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Abstract

Correlations of two protons emitted near midrapidity in p + Pb collisions at 450

GeV/c and S + Pb collisions at 200A GeV/c are presented, as measured by the

NA44 Experiment. The correlation e�ect, which arises as a result of �nal state

interactions and Fermi-Dirac statistics, is related to the space-time characteristics

of proton emission. The measured source sizes are smaller than the size of the

target lead nucleus but larger than the sizes of the projectiles. A dependence on

the collision centrality is observed; the source size increases with decreasing impact

parameter. Proton source sizes near midrapidity appear to be smaller than those of

pions in the same interactions. Quantitative agreement with the results of RQMD

(v1.08) simulations is found for p+Pb collisions. For S+Pb collisions the measured

correlation e�ect is somewhat weaker than that predicted by the model simulations.

(submitted to Phys. Lett. B)

1 Niels Bohr Institute, DK-2100 Copenhagen, Denmark.
2 Los Alamos National Laboratory, Los Alamos, NM 87545, USA.
3 SUBATECH, Nantes 44070, France.
4 Columbia University, New York, NY 10027, USA.
5 Hiroshima University, Higashi-Hiroshima 724, Japan.
6 CERN, CH-1211 Geneva 23, Switzerland.
7 Ohio State University, Columbus, OH 43210, USA.
8 SUNY Stony Brook, Stony Brook, NY 11794, USA.
9 University of Pittsburgh, Pittsburgh, PA 15260, USA.
10 University of Lund, S-22362 Lund, Sweden.
11 Texas A&M University, College Station, TX 77843, USA.
12 Brookhaven National Laboratory, Upton, NY 11973, USA.
a Now at Heidelberg University, Heidelberg, D-69120, Germany.
b Now at University of New Mexico, Albuquerque, NM 87185, USA.



c Now at Brookhaven National Laboratory, Upton, NY 11973, USA.
d Now at Florida State University, Tallahassee, FL 32306, USA.
e Now at University of Tsukuba, Ibaraki 305, Japan.
f Now at Ohio State University, Columbus, OH 43210, USA.
g Now at Wayne State University, Detroit, MI 48201, USA.
h Permanent address: Warsaw University of Technology, Koszykowa 75, 00-662 Warsaw, Poland.
i Now at Osaka University, Osaka 560, Japan.
j Now at Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.
y Deceased.



1 Introduction

Correlations of identical particles emitted with similar velocities are commonly used

as a tool to measure the space-time development of the emission process in particle and

heavy-ion collisions. The technique is most often used for bosons, for which the e�ect of

quantum (Bose-Einstein) statistics is the only source of correlations (photons), or plays

a dominant role (pions and kaons). Other e�ects, in particular those due to the Coulomb

interaction for pairs of charged particles, are usually treated as a correction. In the case of

protons, �nal state interactions, due to strong and Coulomb forces, typically dominate the

e�ect of quantum statistics and determine the form of the correlation function. A negative

correlation e�ect, due to Fermi-Dirac statistics and Coulomb repulsion, competes with the

positive (attractive) correlation due to the strong interaction, giving rise to a characteristic

\dip-peak" structure (minimum at zero relative momentum, maximum at � 20 MeV/c)

in the two-proton correlation function. The height of the correlation peak decreases as the

proton source size increases. All e�ects are strongly sensitive to the space-time parameters

of the emission process [1, 2, 3, 4].

Correlations of protons emitted with small relative momenta were observed for the

�rst time in �
� +Xe interactions at 9 GeV/c [5]. Currently, two-proton correlations are

used extensively in low energy (of order 10-1000 MeV/c) heavy-ion physics [6, 7, 8, 9]

where the sizes measured for small proton momenta are comparable to or exceed the size

of the larger (usually target) nucleus. A similar result was obtained at much higher CERN

SPS energies in the target fragmentation region [10]. A decrease of the measured size with

increasing proton momenta is reported in many papers, and for very di�erent projectile

energies [6, 7, 9, 11, 12]. Several authors have also reported a dependence on collision

impact parameter in low energy heavy-ion interactions [8, 13]. The observed trends in the

measured sizes may be related to di�erences in the proton emission time [7, 9], and may

also re
ect the reaction dynamics, which can produce correlations between the momentum

and position of the emitted particles [14].

This paper reports the �rst measurement of proton-proton correlations at midrapid-

ity at CERN SPS energies. The origin of protons emitted in relativistic heavy-ion collisions

di�ers from that of lighter particles. Protons are constituent parts of the projectile and

target nuclei, unlike pions and kaons which are produced in the collision. The expected net

baryon-free region at midrapidity for the highest collision energies is not achieved at the

SPS. At these energies there is still signi�cant stopping, with the associated rapidity shifts

of projectile and target nucleons leading to an increase in the proton density at midrapid-

ity [15, 16]. Consequently, the ratio of antiprotons to protons at midrapidity is still much

smaller than one [15]. The relatively high degree of stopping implies that secondary inter-

actions with nucleons are important, in addition to secondary interactions with produced

particles. In this context, results on the space-time characteristics of proton emission pro-

vide complementary information to existing data from two-boson correlations which can

be useful in understanding the underlying dynamics of the collisions [17, 18, 19, 20].

This paper presents the results of a proton-proton correlation analysis for collisions

of two di�erent projectiles, protons and sulphur nuclei, with a lead target. In the �rst case,

the projectile consists of a single proton, and the measured pairs contain mainly protons

from the target or protons produced in the interaction. In the second case, the correlated

pairs contain both projectile and target participants as well as produced protons. The

relative role of these di�erent sources will depend on the impact parameter of the col-

lisions, i.e. the centrality selection. This dependence is examined by an analysis of the

correlation e�ects as a function of charged particle multiplicity in the collision. Finally,
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the experimental correlation functions are compared to predictions obtained from both a

Gaussian source model and from the RQMD event generator, version 1.08 [21].

2 Experiment

The NA44 detector is described in [17]. The spectrometer is optimized to measure

single- and two-particle distributions of charged hadrons produced near midrapidity in

pA and AA collisions. The momentum acceptance is � 20% of the nominal momentum

setting, and only particles of a �xed charge sign are detected for a given spectrometer

setting.

The data used for this analysis were taken at the 6 GeV/c setting with the spectrom-

eter axis at 44 mrad with respect to the incident beam. Fig. 1a shows the corresponding

acceptance for protons: 2.35 < y < 2.70 and 0.0 < pT < 0.66 GeV/c (hpT i � 230 MeV/c).

Scintillator hodoscopes are used for tracking, and also provide time-of-
ight information

with �TOF < 100 ps. The momentum resolution �p=p is approximately 0.2%. Two thresh-

old Cerenkov detectors in conjunction with the time-of-
ight (mass-squared) information

provide particle identi�cation. Fig. 1b shows the particle identi�cation after pions (and

lighter particles) have been vetoed by the Cerenkovs; kaons and protons are clearly sep-

arated. Particle contamination is less than 1% for the data shown here. An interaction

trigger is provided by two rectangular scintillator paddles sitting downstream of the target

and covering approximately 1.3 < � < 3.5. O�ine, a silicon pad multiplicity detector with

2� azimuthal coverage over the range 1.5 < � < 3.3 is used for event characterization.

Target thicknesses of 10mm and 5mm were used for the p + Pb and S + Pb data,

corresponding to approximately 5.9% and 5.0% interaction lengths respectively. The ex-

perimental trigger required an interaction in the target, at least two tracks in the spec-

trometer, and a veto on pions (and lighter particles) in the spectrometer acceptance. No

centrality selection was made in the trigger, however the two-track requirement itself bi-

ases the data towards high-multiplicity events. O�ine track reconstruction was followed

by track quality cuts, including rejection of close-by tracks, and particle identi�cation

cuts to select proton pairs. Additional cuts to reject multiple interactions in the target

(pileup) and require clean events were made. The �nal event samples are approximately

8k pairs for the p+ Pb data and 15k pairs for the S + Pb interactions.

3 Correlation Analysis

The experimental correlation function is constructed from identi�ed two-proton

events. Due to limited statistics, only a one-dimensional analysis has been performed.

The correlation function is calculated as:

C(k�) =
Ncorr(k

�)

Nuncorr(k�)
(1)

where k
� is the particle momentum in the rest frame of the pair: k� =

p
�Q2

2
,

Q � fq0; ~qg = p1 � p2 and p1; p2 are the particle 4-momenta. The correlated, Ncorr,

and uncorrelated, Nuncorr, proton pairs are taken from the same and di�erent events

respectively. The stability of the resulting correlation function under the applied cuts

is studied by varying each cut (such as the mass-squared selection, and the hodoscope

multiplicity) individually. In all cases, the correlation function data points are within one

standard deviation of their nominal values. The stability with respect to di�erent sampling
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procedures for producing the mixed-event distribution is also tested, and introduces no

systematic deviations.

The experimental correlation functions presented here do not contain any correc-

tion factors. Such corrections are often made in boson correlation measurements to take

account of the e�ects of �nite detector acceptance and momentum resolution, residual

correlations in the background distribution [22], and the Coulomb interaction, thereby

recovering the \ideal" correlation function in which correlations are due purely to quan-

tum statistics. Rather than correct the experimental distributions, theoretical correlation

functions based on model predictions have been generated, and modi�ed to include each of

these e�ects. The results of these simulations are then compared directly to the measured

correlation functions.

The theoretical correlation function is generated by selecting proton pairs from a

given source model, calculating the associated weight due to quantum statistics and �nal

state interactions (strong and Coulomb) [2, 3], and propagating the particles through a

realistic simulation of the experimental detector, including all instrumental and accep-

tance e�ects. A full calculation of Coulomb e�ects is used rather than the Gamow factor

approximation. Data cuts, and the calculation of the correlation function, are then made

in exactly the same way as for the experimental data. For this analysis, two models have

been used as inputs for the simulation: a Gaussian source model and the RQMD event

generator.

In the case of the Gaussian model, it is assumed that protons are emitted by

sources moving in the longitudinal direction with the velocities of the proton pairs (the

Longitudinally Co-moving Source, LCMS). In this way the fast longitudinal motion of

proton sources at mid-rapidity is taken into account. A Gaussian density distribution

�(~r; t) = 1

(2�)2r3o�
e
�

~r
2

2r2o

�
t
2

2�2 is assumed for both the spatial and temporal extent of the

source [2]. Since a one-dimensional analysis is performed here, a spherically-symmetric

source parametrized by equal ro radius and � time parameters is assumed. The RMS

radius in this parametrization is given by
p
3ro.

In order to compare with RQMD predictions, the theoretical correlation function for

pairs of protons from generated events is calculated [3], and the appropriate weighting for

di�erent impact parameter collisions is taken into account by matching the multiplicity

distributions of the data and model. This matching shows that, in contrast to the p+Pb

data where only the highest multiplicity events are selected by the trigger, the S + Pb

data are only weakly biased toward central collisions.

In calculating correlation functions for comparison to data, three factors are par-

ticularly important: the admixture of indirect protons coming from hyperon (mainly

� ! �
�
p) decays, the acceptance and resolution of the experiment, and the residual

correlations arising in the single particle background distributions.

Weak decays of strange baryons are a signi�cant source of protons and contribute to

the yields measured in the NA44 spectrometer. The in
uence of the admixture of indirect

protons on the shape of correlation function has been studied using data from the RQMD

and Venus (v5.21) [23] event generators, combined with a detailed simulation (GEANT)

of the detector. The two models give similar results: about 22% of protons measured in

the spectrometer come from the decay of �'s in both p + Pb and S + Pb collisions, and

cannot be distinguished from direct protons. This contribution has a weak pT dependence,

and is greater at low pT . In order to take into account this non-correlated contribution

to coincident pairs, a fraction of 22% of random protons is included when calculating
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the correlation function, giving about 39% of false pairs in the two-particle sample. This

contribution signi�cantly reduces the magnitude of the observed correlation e�ect, but

does not change the general shape of the correlation function.

The acceptance and resolution of the NA44 spectrometer for protons is estimated

using a detailed simulation of the detector, including systematic e�ects introduced by

the track reconstruction procedure for close-by pairs of particles. The k� acceptance for

proton pairs is convoluted with the detector resolution and the rather complicated shape

of the two-proton correlation function, and gives rise to an asymmetric distortion of

the correlation peak. This \smearing" is particularly important for small k�, where the

expected depletion due to Coulomb and statistical e�ects is masked by the experimental

resolution.

Residual correlations arise in the mixing procedure because the single particle distri-

butions forming the reference (background) sample are in fact projections of the measured

two-particle distribution, which includes the correlations. This e�ect is taken into account

by calculating and applying weights which correspond to the mean value of the correla-

tion function for all combinations of a given particle with all others [22]. This residual

correlation modi�es slightly the height of the correlation peak, and induces a slope for

large values of k�.

All three e�ects are included in the simulation procedure. In Fig. 2 they are demon-

strated separately in order to illustrate their particular features and the relative signi�-

cance of each of them.

4 Results

The experimental proton-proton correlation functions for p+Pb and S+Pb collisions

are presented in Fig. 3. The correlation functions have been normalized such that C(k�) =

1 for 80 < k
�
< 160 MeV/c. The peak observed in the region of small k� values (� 20

MeV/c) can be attributed to the combined e�ect of the �nal state interaction and Fermi-

Dirac statistics. It re
ects the space-time properties of the proton emission process. The

two correlation functions have qualitatively the same shape, but the peak is much more

pronounced for the p+ Pb data than for the S + Pb, indicating that protons are emitted

from a smaller source in the case of p + Pb collisions. Also shown are the correlation

functions and associated source sizes from the Gaussian model obtained with a minimum-

�
2 �t over the range 0 < k

�
< 160 MeV/c. The �ts yield ro = � = 1.42+0:04�0:05 fm for

p + Pb and ro = � = 2.65+0:09�0:09 fm for the S + Pb data. (Note that the ro values have to

be multiplied by
p
3 to obtain the corresponding RMS radii.) Fits assuming � = 0 give

ro parameters which are equal within errors to those obtained with ro = � .

These results have been obtained assuming that the fraction of measured protons

from � decay is that given by the simulations described above (22%). While the RQMD

and Venus models give consistent results for the fraction of protons from hyperon decays

in the NA44 acceptance, there is a factor of order two discrepancy between the available

experimental data on � production yields in S + A collisions at CERN SPS energies

[24, 25]. The RQMD prediction is roughly midway between the two measurements. Using

the experimental data as an estimate of the uncertainty on the � yield (approx. � 40%),

and hence on the fraction of protons from � decays, gives ro = � = 1.42+0:16�0:17 fm for

p + Pb and ro = � = 2.65+0:19�0:17 fm for S + Pb. The RMS radii of the proton and the

sulphur and lead nuclei are 0.88 fm, 3.26 fm and 5.50 fm respectively [26]. In the frame

of this geometrical interpretation, the measured source sizes are greater than the size of

the projectile but smaller than that of the target.
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In order to analyze the centrality dependence of the correlation e�ect, both the

p + Pb and S + Pb data have been divided into three multiplicity bins, based on the

charged-particle multiplicity measured by the silicon detector. The binning is chosen to

give roughly equal proton-pair statistics in each sub-sample. The correlation functions

corresponding to the three multiplicity selections are shown in Fig. 4 for p + Pb and

S + Pb. A systematic decrease of the correlation e�ect with increasing multiplicity is

observed, corresponding to an increase in the size of the emitting volume. The ro values

indicate the scale of these changes.

The comparison of the data with the predictions of RQMD is shown in Fig. 5. In

the case of p+Pb collisions, the experimental data are well reproduced by the model. For

S+Pb, the model gives a somewhat larger correlation e�ect than is observed in the data.

5 Discussion

A simple, one-dimensional description with Gaussian co-moving sources is used

in order to quantify the correlation e�ects. By introducing the co-moving source, it is

assumed that particles with similar longitudinal velocities are emitted from nearby space-

time points. This occurs when a fast longitudinal motion takes place. If this is the case,

the correlation function e�ectively measures only a part of the space-time extent of the

emission volume. For the S + Pb system, the multiplicity cuts select di�erent impact

parameter collisions, and hence di�erent sizes of the overlapping region between projectile

and target nucleons. This is re
ected in the centrality dependence of the correlation

functions. Comparison of the measured source sizes with the RMS radii of the projectile

and the target is also in qualitative agreement with such an interpretation. Note that

in the target fragmentation region the sizes measured by two-proton correlations re
ect

rather the size of the target nucleus [10]. In the case of p + Pb collisions, the number of

projectile participants is always equal to one and the measured size can be related to the

extent of the hot region along the path of the proton in the lead nucleus. The source sizes

in this case are much smaller than in the case of the sulphur projectile.

These data can be compared to correlation results obtained for other particle types

near midrapidity at CERN SPS energies which assume a similar type of emitting source

[18, 19, 20]. For both systems studied (p + Pb; S + Pb), the proton source sizes appear

to be smaller than those of pions, especially in the case of the sulphur projectile. The ro
values for protons are similar to or slightly smaller than the corresponding kaon source

sizes. (Note that for the three-dimensional boson source parameters, multiplication by a

factor of
p
3 is also necessary to obtain RMS sizes). The Gaussian source model used

in these analyses describes sources for which the momenta and positions of the emitted

particles are independent in the LCMS. Collision dynamics may, however, induce corre-

lations between the measured source size and the transverse momentum of the particles.

In particular, a decrease of the measured size with increasing transverse mass mT (where

mT =
q
p2T +m2), observed in common for pions and kaons, may indicate the collec-

tive expansion of an equilibrated system formed during the collision [14, 19]. The smaller

source sizes for the two-proton data (hmT i � 970 MeV) compared to the two-boson data

are in qualitative agreement with such an mT dependence.

The contribution of indirect protons coming from hyperon decays is also a parameter

in the description of the experimental results, and can in
uence the values of the extracted

source sizes. The experimental uncertainty on the � yield is described above, and results

in a systematic error of < 0.2 fm on the extracted ro parameters. Of the other hyperons,

Monte Carlo studies show that only the �+ also contributes to the proton yield measured
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in the NA44 spectrometer. RQMD and Venus predict that the number of detected protons

from �+ decay is at most 30% and 10%, respectively, of that from � decay - less than the

experimental uncertainty on the � yield itself. Possible uncertainty in the contribution of

indirect protons cannot signi�cantly alter the conclusion on the size of the proton source

compared to the pion source however, nor on the centrality dependence of the observed

sizes. In order to produce the change in the measured correlation functions between the

lowest and highest multiplicity bins assuming that the di�erence is due entirely to indirect

protons implies that more than 50% of detected protons come from hyperon decays.

However, an enhanced emission of hyperons with respect to that predicted by the RQMD

model in the case of S + Pb collisions may be responsible for the di�erence between the

model prediction and the results of measurements.

6 Conclusion

These results demonstrate the �rst attempt to include baryon-baryon correlations in

the analysis of the space-time dynamics of particle emission at midrapidity at CERN SPS

energies. The measured source sizes increase with the mass of the projectile and with the

collision multiplicity. Within the context of a Gaussian source model, the proton radius

parameters are smaller than the size of the target nucleus but larger than the sizes of

the projectiles. Comparing to other particle types, the proton size parameters are smaller

than those for pions, and similar to those for kaons, measured in the same collisions.

(Note that collision dynamics may induce a dependence of the measured source sizes on

the momentum of the emitted particles.) Good agreement with the results of RQMD

(v1.08) simulations is seen for p + Pb collisions. For S + Pb collisions, the measured

correlation e�ect is somewhat weaker than that predicted by the model simulations.
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Figure 1: a). The NA44 acceptance for protons in the 6 GeV/c horizontal spectrome-

ter setting. b). Mass-squared distribution for the triggered S + Pb data, showing clear

separation of protons and kaons. The cuts used to select protons for this analysis are

shown.
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where the e�ect of each contribution has been added cumulatively.
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co-moving Gaussian sources with the radii indicated in the �gure.
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Figure 5: Comparison of the experimental correlation functions with predictions of the

RQMD (v1.08) model for p + Pb (left) and S + Pb (right) collisions. The error band

on the RQMD predictions includes the systematic error due to the uncertainty in the

spectrometer resolution and the uncertainty on the impact parameter weighting obtained

by matching the multiplicity distributions of the data and the model.
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