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Abstract

7t7t and 77~ correlations from 200 GeV per nucleon S + Pb collisions and #tx*
correlations from 450 GeV p + Pb collisions measured by the focusing spectrometer
of CERN experiment NA44 are presented. The large data set which emphasizes small
values of momentum difference allows multi-dimensional analysis along with the more
traditional one-dimensional parameterization to characterize the pion emission source.
It is found that the three radius parameters are similar and large compared to the
projectile radius. This can be explained by pion scattering in the final state hadronic
system.
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1 INTRODUCTION

Two-particle intensity interferometry can provide information on the space-time
extent of the particle-emitting source [1, 2, 3, 4], and shed light on the dynamical evolution
of heavy-ion collisions. In particular, intensity interferometry provides information on the
time span of particle emission, which in the case of a first order phase transition in a QGP
can be long compared to the equivalent spatial extent of the source [5, 10]. Such studies
require good momentum resolution and high statistics, especially at small momentum
differences.

NA44 is optimized for the study of identified single- and two-particle distributions
at mid-rapidity. The spectrometer is a focusing spectrometer, a design which optimizes
the acceptance for pairs of particles with small momentum difference. This allows small
statistical uncertainties in the two-particle correlation function in the region of the sig-
nal from Bose—Finstein correlations. We present the study of three components of the
momentum difference which are sensitive to the space-time character of the collision dy-
namics. Results from the one-dimensional analysis are also presented in order to make
comparisons with other experiments and to observe trends in data sets.

2 THE EXPERIMENTAL SET-UP

The focusing spectrometer of the NA44 experiment has been described in detail
elsewhere [7]. Two dipole magnets and three quadrupoles create a magnified image of the
target in the spectrometer. Only one charge sign can be detected in the spectrometer at a
time. The momentum range selected in this analysis covers a band of £ 20% around the
nominal momentum setting of 4 GeV/c. The beam rate and time-of-flight start signal for
the sulphur beam are determined using a Cherenkov beam counter with time resolution
of approximately 35 ps [8]; for the proton beam a scintillator interaction counter is used.
A silicon pad detector is used to measure the charged-particle multiplicity distribution
with 27 azimuthal acceptance in the pseudorapidity range 1.8 < n < 3.3.

The spectrometer uses three highly segmented scintillator hodoscopes [9] for tracking
and time-of-flight measurements. In this analysis we use the time measured between the
last hodoscope and the start counter for time-of-flight with total resolution ~ 100 ps.
Together with the two gas Cherenkov counters this provides good particle identification.

3 DATA ANALYSIS

Two spectrometer settings are needed to optimize the acceptance and resolution.
The ‘horizontal’ spectrometer setting optimizes the acceptance in p, and p., while the
‘vertical” setting optimizes the acceptance in p, and p., where z is along the incident
beam. The pair statistics for various data sets are listed in Table 1.

Data Horizontal | Vertical
S+Pb—-rtat+ X 114,000 87,000
S+Pb—-=7nr7"+X 60,000 -
p+Pb—oatrt+ X 160,000 132,000

Table 1: Pair Statistics for various Data sets.

The single-particle acceptance curves for both the horizontal and vertical settings
are shown in Figs. la and 1b. The rapidity range spanned is 3.2 to 4.2 and the pr range
covered is from 0.0 to 0.6 GeV/c. For the sulphur beam at 200 GeV per nucleon the lead



target was 2 mm thick while for the proton beam at 450 GeV the target was 10 mm lead.
The most central 3% of the events have been selected based on Si counter multiplicity
information. Particles are identified based on the Cherenkov signal and the mass spectrum
constructed from momentum and time-of-flight. Fig. 1¢ shows the measured mass-squared
distribution. Contamination of 77 events by 7 K and other particles such as electrons,
which are rejected by the second Cherenkov counter, is less than 1%.

The raw correlation function is determined using

- - R(ky, k
Craw(kla k?) = M 9 (1)
B klv 2)

where k_; are the particle momenta. The ‘real distribution’ R(k_;, k_;) 1s the distribution of
the relative momentum in an event. The ‘background distribution’ B(k_;, k_;) is generated
as follows: for each event in R(k_;, k_;), ten pairs of events are selected randomly to form the
background pairs. In these pairs, one particle in each event is selected randomly to create a
new ‘event’ for the B(k_;, k_;) distribution. As in the real distribution, events from B(k_;, k_;)
are subjected to the same analysis procedures. Distortions of the correlation function
due to final state Coulomb interactions [6], residual background corrections [11, 12] and
momentum smearing are treated as in [7].
The measured two-particle correlation is related to the true correlation by

Ccorr(k_;a k_;) — Craw(k_;a k_;) X [(SPC(k_;a k_;) X [(acceptance(k_;a k_;) 9 (2)

where K Spc(kl, kz) corrects for the distortion of the single-particle spectrum due to resid-
ual correlations, [&accepmnce(kl, kz) is the correction for the distortion of the two-particle
spectrum by the momentum resolution and the two-particle acceptance of the detectors
and K., corrects for the final state Coulomb interactions. All three corrections, Kspc,
Kceeptance and K.y, depend on the source size and the fitting results, so an iterative
approach is required [7]. We do not consider screening effects due to particles of opposite
charge in a high-particle-density environment. Such effects are believed to have only a
small influence on the Coulomb correction [13, 14].
We use the following fit functions:

C(Qin) = AL+ Xe™ @ity @, = /02 — Q2 (3)

C(Qner) = A(L + A @h=rflhmr) Qpo. = /02 + @2 (4)

C(Qtov Qts? Ql) = A(l + )\G_Q%OR%O - QI?SR%S - Q?Rlz) (5)

and

Where
Q = |p1 — p2|, Qo= |F\ — £ (6)

Fits in one dimension using either ();,,, or ()r—, inherently assume a spherical source.
The interpretation of extracted parameters from the fits to Q;,, or Qr—, are influenced
by Lorentz effects which vary for different particle species [15]. Our data permit analysis
in three dimensions and enable better interpretation of the extracted parameters. The
momentum difference of the particle pair is resolved into (); parallel to the beam and Q)7
perpendicular to the beam direction. ()7 is further resolved into a component (), parallel



to the pair momentum sum and @);, perpendicular to the transverse pair momentum sum.
Being parallel to the velocities of the particles, (J;, is sensitive to the lifetime of the source
[13]. The data are analyzed in the frame in which the z-component (p, = p,, + p.,) of
the pair momentum sum is zero. In this frame the lifetime information is coupled only to
Q...

The three-dimensional fits require data from both the horizontal and vertical spec-
trometer settings. Bin sizes of 10 MeV /¢ have been used in this analysis. No bins were
excluded while fitting. Systematic errors on the fit parameters are estimated by reanalyz-
ing the data under two altered conditions. The conditions varied are: (i) rejecting tracks
which hit neighbouring slats on all three hodoscopes and (ii) degrading the momentum
resolution by 10% (estimated maximum uncertainty). The estimated systematic errors
thus obtained are approximately equal to the statistical errors. Further details of the
systematic error analysis can be found elsewhere [16].

4 Results and Discussion

Fits to ()¢, )+, and @); are performed on the S + Pb and p 4+ Pb data sets; the results
for the three-dimensional fits from the horizontal and vertical spectrometer setting are
summarized in Table 2 and shown together with the data in Figure 2. The R parameters
increase from p+Pb collisions to S+Pb collisions and are larger than the corresponding
R parameters from the kaon pairs for similar systems [7]. These trends are supported
by source parameters extracted from );,, and )r—, shown in Table 3 and Table 4. The
radius parameters from the R = 7 fit for 777 and 7~ 7~ are similar, indicating that the
Coulomb effects from excess charged particles such as protons are not significant in S +
Pb collisions. This trend is supported by the single-particle spectra of #* and 7~, which
are found to be very similar [17].

Our three-dimensional analysis of p+Pb and S+Pb data indicates that within rather
small errors

Rts o Rto ~ Rl . (7)

These results may be interpreted in the following way: (i) a first order phase transition,
which would lead to R;, significantly larger than R;_ [5, 10], is not borne out in our results;
(ii) the lifetime parameter, 7,which represents the width of freezeout time distribution, is
estimated from the static Gaussian model as

T =1/8\ R, — R, (8)

where [ is the average transverse velocity of the particle pair; we find that this time is
rather short, i.e. less than a few fermi/c.

It is instructive to compare our measured R;, parameter to the radius of the pro-
jectile nucleus. The equivalent Gaussian radius is given by:

Ryauss = 1.2AY? /5 fm (9)

where A is the number of nucleons. The R,,,ss for sulphur and proton are 1.69 fm and
0.44 fm respectively, both of which are considerably smaller than the measured R;, . This
indicates considerable expansion of the source before freezeout.

Some light can be shed on the above observations by comparison with the mi-
croscopic simulation, RQMD, with which the space-time history of the particles can be
calculated. Figure 4 shows comparison of our experimental correlation functions with



RQMD [18, 19, 20] for the S 4+ Pb system. Reasonable agreement is seen with the data.
The R:, and R;, parameters extracted from RQMD are also seen to be similar.

Furthermore, it is possible to relate the space-time history of particles at freeze-
out to the R parameters, including effects such as rescattering, resonance decays and
acceptance of the experiment. This model can also be used for the physical interpretation
of the extracted fit parameters which are different from the actual radius and lifetime
of the source due to correlations between the particles” momentum and position. These
correlations are induced by the expansion of the source driven by particle rescattering
[21].

Our RQMD calculations of R, , which most closely reflects the transverse source
size, yield 4.7 + 0.4 fm. This value is consistent with the measured R;, = 4.15 4+ 0.27 fm.
We can also evaluate the RMS freezeout radius with RQMD by fitting a Gaussian directly
to the particle position distribution at freezeout. For the y-pr region of our measurements,
the RQMD calculated RMS freezeout radius is 3.4 fm. This radius is considerably smaller
than the R;,. We can also evaluate with RQMD the lifetime parameter 7 by fitting a
Gaussian directly to the particle freezeout time distribution. The width of the freezeout
time distribution is calculated to be & 5fm/c. The differences between the HBT extracted
parameters, i, and 7 from eq. 8, and the actual source parameters, the RMS freeze-
out radius and 7 from RQMD, can be quantitatively understood as a consequence of
momentum-position correlations [20].

Other experimental evidence[22, 16, 23, 24] is also consistent with our interpretation
of an expanding system. Data obtained at lower energies at the AGS [15] indicate smaller
R parameters. This may reflect the smaller number of particles produced at the lower
energies, resulting in less secondary scattering after creation and consequently less source
expansion.

5 CONCLUSIONS

The striking predictions of a possible phase transition are not seen in our data. The
R:, and R;, parameters are similar. The radius parameters extracted for pions is larger
than that of the kaons for similar systems, which could be attributed to resonance decays
and rescattering in the source before freezeout. The radii we measure both for S + Pb
and p + Pb are larger than the projectile, indicating that there is an expansion of the
hadronic final state, in agreement with the fact that the radius parameters we measure
are larger compared to the lower energy data.
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Data A Ry Ry, R; x?/DOF
S+ Pb—ratat+ X |0.5640.02 | 4.154+0.27 | 4.02 £0.14 | 4.73 £0.26 | 1201/1415
p+Pb—atrt + X |04l £0.02|2.00+0.25{1.924+0.13 | 2.34 £0.36 | 1111/1152

Table 2: Result of Gaussian parametrizations in ()¢, )¢, and );

Data A R x?/DOF
S+ Pb—ratat+ X |0.564+0.03 | 5.00£0.22 | 29/25
S+ Pb—o77"+X |042+£0.02 | 4.00+0.27 | 19/25
p+Pb—ratrt + X [0.3834£0.03|2.894£0.30 | 16/25

Table 3: Result of Gaussian parametrizations in (),

Data A R.—, x?/DOF
S+Pb—ratat+ X ]0.594+0.03|3.90+0.14 | 24/25
S+Pb—o77"+X|[062+£0.03 |3.64+0.18 | 15/25
p+Pb—atrt + X |041 £0.03 |2.35+£0.23 | 23/25

Table 4: Result of Gaussian parametrizations in )p—-
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Figure 1: The NA44 acceptance and the measured mass squared as determined from the

momentum and time of flight.
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Figure 2: The );,, plots from the horizontal setting of S + Pb and p + Pb interactions.

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Cc2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Figure 3: The )., ():, and @); projections.
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