach values larger than 10 fm.

3. Radii for 180 + Au reactions show a strong centrality dependence.

4. Proton-induced reactions show source sizes similar to peripheral heavy-
ion reactions.

19



5. Simulations assuming a small correlation strength yield smaller radius
values, which are however still of the order of 10 fm.

The simulations shown here still do not provide an optimum description of
the data. It is beyond the scope of this paper to find the best possible source
distribution for all the various reaction systems, because of the very high
computational effort. However, the approach used is clearly more appropriate
than fitting simple analytical functions to Gamow corrected data.

The analysis has shown that the pion source in the target region is much
larger than the geometrical size of the nuclei. Lorentz-transformation effects
are not very likely to explain these radii. Some of the observed effect may
be related to resonance production of the pions. This would have to be
investigated with a more detailed Monte-Carlo.
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A Appendix

The Lorentz-transformation properties of the source sizes are determined by
the behavior of the measured momenta.* Pions with rapidity y in a frame
with yr have a momentum:

p = mr -sinh(y — yr).
A small variation of the momentum is then:
dp = mr - cosh(y — yr) - dy.

So for pions emitted from a source at ys and observed in a frame at yo
the ratio of (longitudinal) source sizes in the different frames should be:

Ro _ dps _ cosh(y — ys)

Rs dpo cosh(y —yo)

This formula reduces in two limiting cases:

4We will consider only the component of the momentum parallel to a Lorentz boost.
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l. y = ys:
Ro = Rs/ cosh(y — yo) and

2. Yy = Yo:
Ro = Rs - cosh(y — ys).

It can be easily seen that case 1 leads to a contraction, while in case 2 an
elongation is observed.

Let us assume (for comparison to our results) that the source was moving
in the laboratory with yi.p = 2.5. The rapidities of the pions and the observer
are both close to 0. Then the longitudinal component of the radius would
appear Lorentz-elongated in the lab:

RIL“b = R - cosh(yia),

which would correspond to a factor of = 6.
The transverse size would be unaffected, so the average radius would be:

Rizt o = /IR - cosh(yias))® + 2R3

For a source, which is spherically symmetric in the center of mass, this
leads to:

a Ccm 1
Rims = RMs\/§ [2 + COShZ(ylab)]
~ 3.6 . ;{7&/{5'

This is about the maximum effect one would expect from Lorentz transfor-
mation.

However we have information from the two-dimensional fits, that the
source appears to be symmetric in the laboratory system. This would rather
lead to:

Rlab — cm 3
RMS RMS 2 + COSh_2(ylab)
~ 12 ) (1:{?\/!57

a more moderate modification of the radii, which would not account for the
large measured values.
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160

proj.
targ. C | Cu Ag | Au
Gaussian fits
R2vs (fm) | 5.03+0.33 | 4.4740.19 | 4.80+£0.24 | 4.74+0.25
) Gauss 0.79+40.15 | 0.38+0.04 | 0.33£0.04 | 0.32+0.04
Xir/v 67/35 89/36 87/37 470/37
exponential fits
R*P (fm) | 7.2640.52 | 6.314£0.32 | 6.43+0.39 | 6.2140.40
A€xP 1.90+0.45 | 0.86+0.12 | 0.75+0.12 | 0.68+0.09
Xig/v 43/35 69/36 57/37 166/37
double-Gaussian fits
RW (fm) - - - 2.9340.15
A - - - 0.35+0.02
R® (fm) . . - 12.540.9
A2 - - - 0.49+0.06
Xzr/v - - - 89/35
proj. p 328
targ. C | Au Al I Au
Gaussian fits
R%2ss (fm) | 4.604+0.49 | 4.03+0.25 | 4.38+0.22 | 5.39+0.24
\Gauss 0.7140.21 | 0.45+0.08 | 0.44+0.06 | 0.33+0.04
Xir/v 48/35 83/37 58/36 216/37
exponential fits
R (fm) | 7.4240.76 | 4.68+0.33 | 5.63%0.30 | 7.39+0.42
AexP 2.1240.91 | 0.87£0.15 | 0.86+0.11 | 0.78+0.11
X%x/v 42/35 57/37 48/36 T7/37
double-Gaussian fits
RY (fm) - 1.23£0.42 - 4.07+£0.16
A - 0.39+0.08 - 0.4240.02
R® (fm) 8.34+0.73 - 15.5+1.0
A2 - 0.56+0.08 - 0.441+0.07
Xig/v - 39/35 - 51/35

Table 2: Extracted correlation parameters for one-dimensional fits as a func-
tion of Q. Given are results of Gaussian, exponential and double-Gaussian
fits including statistical and systematic errors added in quadrature.
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proj. 160
targ. C [ Cu [ Ag | Au
Gaussian fits
R3™= (fm) | 4.62:£0.46 | 4.20£0.22 | 4.01£0.27 [ 4.34£0.18
RO™# (fm) | 4.1240.71 | 4.26£0.36 | 4.64£0.36 | 4.13+0.22
XGauss | 0.74+0.09 | 0.372£0.03 | 0.31£0.03 | 0.30+0.03
Xir/v | 123471036 | 1390/1234 | 1636/1252 | 2107/1342
exponential fits
R (fm) - 4.90%0.37 | 4.57+0.43 | 5.00£0.27
R (fm) - 4.25+0.44 | 4.48+0.44 | 3.66£0.25
\¥PO - 0.87+0.09 | 0.72£0.09 | 0.66+0.18
gV - 1374/1234 | 1608/1252 | 1890/1342
double-Gaussian fits
RWY (fm) i - - 2.90+0.17
R (fm) - - - 2.3440.22
Q) - - - 0.35+0.02
R (fm) - - - 11.7+£1.3
R (fm) - - - 11.6+1.0
2@ - - - 0.48+0.06
X%zl - - - 1742/1339
proj. p 329
targ. C ] Au Al ] Au
Gaussian fits
RS* (fm) - 3.81+0.37 | 3.84+0.22 | 4.96+0.21
RGs5 (fm) - 3.67£0.41 | 3.78+0.28 | 4.71£0.23
A Gauss - 0.45+0.04 | 0.37+£0.03 | 0.32£0.03
Xiglv - 116971100 | 1428/1194 | 1733/1329
exponential fits
RZ®° (fm) - 3.04+0.47 | 4.51£0.38 | 5.86+0.31
R (fm) - 2.8620.42 | 3.57+£0.35 | 4.45+0.32
\ExPo - 0.88+0.09 | 0.85+0.08 | 0.75+0.09
Xipfv - 1154/1100 | 1415/1194 | 1665/1329
double-Gaussian fits
R (fm) - 1.4440.37 - 3.90+0.15
RYY (fm) i 0.7740.38 - 3.53:0.20
AT - 0.37%0.04 - 0.42%0.02
R¥ (fm) i 7.24+0.76 - 15.2+1.1
RY (fm) i 7.42+0.94 - 15.24+1.3
@ i 0.54+0.06 - 0.4840.07
Xor v - 1128/1097 - 1600/1326

Table 3: Extracted correlation parameters for two-dimensional fits as a func-

tion of Qr and Q. Given are results of Gaussian, exponential and double-

Gaussian fits including statistical and systematic errors added in quadrature.
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proj. 160

targ. C | Cu | Ag | Au

Gaussian sources

RC2uss (fm) | 5.794+0.28 | 6.94+0.25 | 8.5440.52 | 8.0940.23

RFMS (fm) | 7.09+0.34 | 8.514+0.30 | 10.4+0.6 | 9.91+0.28
/v 97/37 108/38 101/39 486/39

Lorentzian sources

RLorentz (fn) [ 2.2640.14 | 2.61£0.10 | 3.11+0.19 | 2.8340.08
R™S (fm) | 9.4740.59 | 10.94+0.4 | 13.0+£0.8 | 11.8+0.3

x*/v 108/37 82/38 79/39 172/39
proj. p 323
targ. C | Au Al | Au

Gaussian sources
RG=s (fm) [ 4.3540.41 | 4.30+0.13 | 6.18+0.16 | 9.3240.31
RFMS (fm) | 5.33+0.50 | 5.2740.15 | 7.57+0.20 | 11.4140.39

X2 /v 43/37 194/39 85/38 212/39

Lorentzian sources

REerenz (fm) | 1.58+0.14 | 1.4440.04 | 2.25+£0.08 | 3.35+0.08

RFMS (fm) | 6.60+0.59 | 6.02+0.17 | 9.41£0.34 | 14.00+0.34
x*/v 42/37 102/39 50/38 143/39

Table 4: Extracted parameters from Monte-Carlo simulations for one-
dimensional correlations as a function of Q. Given are results assuming
Gaussian and Lorentzian source shapes. The errors quoted include both
statistical and systematic added in quadrature.
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[ <Npe> | 163 ] 259 [ 323 [ 391 | 566 |
Gaussian sources
RG2wss (fm) [ 2.22+0.07 | 3.4840.18 | 4.51+0.21 | 4.4940.13 | 8.09+0.23
RS (fm) [ 2.7240.08 | 4.274£0.22 | 5.524+0.25 | 5.50+0.16 | 9.91+0.28
x:[v 90/39 120/39 182/39 287/39 486/39
Lorentzian sources
RLorentz”(f) 10.77£0.03 | 1.14+0.06 | 1.45+0.07 | 1.45+0.08 | 2.83+0.08
REMS (fm) | 3.21£0.11 | 4.77£0.23 | 6.07+0.30 | 6.06+0.17 | 11.84+0.3
X2 /v 41/39 69/39 122/39 156/39 172739

Table 5: Extracted parameters for one-dimensional correlations as a func-
tion of @ for 180 + Au reactions of different centrality characterized by the
average number of participants < Npg, >, which was estimated from the
forward going energy. Given are results of simulations assuming Gaussian
and Lorentzian source shapes. The errors quoted include both statistical and
systematic added in quadrature.

[ A 0.25 0.5 ‘ 0.75 1 I
Gaussian sources
RYauss (fm) | 4.27+£0.08 | 5.77+0.13 | 7.02+£0.23 | 8.09+0.23
REMS (fm) | 5.23+0.10 | 7.07+0.16 | 8.6040.28 | 9.91+0.28
x2/v 204/39 219/39 358/39 486/39
Lorentzian sources
Rlerentz (fm) | 1.534+0.03 | 2.08+0.05 | 2.4940.07 | 2.83+0.08
RPMS (fm) [ 6.3940.13 | 8.68+0.21 | 10.4+0.3 | 11.840.3
x:/v 245/39 121/39 126/39 172/39

Table 6: Extracted parameters for one-dimensional correlations as a func-
tion of Q for different assumptions on the correlation strength A (see text).
Given are results of simulations assuming Gaussian and Lorentzian source
shapes. The errors quoted include both statistical and systematic added in
quadrature.
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