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The momentum correlation between protons and lambda fergenitted from central Pb+Pb colli-
sions at, /5, = 17.3 GeV was studied by the NA49 experiment at the CERN SR$ed enhance-
ment is observed for small relative momenggy < 0.2 GeV). By fitting a theoretical model, which
uses the strong interaction between the proton anditimea given pair, to the measured data a value
for the effective source size is deduced. Assuming a statics&ian source distribution we derive an
effective radius parameter &% = 3.02-+ 0.20(stat.y 5 j&(syst.) fm.

(Submitted to Phys. Rev. C)
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1 Introduction

Heavy-ion collisions at ultra-relativistic energies puoé strongly interacting matter under extreme con-
ditions. The main goal is to create in these reactions a statehich the confinement of quarks and
gluons inside hadrons is no longer effective, the so-cajleatk-gluon plasma. This strongly compressed
matter undergoes a rapid expansion with a drop of temperatul energy density. Two-particle momen-
tum correlations provide unigue information on the size dgdamic evolution of this fireball and are
therefore a widely employed observable in heavy-ion pleydigsually correlations of identical charged
pions are studied which, due to the high available stasisaiow a multi-dimensional study of radius
parameters [1, 2, 3]. Less frequently two-proton corretsi are analyzed [4, 5, 6, 7], although only
one-dimensionally. Moreover, the large abundance of geguarticles produced in heavy-ion collisions
allows to study also two particle correlations betweengafrstrange particles or pairs of strange and
non-strange particles. For example the correlations aftidal kaons were investigated at the CERN-
SPS [8] as well as at RHIC [9]. In this paper we report on thesueanment of the p- A correlation
function in central Pb+Pb collisions g5, = 17.3 GeV at the CERN-SPS.

It was suggested that also the momentum correlation betiveerd protons can be employed to measure
the size of the emitting source [10]. The correlation fumetof p— A pairs is only affected by the strong
interaction between the particles. This distinguishes/p correlations from the two-proton case, for
which the correlation function is dominated by the repwstoulomb interaction and the Fermi-Dirac
statistics at low relative momenta. Both effects are abisetie p— A correlation function, which should
therefore be more sensitive to large source sizes [10]. Mervéhe knowledge of the strong interaction
between protons andl is necessary to relate the strength of the correlation tesithe of the emitting
source. There is a substantial set of data available on tewgg elastio\ p scattering [11, 12, 13], and
on K-d— Aprm [14, 15, 16], as well as pp> pKTA [17, 18] reactions. Alsa@\ hypernuclei provide
important information on thé& nucleon interaction. Based on this data many theoreticyaes derived

p — A\ scattering lengths and effective interaction ranges [0922, 22, 23, 24, 25] which can be used to
calculate the p- A correlation function.

A preliminary study by the NA49 experiment at the SPS wasntepdn [26]. Here we describe the final
results of a new and improved analysis [27]. Similar studfgs— A correlations in heavy ion collisions
were performed at lower [28, 7] and higher [29] center-ofssx@&nergies, allowing to investigate the
evolution of p— A correlations with, /5.

2 Data Analysis

The data presented here were measured by the NA49 expeldtrtbet CERN SPS. A detailed description
of the experimental setup can be found in [30]. Charged @eastiproduced by interactions of the Pb
beam in a thin Pb-foil target are tracked with four largetvok Time Projection Chambers (TPCs). Two
TPCs are placed inside two superconducting dipole magndiite the other two are situated outside
of the magnetic field. Since the latter measure long piecdbeoparticle tracks, they allow a precise
determination of the specific energy lods /dix inside the detector gas (typical resolution of 4 %) and
thus particle identification in a large region of phase-spadditional particle identification is provided
around mid-rapidity by Time-Of-Flight detectors. A Zero gdee Calorimeter is used to measure the
energy in the projectile fragmentation region from whicle trentrality of the reaction can be deduced.
This analysis is based on& 1° Pb+Pb events al/S\ = 17.3 GeV recorded in the year 2000, which
cover the 23.5 % most central part of the total inelastic ©meaction, corresponding to an averaged
number of wounded nucleons @¥,,) = 262.
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Fig. 1: The invariant mass distribution @ candidates in two exemplary phase-space bins{{@? <y < —0.4
and 06 < pr < 1.2 GeV/c, (b) 0.4 <y < 0.4 and 18 < py < 2.4 GeV/c) for central Pb+Pb reactions gt5; =
17.3 GeV. The two vertical lines indicate the mass windovesiue define\ candidates.

2.1 A reconstruction

The A hyperons are detected via their charged detay prr, using the same methods as described in
[31, 32]. TheA reconstruction is done by forming pairs of positively andat#vely charged tracks and
extrapolating them towards the main interaction vertexe pbsitively (negatively) charged tracks are re-
quired to have at least 50 (30) reconstructed points. Pdisardistance of closest approach of less than
0.5 cm anywhere between the position of the first measuret paithe tracks and the target plane are
considered as ¥candidates. Assigning proton and pion masses to the pelgitsad negatively charged
decay particle, the invariant mass of\acandidate is calculated. A significant reduction of the cemb
natorial background can be achieved by applying severatteh criteria to the\ candidates. In this
analysis it is required that the secondary vertex is sepdiay at least 25 cm in beamHdirection from

the target plane. Additionally, the back-extrapolatiorttaf flight path of the\ candidate must not devi-
ate from the interaction vertex position in the transveriseationsx andy by more thanAx| = 0.75 cm
and|Ay| = 0.375 cm. The signal-to-background ratio is further improwsdenriching the protons in
the sample of positively charged tracks by applying a moorerdependent cut on the measured energy
loss (E/dx). An additional & /dx cut on the negatively-charged tracks also allows to rejit®ns
from photon conversions.

An important point with respect to correlation studies is tequirement that each candidate must be
unique. If it happens that a daughter track of a givewgandidate is also assigned to another one, a
strong artificial correlation between both candidates éatzd which in turn affects the measured o
correlation function. In this analysis it is therefore emslithat any given track is used only once as a
daughter track. Similarly/A daughters that were not reconstructed as a single trackastwo track
pieces (split tracks), will cause a distortion of the meaduworrelation function. To exclude these tracks
it is required that the number of measured points of eachpaeddrack is higher than 50 % of the number
of points that this track could maximally have accordingtsatiajectory in the TPCs.

Figure 1 shows the distribution of invariant masg, of A candidates obtained after assigning the proton
(rT) mass to the positive (negative) daughter track for tworimtis of the center-of-mass rapidity
and transverse momentupp. A are accepted in a mass winddmg — Am, mp + Am| of a half-width of
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Fig. 2: The purityPa(y, pt) of the selected\ candidates as function of rapidifyand transverse momentupg

Am=2 MeV/c?, wheremy = 1.115683 GeYc? is the literature value for thé mass [33]. This mass
window was chosen in order to optimize the signal-to-baokgd ratio and reduce the corrections for
the signal purity.

The ratio between signal and background inside this massomirand with it the purity of thé\ sample
vary over phase-space. ®2-fit to the invariant mass distributions in differeptand p; bins was per-
formed in order to determine the relative contributionseTihfunction used is the sum of a polynomial
for the combinatorial background and a function for theignal. The measured shape of theignal
results from a convolution of the resolutions for the singé&ek momenta and the secondary vertex posi-
tions and is found to be well described by an asymmetric Ltarenrve. By subtracting the background
function from the measured invariant mass distribution nhenber of realA is determined. Defining
the purity Py by the ratio of the number of re&l to the number of acceptedl candidates in the chosen
mass window one obtains the result shown in Fig. 2. The phpaee averaged value of thepurity is
(Pa) =69 %.

2.2 Proton reconstruction

Protons are identified via their energy lods/dix as measured in the two Main-TPCs. A valid proton
track is required to have at least 50 reconstructed points.additional cut on the impact parameters
in the target plane|ls| < 5.0 cm, |by| < 2.0 cm) reduces the contribution from secondary tracks. In
order to assign the probability of being a proton to a givetkr the energy loss spectra measured in
bins of total momentunp are fitted by a suni(x, p) of asymmetric Gaussians using( minimizing
procedure [34]:

- 1 n L1 x=%(p
E(X’ p) a i:d,pZ,<,n,eA|(p) ZI n Z \/ZTULI (p) exp[ 2 <(1:t 6) Ui,l(D)) ] ' (1)

Here,Ai(p) denotes the yield for particle typen, the number of tracks in a given track length interval
[, Xi(p) the most probable El/dx values for particle typeé, x the measuredE/dx value of the track
under considerationg; | (p) the width of the Gaussian, arddthe asymmetry parameter. The parameters
Ai(p), X (p), andor(p) are determined by the fitting procedure in egchin separately. The widths for
the other particles types and different track length birsderived from the parameter;(p) for pions:
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Fig. 3: The cE/dx spectra in two exemplary total momentum bins ((& 4 p < 5.0 GeV/c, (b) 126 < p<
15.9 GeV/c) together with their decomposition into contributionsrfrprotons, kaons, pions, and electrons (from
left to right). Shown is the measured energy loss normalipethe minimum ionizing value B/dxyp. The
vertical lines represent the uppeE (dx cuts that result in a purity df, = 0.8.

ai1(p) = an(p) - (% /%)¥(1/V/1). The exponent was determined todoe= 0.625 and the parametéris
fixed to 0.065. Results of the fit procedure for two differestat momentum bins are shown in Fig. 3.
Since for low particle momenta the energy loss curves oédiffit particle species cross each other and
particle identification is thus not possible, a lower cutloa total momentum gb > 4 GeV/cis applied.

To exclude the region of the Fermi plateau also momenta abbv&eV/c are discarded. Based on
these fits a momentum dependent cut on the meastirgdkd/alues for single tracks is defined such that
the accepted tracks always have the same probability ofjleeiproton. For the standard analysis this
probability is set to 80 %, equivalent to a constant protoritpup, = 0.8. As in the case of thA decay
daughters it is ensured that split tracks are removed framirdck sample by rejecting tracks that have
less than 55 % of the number of geometrically possible points

2.3 Determination of the p— A correlation function

The selected\ and proton candidates are then combined to form/ppairs. In order to avoid trivial
auto-correlations a track that is used to reconstructtfvandidate is removed from the primary proton
sample. The pair distributio®(qinv) is measured as a function of the generalized invariantivelat
momentum of the p- A pair gny, which is defined as the modulus®t"q— P(gP) /P?, with q= Po— PA,

P = pp+ pa, @andgP = n‘% —m3. Here,p, andp, are the 4-momenta of the proton and theln the two
particle center-of-mass systegréduces tq0, ZR*}, with 2k* being the 3-momentum difference in this
reference frame [35].

An event-mixing method that combines proton @ndandidates taken from different events, is employed
for the construction of the uncorrelated backgroBidin,). The measured correlation function is thus
defined as:

S(qi-nV) ) (2)
B(Ginv)

The normalization constaril is determined by requirin@meadGinv) = 1 in the region @ < gipy <
0.3 GeV. Since the reconstruction of real pairs is affected Hey limited two-track resolution of the
detector [30], a distance cut between the track of the psimeston and the track of the positivedecay

CieadTinv) =N
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Fig. 4. The phase-space population of protons fa)b) as a function of rapidity and transverse momentum
pt. The distribution for the resulting p A pairs (c) is shown versus pair rapidigyg, = %In EptEntPZptPzA 50

Ep+EA—pPz,p—PzA
1
ki = 3|Ptp+ Pral-

particle is applied for real pairs as well as for the mixedreymairs. For each pair it is required that the
tracks have an average separation of at least 3.0 cm. Thiagevés determined as the arithmetic mean
of the track distances determined in planes perpendicaléng beam axis. For each TPC two planes
are taken into account. Their distances to the target plemé&&0.5 cm, 240.5 cm, 540.0 cm, 620.0 cm,
910.0 cm, and 990.0 cm. Pairs that do not pass the distanegecdiscarded.

Figure 4 shows the phase-space population of the acceptdonpr/\, and p— A pairs. Averaging
over all measured p A pairs we find(k) = 0.53 GeV/c with k = |Bp+ Pa| ((M) = 1.18 GeV with

m =/l + ((ma+mp))2).

The measured correlation function can be affected by theefmiomentum resolution of the detector.
In [3] an extensive investigation of its influence on the vadparameters extracted from correlations
of identical charged pions as measured with the NA49 exmarins discussed. Due to the excellent
momentum resolution of the NA49 detector, it turned out thatimpact is negligible and a correction
for this effect is not necessary. Even though the momentwoluton for aA ((gp,) < 1%) is worse
than for the primary track, the resulting effect on the meady— A correlation function is still clearly
smaller than all other systematics effects. Therefore mgection is applied in this analysis.

A substantial fraction of the measured protons andriginate from weak and electro-magnetic decays
of heavier particles (feed-down). In the following it wilkbassumed that these decay particles are
not correlated, because the decays happen long after thmah&eeze-out, and will thus reduce the
observed p- A correlation function. For thé the feed-down originates frod—, =0 andx° decays,
while in case of the protons the decays/gfandX™ contribute. We calculate the fraction of protons
andA\ originating from feed-downR(y, p1) andFa(y, pt)) via a simulation procedurel, =~, and=°

are generated according to their measured phase-spardbutishs [31]. The measuredl include the

>0 which cannot be separated experimentally. For¥Ag¢he same input distributions are assumed as
for the =~ scaled by the rati&®/=" of the total multiplicities taken from statistical modelsfif36].
The daughter tracks of the generated patrticles are follathsaligh the NA49 detector setup using the
Geant3.21 package [37]. The response of the TPCs to thedmageparticles is simulated with NA49
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Fig. 5: The fraction of protonsHy(y, pt)) (a) and ofA (Fa(y, pt)) (b) originating from feed-down as a function of
yandp.

specific software. In a next step the simulated raw signalsadded to measured raw data and processed
by the same reconstruction program as used for the expetdindeita. By applying the same cuts as in
the normal analysis, the feed-down contributions to thesuesl A and protons are determined. The
y and p; dependences of the feed-down fractidfysy, p1) andFa(y, pr) are summarized in Fig. 5. The
phase-space averaged values(&g = 22 % and(Fa) = 43 %.

The final p— A correlation functiorCeo(Qiny) results from the measuré@head Ginv) by applying a com-
bined correction factotK (g )) for purity and feed-down. This factor is determined by agéarg the

productPy(Yp, Prp) PA(YA, Pea) (1—Fo(Yp, Prp)) (1—Fa(Ya, Pa)) over all reconstructed p A pair com-
binations falling into a given bin of relative momentu,. The corrected correlation function thus

follows from:
Cmeaiqmv) -1

<K(qinv)> tt (3)

Ccorr(Qinv) =

3 Results

In total 70920 p- A pair candidates, corresponding to 17520 real p pairs (i.e. after correcting
for purities and feed-down), witk,, < 0.2 GeV were measured. Dividing the signal distribution by
the event-mixing background and correcting with the pesitand feed-down contribution according to
Egs. (2) and (3) yields the finalpA correlation function as shown in Fig. 6. The correlationdiion
exhibits a significant enhancement for sngll,. Such a correlation would be expected as the effect of
the strong interaction between the proton and/he

3.1 Fitto theoretical calculation

Since the shape of the momentum correlation function was/ishny Wang and Pratt to depend on
the size of the emitting source [10], it can be used to exftaatadius. The necessary prerequisite is
a quantitative knowledge of the-pA interaction. Here we use a functional form of the theorética
correlation functiorCy, that is based on the model of Lednicky and Lyuboshitz [3§, Bemploys an
effective range approximation of the S-wave-p\ interaction. The source size is required to be larger
than the effective range of the interaction. The strengtthefinteraction is defined by four parameters:
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Fig. 6: The corrected p- A\ correlation function for central Pb+Pb reactions, &, = 17.3 GeV, shown as a
function of the invariant relative momentugyp,,. The data represent an average over the whole acceptarioe of t
NA49 experiment. The lines display results of the fit with adtetical correlation function [38, 35] (see text for
details). Only statistical errors are shown.

the effective ranged§ (dJ) and the scattering lengtHg (fJ) for the singletS= 0 (triplet S= 1) state.

In our fits we use values @ = 2.92 fm,d] = 3.78 fm, f§ = -2.88 fm, andf] =-1.8 fm, as suggested
in [10]. Under the assumption of unpolarized particle piithn, the relative contribution of pairs in the
singlet and the triplet state is 1 : 3. Furthermore, we usadnee spherically symmetric Gaussian spatial
distribution S(r), for both the proton and th& source:

x2+y2+22>.

TR “

S(r) = exp(—

Then, the theoretical correlation functi@y, assumes the functional form as quoted in reference [29].
By fitting it to the data one obtains the effective radius peeterRs and an additional parametarthat
takes possible reductions of the height of the correlatiha account:

Giit(Ginv) = A (Cen(Ginv) — 1) + 1. (5)

These reductions occur, if the correction for the particlgities and the feed-down, as defined in
Eq. (3), are insufficient. If both parameters are left to vaBely, the best fit is obtained fdRg =
2.70+£0.60(stat.) fm andh = 0.77+0.38(stat.) (green dashed line in Fig. 6). The agreement nvéthi
rors of the fittedA value with unity underlines the consistency of the cormtirocedure. This justifies
to fix A = 1 and to use onlfRs as a free parameter, which reduces the resulting error. Miglconstraint
we obtainRg = 3.02+ 0.20(stat.) fm (blue solid line in Fig. 6).

3.2 Systematic uncertainties

Systematic errors arise both in the extraction of the cafi@h function and in the theoretical model.
The former uncertainties were studied by making small charg the analysis procedure. By varying
the corresponding cuts on the measured energy loss useeéntifydthe primary protons, as well as
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Fig. 7: The corrected p- A correlation functiorCeorr(0iny ) for central Pb+Pb reactionsm =17.3 GeV shown
as a function of the invariant relative momentugy, for different purities of protons (a) andl (b), as well as
different feed-down contributions to protons (c) afdd) (see text). The lines display the results of fits with a
theoretical correlation function [38, 35].

the decay protons of th& candidates, the particle puritié%(p,) and PA(ya, pta) can be varied to a
certain extent. This changes the measured correlationtitm€eadginy). However, after applying
the appropriate correction factoK (g, )) the same corrected correlation function should be obtained
Figure 7 shows comparisons Gt (Qiny) for different proton (Fig. 7,a)) and\ purities (Fig. 7,b)).
Even though the correction factor changes quite draméti¢ad 45 % in case of the proton purity), the
resulting correlation functions agree quite well. The egstic error on the effective radius parameter
Rg is derived by taking the maximal difference BE as obtained by fits to the different correlation
functions. Itis found that it changes betweefi22- 3.28 fm (298— 3.29 fm), if the proton {\) purity is
varied between 56 90 % (64— 72 %).

A similar study is performed by varying the feed-down cdmition by changing the cuts on the impact
parameteb, andby (Ax andAy) of the proton tracks (Fig. 7,c) amll candidates (Fig. 7,d). One finds
that Rg changes maximally between02 — 3.13 fm (292— 3.23 fm), if the contributions to the protons

(A) from feed-down is varied between £7225 % (39— 46 %).

The dependence of the radius parameter on the regigp,ithat is used to determine the normalization
constaniN (see Eq. (2)) is investigated by varying the size and pasitithis region. Itis found thaRg
changes by maximally-0.11 fm.

By taking the quadratic sum of the different contributiortstal systematic error oRg of +0.44 fm and
—0.16 fm is estimated.
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Fig. 8: The effective radius parametlg for p— A correlations as a function of center of mass engygyy. The
figure also includes data on Ar+KCI collisions by the HADE3aooration [28] and on central Au+Au collisions
by the E895 [7] and the STAR [29] experiments. The systen@tiors are represented by the brackets. Please
note that the STAR result corresponds to a slightly highar &) than for the NA49 measurement. Assuming
the m; dependence shown Fig. 9 the STAR data point would move up By, if it was measured at the same

(my).

Another source of systematic uncertainty of the extractetius parameter arises from the limited pre-
cision of the knowledge of the scattering lengths and dffeatanges used in the calculation of the
theoretical correlation function. Therefore, the fits weepeated withd§, df, f5, and f] taken from
[17, 18, 20, 25, 22, 23, 35]. The largest deviation fromRaevalue obtained with the standard parame-
ter set [10] is observed when using the parameters extrégtéiode COSY-11 collaboration [17]. While
in all other cases the difference is smaller tha0.1 fm, it is found to be+0.274 fm for the COSY-
11 parameters which is still close to our statistical erfbnerefore we conclude that the choice of the
parameters describing the-pA\ interaction has a negligible effect on the final result.

3.3 Energy dependence of the effective radius parameter

The result of this study is compared to data at lower and higaeter-of-mass energies in Fig. 8. Good
agreement with the effective radius parameters measuraskfaral Au+Au collisions by the E895 col-
laboration at, /S, = 3.83 GeV [7] and by the STAR experiment @&, = 200 GeV [29] is observed,
indicating that there is no significant change from AGS to RHhergies. A similar observation was
made for correlations of identical charged pions [3].

At even lower energies,(5, = 2.61 GeV) the HADES collaboration measured a significasithaller
effective radius parameter forpA correlations oRg = 2.09+ 0.16(stat.) fm [28]. However, the fireball
volume in the case of Ar+KCl collisions is expected to be $emahan for Pb+Pb and Au+Au collisions.
In fact, it was demonstrated in [28] that the measured/pradius parameter is dominated by the re-
action geometry and scales approximatelyA4S, irrespective of center-of-mass energy. A comparable
observation was previously made for two-proton correl&im the target fragmentation region [6].
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Fig. 9: The effective radius paramet@g, extracted from the correlation functionsmof m~ [3], KTK™ and K"K~
(8], pp [4], and p- A pairs versugm) as measured by NA49 for central Pb+Pb collisiong/af, = 17.3 GeV.
The systematic errors are represented by the bracketsxptaration of curves see text.

3.4 (m) dependence of the effective radius parameter

Figure 9 shows a comparisonR§, as determined in this analysis from the p correlation function, to
radius parameters derived from correlationsof pairs [3] and charged kaon pairs [8], as well as from
two-proton correlations [4], at different average tramseemassegm). In case of ther m and KK
correlationsRg was calculated from the three-dimensional radius parangetaponents as:

RG = (RsideRoutRlong)l/g- (6)

The decrease of the effective radius parameters with isgrgaransverse mass is generally attributed
to the presence of collective flow in the fireball. The measnaeat of the p- A correlation allows to
extend this study to highgim). In fact, Rg for p— A pairs is significantly smaller than the effective
radius parameter extracted for pions and kaons at Idmgrand is thus in agreement with the expected
behavior. The dashed curve in Fig. 9 corresponds to a sifgle) /2 dependence. The solid line is
based on the followingy dependences of the three radius components, as suggedigdrbgynamical
approaches [39, 40, 41]:

I:‘%ide - Réeo/(1+ (mt/T) r’fz) (7)
Rgut = I'-")gi(ie"" Btz AT? (8)
Rﬁ)ng - Tg (T/mt) 9)

Here Ryeq is the transverse size of the particle sourBe= vt/c the transverse flow velocityy; the
transverse flow rapidityys = (1/2) log(1+vf)/(1—v¢), T the kinetic freeze-out temperatum,the total
lifetime of the source andt the emission duration. Under the assumption that all parspecies freeze
out from the same expanding source, we calcuRgérom Eq. (6), using Egs. (7)—(9). The solid curve in
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Fig. 9 corresponds to the parametgr= 0.8,1p = 0.6 fmk, At = 3.4 fmk andT = 90 MeV, as extracted
by fits with a blast wave model to the pion correlations [3]eTdverall normalization has been adjusted
to fit the data. A reasonable description of the effectivéumgharameters for most particle species can
thus be achieved, with the notable exception of the twogorabrrelation.

4  Summary

We report on the measurement of the i\ correlation function in momentum space for central Pb+Pb
collisions at, /5, = 17.3 GeV. The p- A pairs exhibit a clear positive correlation for small refati
momenta. By comparison to a calculated correlation funciane-dimensional Gaussian source size
parameter oRg = 3.02+ 0.20(stat. gz‘l‘g‘(syst.) fm is determined. This value is in good agreemert wit
measurements for Au+Au collisions at lower and higher aeotenass energies. Then) dependence

of the effective p- A radius parameter follows the expectation for an expandingce as described by
hydrodynamics, when compared to other two-particle cati@h results.
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