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Proton and antiproton distributions at midrapidity in proton-nucleus
and sulphur-nucleus collisions
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Experiment NA44 has measured proton and antiproton distributions at midrapidity in sulphur and proton
collisions with nuclear targets at 200 and 450 Geyeér nucleon respectively. The inverse slopes of transverse
mass distributions increase with system size for both protons and antiprotons but are slightly lower for
antiprotons. This could happen if antiprotons are annihilated in the nuclear medium. The antiproton vyield
increases with system size and centrality and is largest at midrapidity. The proton yield also increases with
system size and centrality, but decreases from backward rapidity to midrapidity. The stopping of protons at
these energies lies between the full stopping and nuclear transparency scenarios. The data are in reasonable
agreement with RQMD predictions except for the antiproton yields from sulphur-nucleus collisions.
[S0556-281®8)04202-2

PACS numbdss): 25.75~q, 13.85-t, 25.40.Ve

[. INTRODUCTION Enhanced production of antibaryons may indicate forma-
tion of a state of matter in which the quarks and gluons are

Nucleus-nu_cleus collisio_ns at ultrarelati_vistic e”_erg?esdeconfinec[Z—S]. Such enhancement may be hidden, how-
create hadronic matter at high energy density. The d'smbl;éver, by antibaryon annihilation with baryof,7]; the an-
tions of baryons at midrapidity provide a sensitive probe o tiproton survival orobability is sensitive to both the collision
the collision dynamics. In particular, the stopping power de- P urvival p iyl v ISI

termines how much of the incoming longitudinal energy isenvironment and .the. ant.iproton formation time. The antipro-
available for excitation of the system. These collisions havdon and proton distributions may also reflect the degree of
been described by microscopic models incorporating hadrofiermalization achieved and, by comparing distributions
production and rescattering; see for examdlgé The data from light and heavy systems, allow detailed studies of res-
reported here impose constraints on the amount of stoppineattering.
of baryons in such models. We present proton and antiproton measurements using the
NA44 spectrometer fronpBe (to approximatepp), proton-
nucleus and nucleus-nucleus interactions. This allows a sys-
*Now at Heidelberg University, Heidelberg, D-69120, Germany. tematic study as a function of the size of the central region
"Now at University of New Mexico, Albuquerque, NM 87185.  and different conditions in the surrounding hadronic matter.

*Now at Brookhaven National Laboratory, Upton, NY 11973. These systematic studies are aided by use of an event

SNow at State University of New York Stony Brook, Stony generator. The RQMD model, version 1.08, is a micro-
Brook, New York 11794. scopic phase space approach, based on resonance and string

'Now at Florida State University, Tallahassee, FL 32306. excitation and fragmentation with subsequent hadronic colli-

Now at University of Tsukuba, Ibaraki 305, Japan. sions. RQMD includes annihilation of antiprotons in the had-

** Now at Wayne State University, Detroit, Ml 48201. ronic medium when they collide with baryofig]. We study

"Now at Osaka University, Osaka 560, Japan. a feature of RQMD called color ropes by the authors of the

HDeceased. model. RQMD uses a string model of particle production

$Now at Lawrence Berkeley National Laboratory, Berkeley, CA from each nucleon-nucleon collision. In a heavy-ion colli-
94720. sion, where there are numerous nucleon-nucleon collisions,
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FIG. 1. The NA44 experimental set up.

the density of these strings is high and multiple strings overthe proton-nucleus data, a scintillator counter is used to mea-
lap. Overlapping strings do not fragment independently busure the beam rate. A second scintillatorg)(Ts used to
form “ropes,” chromoelectric flux-tubes whose sources aretrigger on central events in sulphur-nucleus collisions by re-
color octet charge states rather than the color singlet chargegiiring a large pulse heighhigh charged particle multiplic-
of normal stringqd8]. These ropes represent a collective ef-ity). The pseudorapidity coverage of iE roughly 1.3 to 3.5.
fect in nucleus-nucleus collisions, and have been shown t&or proton beams, glprovides the interaction trigger by re-
enhance both strangeness and baryon pair produi@ion quiring that at least one charged particle hit the scintillator,
and also provides the time-of-flight start with a time resolu-

Il. EXPERIMENT
The NA44 experiment is shown in Fig. 1. Three conven- L6 3
tional dipole magnet§D1, D2, and D3 and three supercon- 14 b

ducting quadrupolesQ1, Q2, and QBanalyze the momen- r
tum and create a magnified image of the target in the 4, [
spectrometer. The magnets focus particles from the target i

-
onto the first hodoscop@Hl) such that the horizontal posi- § 1r
tion along the hodoscope gives the total momentum. Two é r
other hodoscopefH2, H3) measure the angle of the track. <08 [
The momentum acceptance #s20% of the nominal mo- &t
mentum setting. The angular coverage is approximateby 0.6 b
to +78 mrad with respect to the beam in the horizontal plane 04 L

and =5 mrad vertically. Only particles of a fixed charge sign
are detected in a given spectrometer setting. Four settings are ¢z [
used to cover the midrapidity region in tipg range 0 to 1.6
GeV. Figure 2 shows the acceptance of the spectrometer in 0 :
the y-p; plane for the 4 and 8 Ge¥/momentum settings o T Ty Ty T s T T
when the spectrometer axis is at 44 and 131 mrad with re- Rapidity
spect to the beam.

For the sulphur-nucleus data, the beam rate and time-of- FG. 2. Thep or p_acceptance iy andpy. The ¢ acceptance
flight start are determined using a Cherenkov beam countghot shown decreases from 2 at p;=0 to 0.012 atps
(CX), with time resolution of approximately 35 p8]. For =1.6 GeVk.
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Ill. DATA ANALYSIS

The proton and antiproton data samples after particle
identification and quality cuts are shown in Table I. Also
shown for each data set is the target thickness and the cen-
trality, expressed as a fraction of the total inelastic cross
section.

Tracks are reconstructed from the hit positions on the
three hodoscopes, constrained by straight-line trajectories af-
ter the magnets. In order to construct the invariant cross sec-
tion, the raw distributions are corrected using a Monte Carlo
simulation of the detector response. Simulated tracks are
passed through the full analysis software chain and used to
correct the data for geometrical acceptance, reconstruction
efficiency and momentum resolution. Particles are generated
according to an exponential distribution in transverse mass,
my= \/pT2+m2, with the coefficient of the exponent deter-
mined iteratively from the data.

The Cherenkovs reject pions with an efficiency of greater
than 98% at the trigger level. Further offline selection re-
duces the pions to a few percent of the kaons. After time-of-

FIG. 3. Mass-squared distribution from Hodoscope 3 after pionglight and Cherenkov cuts, the residual kaon contamination
have been vetoed by the Cherenkovs.

of the proton sample is less than 3%.
The invariant cross sections are presented as a function of

tion of approximately 100 ps. A silicon pad detector mea-mr—mj,, wherem, is the mass of the proton. The absolute

sures the charged-particle multiplicity withrzazimuthal ac-

ceptance in the pseudorapidity range<1,$<3.3.

The three scintillator hodoscopélll, H2, and H3 are

normalization of each spectrum is calculated using the num-
ber of beam patrticles, the target thickness, the fraction of
interactions satisfying the trigger, and the measured live time

used to track the particles and are divided into 50, 60, and 50f the data-acquisition system. For tBé data, the centrality
slats, respectively. The hodoscopes also provide time-ofselection is determined by comparing the pulse height distri-
flight with a time resolution of approximately 100 ps; par- bution in the T counter for central and unbiased beam trig-
ticle identification relies primarily upon the third hodoscope.gers. FoIpA systems, the fraction of inelastic collisions pro-
Two Cherenkov counters differentiate kaons and protonslucing at least one hit in the interaction g Tcounter is
(C1: freon-12 at 1.4 or 2.7 atm, depending on the spectrommodeled with the event generators RQNIO and FRITIOF

eter settingg and reject electrons and pio€2: nitrogen/

[11,12. The errors on the centralities for th@A data in

neon mixture at 1.0 or 1.3 ahmAn appropriate combination Table | reflect the systematic uncertainty on this fraction
of C1 and C2 is used for each spectrometer setting to triggerom comparing the two models. TheA data are also cor-

on events with no pions or electrons in the spectrometerected for the efficiency of theglcounter. The resulting cen-
Particles are identified by their time-of-flight, in combination trality fractions are indicated in Table I.

with the Cherenkov information. Figure 3 illustrates the par- The proton-nucleus data are corrected for nontarget back-
ticle identification after pions have been vetoed by the Cherground. The largest corrections are 7.4% and 6.7% on the
enkovs; kaons and protons are clearly separated. More debsolute cross sections for protons and antiprotons fr8me
tails about the spectrometer are availabl¢1i@.

collisions. This correction does not affect the shape of the

TABLE I. Centrality, target thickness, and number of events for each spectrometer setting. The target
thickness is quoted in nuclear collision lengths for the given system.

y=19-23 y=2.3-2.9
Angle Target
System Centrality (mrad thickness p P p P
pBe 84+2% 44 3.3% 22594 14925 35630 17880
131 3.3% 11200 3269 5568 1823
pS 90+2% 44 3.3% 44505 12081 1609 5392
131 3.3% 51341 1956
pPb 97+3% 44 4.7% 14094 13754 1913 4467
131 9.9% 22908 856 13907 2274
SS 8.7£0.5% 44 6.6% 11135 3200 5960 16660
131 6.6% 18652 2703 18379 3762
SPb 10.7£0.6% 44 5.9% 13833 2081 12062 7293

131 5.9% 38178

4528

43261

7299
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TABLE Il. Systematic errors on the inverse slopes aiddy. have the same path through the spectrometer. The total un-
_ certainty is 10 MeV¢ for the midrapidity §=2.3—2.9) data,
System Error on inverse slope Error diN/dy and 10—20 MeV¢ for the lower rapidity §=1.9—2.3) data.
y=19-23 y=23-29 The error in the absolute normalizations is dominated by
pBe 10 MeV/e 10 MeV/c 9% the uncertainty in the fraction of the total cross section se-

lected by the NA44 centrality trigger, and by the pion and

pS 10 MeV/c 10 MeV/c 9% . . : .
Pb 10 MeV/c 10 MeV/c 10% _electron veto corrections. The relative error in the centrqhty
gs 20 MeV/ 10 MeVi 9% is 6% for both theS SandS Pbdata, resulting in a systematic
SPb 20 Mng 10 MEV/E 140/" uncertainty of 6% irdN/dy. For the proton-nucleus data, the
0

trigger bias is determined by modeling the acceptance of the
T, counter, as described above. The resultidg/dy values

distribution. The corrections to the nucleus-nucleus data ar8"® Se”Si“Y‘? to the chargeq particle distribution from the two
negligible. The cross sections are also corrected for the prdpodels_, giving Oanf uncebrtamty Of.1'5% for thEBe <_jata,
ton identification efficiency, and for the effects of selecting!"c'€asing to 3% fopPb. Corrections for the fraction of
events with no accompanying pion or electron. The Ioionevents vetoed by pions are significant only for the sulphur-

(electron veto correction is determined from the number of "Ucleus data at the 44 mrad setting. The uncertainties in
protons in runs for which the pion@lectrons are not ve- these corrections are 10% f8P b collisions and 5% folSS

toed. The effect of hadronic interactions of the produced parc®!lisions. Additional errors on theN/dy values arise from

ticles in the material of the spectrometer has been studie 5% uncertainty in the determination of the data-acquisition

using a detailed GEANT simulation. These interactions, in1IV€ time, and a 5% beam rate dependence of the pion veto

cluding annihilation of antiprotons in the spectrometer mate €Oréction for theSPb data. For thepA data, there is an
rial, do not distort the shape of the measured transverse maédditional 6% error due to the correction for the efficiency of
distributions but result in a reduction in the observed yieldd€ intéraction counter. The correction for nontarget back-
of about 11% for protons and 17% for antiprotons. The datground contrlb_utes a negligible systematic error to the abso-
are corrected for these losses. lute cross sections for proton-nucleus data. The total system-

The invariant cross sections, measured in the NA44 acliC €rrors on the measured inverse slopesciily values

ceptance, are generally well described by exponentials g€ given in Table 1.

transverse magsee Eq(1)]. The proton and antiproton ra-

pidity densities §N/dy) are calculated by integration of the V. FEED-DOWN FROM WEAK DECAYS

normalizedmy distributions, with the fitted coefficient of the

exponent(the “inverse slope’) used to extrapolate to high ~ Weak decays of strange baryons are a significant source
m;, beyond the region of measurement. The statistical erro®f protons and antiprotons, and contribute to the yields mea-
on this extrapolation is calculated using the full error matrixsured in the NA44 spectrometer. A strange baryon may
from the fit of Eq.(1) (see Sec. Vito them; spectrum. The travel several centimeters from the target before decaying

corresponding systematic error is included in Table II. weakly to a proton and a pion. Such a proton may be recon-
structed in the spectrometer with the wrong momentum. The

sensitivity of the data to this feed-down has been studied

using a GEANT simulation of the spectrometer with particle
The momentum scale of the spectrometer is verified withdistributions and yields taken from RQMD. Of the strange

a second, independent measurement of the momentum usibaryons, onlyA® andS " decay weakly to proton@vith the

the multiwire proportional chambe(tMWPCs 1-4 in Fig. 1  corresponding antiparticles decaying to antiprojohieavier

and dipole magneiD3), yielding a systematic error of 1.6% strange baryons also contribute via sequential decays.

on thepy scale. Since the NA44 spectrometer has acceptance The fraction of the measured protof@tiprotong arising

for both positive and negativey, a systematic offset ipr  from these decays is calculated as a function of rapidity and

can be checked by requiring symmetry aroymg=0. The transverse momentum within the NA44 acceptance, and used

resulting uncertainty on the origin of thpg scale is 7 MeV¢é  to determine “feed-down factors” for theny and dN/dy

for the 8 GeV setting. A detailed Monte Carlo simulation, distributions. These are multiplicative factors which provide

including multiple scattering and detector granularity, is usedan estimate of the contribution of and X decays to the

to correct for the finite resolution of the spectrometer, andneasured distributions, and could be applied to the numbers

introduces a systematic error p} of 0.15%. in Tables IV and V to estimate the inverse slopes and yields
Systematic errors on the inverse slopes of the transversef “direct” protons (antiproton$. Figure 4 shows the effect

mass distributions are estimated by comparing the inversef feed-down from weak decays on the RQMD proton and

slope determined from the 131 mrad data to the inverse slopgntiproton transverse mass distributions &P b collisions.

determined from both angle settings, and are less than 5%cluding A and 3 decays tends to make the distributions

(15% for the 8 GeV(4 GeV) setting data. The systematic steeper since the protons arising from weak decays contrib-

errors due to the spectrometer acceptance correction are age more at lowpy. Table Il shows the feed-down factors

timated from the sensitivity of the extracted slope to the fitfor the inverse slopes and yields of the data dud tand%

range used, and by measuring the slope determined from tliecays. The values are calculated using M@ and 3/p

ratio of the cross sections corresponding to the “central ray”ratios from RQMD. The “errors” reflect the result of in-

of the spectrometer at both the 131 and 44 mrad settings. lereasing and decreasing th& € 3)/p ratio in the model by

this ratio the acceptance corrections cancel since the particlesfactor of 1.5. This factor of 1.5 is consistent with the scale

IV. SYSTEMATIC ERRORS



my-m, (GeV/c®)

FIG. 4. Invariant cross sections as a functionnof—m, for
centralSPbcollisions from RQMD, with(open symbolsand with-
out (solid symbol$ feed-down from weak decays.

of the discrepancies in the published datafoproduction in
nucleus-nucleus collisions. For cent&$collisions, RQMD
is consistent with the\/p ratio measured by NA3513].

However forSPhQ there is a factor of 2 discrepancy between
the measurement oA production by NA36[14] and the

scaledSAg data of NA35. The RQMD prediction lies be-
tween the results of the two experiments. The feed-dow

factors have been calculated explicitly for protons frpBe,

pPb and SPbusing the complete GEANT simulation, and

are scaled according to the respective RQMDHZ.)/p ra-

tios for protons fronpSandSS and for antiprotons from all

systems. A factor of 1.5 variation in the\(- 3)/p ratio is
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FIG. 5. Invariant cross sections for protons as a function of

mT_ mp .

models they have not been applied to the data but are listed
in Table 11l so that the reader can appreciate the sensitivity of
the data toA and2 decays.

VI. RESULTS

The invariant cross sections for protons and antiprotons
rom pBe pS, pPb, SSand SPbcaollisions are shown in
igs. 5 and 6 as a function ofir—mj,. The transverse mass

distributions are generally well described by exponentials in
the region of the NA44 acceptance:

1 Edc
o dpd

=C e,(mT, mp)/T’

@

also assumed in calculating the antiproton factors. firhe

dependence of the feed-down factors is mainly determinedhereC is a constant and the inverse logarithmic slope.

by the experimental acceptance and not by nikedepen- The inverse slope parameters obtained by fitting the proton

dence of the A +3)/p ratio from RQMD. and antiproton data to Eql) are given in Table IV, and
As these factors necessarily contain some dependence @iotted in Fig. 7. The inverse slopes for both protons and

TABLE llI. “Feed-down factors” for A andX, decaysT is the inverse slope of th@, spectrum. These
are multiplicative factors which could be applied to the numbers in Tables IV and V to estimate the inverse
slopes and yields of “direct” proton&@ntiproton$. The errors reflect the result of increasing and decreasing
the (A +2)/p ratio in RQMD by a factor of 1.5. The errors dhand dN/dy are anticorrelated.

y=1.9-2.3 y=2.3-2.9

System Parameter Proton Antiproton Proton Antiproton
pBe T 1.01+0.01 1.03:0.01 1.02:0.01 1.03:0.01
dN/dy 0.90+0.03 0.8%-0.04 0.96-0.03 0.85-0.04
pS T 1.01+0.01 1.02:0.01 1.03:0.02 1.0720.03
dN/dy 0.91+0.03 0.79-0.05 0.9%-0.04 0.83-0.06
pPb T 1.09+0.02 1.29-0.24 1.04:0.01 1.110.03
dN/dy 0.82+0.04 0.72-0.06 0.93-0.02 0.8%0.04
SS T 1.05+0.01 1.09-0.03 1.02£0.01 1.08:0.02
dN/dy 0.78+0.05 0.74-0.06 0.84-0.04 0.7%0.06
SPb T 1.01+0.01 1.09:0.02 1.16:0.02 1.12:0.03
dN/dy 0.77+0.06 0.6%0.07 0.8Z-0.05 0.73-0.06
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FIG. 6. Invariant cross sections for antiprotons as a function of System
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antiprotons increase with system size. For protons, the in- FIG. 7. Inverse slopes of the transverse mass distributions for
verse slopes are higher at midrapidity=(2.3—2.9) tha'm at each system for data and RQMD. Statistical and systematic errors
more backward rapiditiesy(= 1.9 2.3) This e1.°fect is not for the data are added in quadrature. The global systematic errors

seen for antiprotons, where the inverse slopes are similar jfommon to all systemdable 1) are shown by bars near the bottom

the two rapidity intervals. Note that the errors on the back.'9Nt-hand comer of each plot.

ward rapidity data are significant. The inverse slopes for an
tiprotons are generally somewhat lower than for protons
midrapidity, but are comparable in the backward rapidity i
terval.

in the two rapidity intervals, there is essentially no difference
afor proton-nucleus collisions. In nucleus-nucleus collisions
M however, antiproton production is notably smaller backwards

The proton and antiproton rapidity densitieN/dy) are of midrapidity.

listed in Table V and plotted in Fig. 8. Proton yields increase I':|gu're 9 shows the ratio gb to p yields for the.vanous
with system size, and are significantly larger in nucleusprqectlle-target systems. Note that the systematic errors de-

nucleus collisions than in proton-nucleus collisions. Morescribed in Table Il cancel in this ratio. The/p ratio de-
protons are produced in the backward rapidity interwal ( creases by a factor of 4 fropBe to SPh Most of this
=1.9-2.3) than at midrapidityy2.3—2.9), particularly ~decrease with system size occurs betwe®b andSS The

for proton-nucleus collisions. The antiproton yields are lowertarget dependence of the ratio is stronger in sulphur-nucleus
than the proton yields and grow less rapidly with increasingthan in proton-nucleus collisions. Comparing the two rapid-
system size: the increase in the antiproton yield betweeity intervals, the p/p ratio is larger at midrapidity in all
pBeandpPbis less than 50%. Comparing antiproton yields cases.

TABLE IV. Inverse slopes T) extracted from fits of the data to Eql). The errors are statistical.
Systematic errors are shown in Table Il. Also shown are the inverse slopes extracted from RQMD, version
1.08, after correction for weak decay feed-down. For RQMD, there is no significant difference in the inverse
slopes if rope formation is turned off.

y Fit range System p RQMD p P RQMD p
(GeVric) (MeVl/c) (MeV/c) (MeV/c) (MeVl/c)
pBe 123+4 135+5 116+12 130+13
pS 136+3 146+8 149+25 13019
1.9-2.3 my—m,=<0.27 pPb 131+3 146+9 126+16 126+25
SS 149+4 22028 21728 156+42
SPb 195+5 270£14 20717 18726
pBe 153+4 150+3 126+6 142+5
pS 17030 148+4 131+10 143+9
2.3-29 mr—m,=<0.68 pPb 195+5 157+5 141+8 140+11
SS 2104 238+9 190+10 171+15
SPb 2564 246+4 205+7 202+8
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TABLE V. dN/dy for protons and antiprotons with statistical

@® NA44Data [0 RQMD with Ropes A RQMD no Ropes

and systematic errors. C
il :-
y System Protons Antiprotons 035 . .
pBe 0.293+0.008:0.026 0.0660.003+0.005 +
pS 0.377+0.009-0.034 0.08a:0.008+0.007 03 -
1.9-2.3 pPb 0.426:-0.010+0.043 0.076:0.006+0.007 r FC
SS  497x0.15:046  041%0036:0038 =B -
SPb 13.6-0.4*+1.9 0.7910.043+0.108 0.2 _¢ + o ["]
pBe 0.158+0.008:0.014 0.05%0.006+0.005 E ¢
pS 0.204+-0.013+0.018 0.057%0.006+0.005 0.15 -E] ["] F O
2.3-2.9 pPb 0.251+0.010:£0.025 0.076:0.007+0.008 Ifl:| #‘ ®
SS 4.51+0.20+0.42 0.505-0.038+0.047 0.1 E PY E ®
SPb 12.0+-0.3+1.6 1.10-0.05+0.15 E @ [ A
0.05 A F A
0 . 1 1 1 1 A . 1 1 1 1
The beam momentum for theA data is 450 GeW, cor- pBe pS pPb SS gl;"s’tg]];e pS pPb SS SPb

responding to a beam rapidity of 7, while for t8é data the
beam momentum is 200 Ge¥/per nucleon, corresponding
to a beam rapidity of 6. The energy dependence of proton

and antiproton production ipp collisions has been studied temai 4 statistical h b dded i drat Th
at the ISR[15]. Using the parametrizations of the proton and ematic and statistical errors have been added in quadrature. The
. . . value of the integrated ratio fqgrp collisions[15] is 0.33+0.13.
antiproton cross sections as a function of center-of-mass en-
ergy from[15], the effect of the different beam momenta for . .
9y [15] ity dependence between the two subsamples. Figure 10

the pA andAA data on the systematic behavior of thép shows the proton and antiproton yields for these two differ-

ratio can be estimated. Decreasmg_ the beam m.om_entught centrality selections. Production of both protons and an-
from 450 to 200 GeW per nucleon, this energy scaling im- inrot0ns increases with centrality, although the yield of pro-
plies that thep yield decreases by 121% and thep yield  tons rises faster.

decreases by 1:50.1%. Thus the decrease in beam energy

cannot explain the decrease of thép ratio. Rather it re-
flects the fact that at midrapidity most protons are not pro-
duced but originate from the target or projectile. The precision of the data and the range of the systems
In order to study the centrality dependence of proton andgtudied provide strong constraints on models of proton and
antiproton production, th&Pb data are divided into two antiproton production, rescattering and annihilation. We
subsamples containing the 11-6 % and 6—0 % most central
collisions, respectively. The inverse slopes show no central-

FIG. 9. The integratetho p ratio for data and RQMD. Sys-

VIl. DISCUSSION

® NA44Data O RQMD Ropes A RQMD No Ropes

® NA44 Data O RQMD with Ropes A RQMD no Ropes

11-6%
Centrality

11-6% 6-0% 6-0%

E 1 1 1 1 1 1 1 1
pBe pS pPb SS SPb pBe pS pPb SS SPb
System FIG. 10. Proton and antiproton yields as a function of centrality
for SPbcollisions. Statistical errors are shown for each point. The
FIG. 8. Rapidity densitiesdN/dy) for each system for data and vertical bar shows the systematic error of 13.6% common to all of
RQMD. Statistical and systematic errors for the data are added ithe data, see Table Il. Also shown are the RQMD predictions for

quadrature. the same centrality selection.
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collisions is substantidl18]. This may explain why the in-
10 ?ﬂﬂnq . verse slopes of antiprotons do not increase frgm
SR T =1.9-2.3 toy=2.3-2.9.
o "‘-la.u. RQMD reproduces the trend of increasing inverse slope
o« 1 o gff** .D.g.. with system sizéTable IV and Fig. 7, and is in reasonable
E TN N ’i * te agreement on the absolute values of the inverse slopes, with
“0 J $ 4 * f‘“g the exception of the backward rapidity€ 1.9—2.3) protons
o] 10 - * 3 o ;*AA*; X from sulphur-nucleus collisions, where the model predicts
o (& ; O haa larger inverse slopes than are measured experimentally. For
@l |2 PRast 4 L SSandSPbaty=1.9-2.3, the RQMD proton distributions
=1° 2L (s : Nﬁu ropes t tend to deviate from exponentials in transverse mass, show-
£ | % p RQMD ropes ing larger inverse slopes at lom; (within the NA44 accep-
I [ [#_P RQMD no ropes tance than at highm;. For RQMD, there is no significant
100 y=1.9-23 | y=2.3-29 difference in the inverse slopes if rope formation is turned
N S | T R S off. This might seem surprising for antiprotons since if rope
0 02 0 0.2 0.4 0.6 formation is included, almost all antiprotons originate from

2
my - m, (GeV/c)) ropes, and the production mechanisms of antiprotons from

ropes and from conventional sources are very different.
However, rescattering would tend to mask any difference in
the initial my distribution of antiprotons produced from ei-
ther ropes or conventional sources.

The vyields of protons and antiprotons both increase with

have compared our data in detail to the RQMD model. Fig-System size, tht_a proton yield rising faster.. Th'e increase of
ure 11 compares the transverse mass distributions of proto®th yields and inverse slopes with target size is much stron-
and antiprotons fromSPb collisions to predictions from 9erinSAthan inpA collisions since target nucleons may be
RQMD with and without rope formation. The contribution of struck by more than one projectile nucleon. Thé&p ratio
feed-down fromA and X decays is included in the model decreases with system size, and is lower towards target ra-
predictions, determined using the GEANT simulation de-pidity than at midrapidity. This implies that most of the pro-
scribed above. The shapes of the spectra are generally reprions at midrapidity are not produced in the collision, but are
duced by the model. This is true also for the lighter collisionremnants of the initial nuclei. The fraction and absolute num-
systems. The RQMD distributions are then used to determine

FIG. 11. Invariant cross sections as a functionngf—m, for
centralSPbcollisions from data and RQMD. The RQMD distribu-
tions include the effect of feed-down from weak decays.

inverse slopes and yields from the model in the same way as ® NA44 O NA35
for the data. C [

Comparing different collision systems, the inverse slopes 10 = o L o0l
of both protons and antiprotons increase with system size. 3 .|:| : ¢
The relative increase, fromBe to SPh is similar in both [ [ o
cases. NA44 has previously reported an increase in the in- 1= E‘E
verse slopes of kaons, protons and antiprotons produced at £ o ;
midrapidity in symmetric collision systeni48]. These data 2 1: e ©®1 ® I 0 .'?
extend this trend to asymmetric systems, and to more back-=2 ;4 'L e 2
ward rapidities y=1.9—2.3). For symmetric systems, the % 1
inverse slopes of protons and antiprotons are equal, while for 1= L N
the asymmetric systemsS, pPb andSPbaty=2.3-2.9 : e o ¢ °¢| w
the inverse slopes of protons are higher than those of anti- 11 F
protons. 10

The increase of the proton inverse slope with system size, ‘e ® o o o o
which continues througRPbPb collisions[18], is a result of L =
the increasing number of produced particles and consequent 19 > . .pAu,  ,SAu . .pAu,  ,SAu
rescattering. The large number of secondary collisions causes pBe pS pPb SS SPb pBe pS pPb SS SPb
the hadronic system to expaht0,18,19,20 and the veloc- System
ity boost from this collective expansion is visible as an in-
creased inverse slope in the protow distributions. One FIG. 12. Comparison of NA44 and NA346,17, rapidity den-

would expect this effect to be concentrated at midrapiditysities forp—p and p. The pA data were taken at 200 Ged/for

and this is supported by the data which show that the inversBA35 and 450 GeM for NA44. The NA44SSandSPbdata have
slopes of protons are higher at=2.3—2.9 than aty been selected to have approximately the same centrality selection as
=1.9-2.3. Though the antiproton inverse slope is also inthe NA35SSandSAudata, and all NA44 data have been corrected
creased by secondary collisions, the RQMD model predict$or feed-down using the factors in Table Ill. The NAB5- p data

that the observed antiprotons have suffered fewer rescattemre from the rapidity intervals 2.0-2.5 and 2.3-3.0 for t®8and

ings than the observed protons. This is because seconda®Au for pA the NA35 rapidity ranges are 1.8—2.2 and the average
collisions with baryons can annihilate the antiprotons, ancbf two bins covering rapidity 2.2—3.0. The NA35 data are in the

the number of baryons at midrapidity in the nucleus-nucleusapidity range 3—4.
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TABLE VI. Predictions fordN/dy for protons and antiprotons from RQMD, version 1.08. The contri-

bution from weak decay feed-down is included in these calculations.

Ropes No ropes

y System Protons Antiprotons Protons Antiprotons
pBe 0.211+0.005 0.03%0.002
pS 0.279+0.010 0.03%0.004

1.9-23 pPb 0.433+0.019 0.057%0.007
SS 5.64+0.56 0.712-0.122 6.190.94 0.2210.065
SPb 16.66-0.73 1.05@:0.105 16.2-1.2 0.355-0.163
pBe 0.179+0.003 0.048:0.002
pS 0.221+0.005 0.058:0.003

2.3-29 pPb 0.295+0.009 0.095:0.005
SS 5.252+0.155 1.05#0.073 4.980.24 0.366-0.064
SPb 12.71+0.13 1.58%-0.049 11.220.18 0.462-0.037

bers of such “original” protons decreases frone1.9—-2.3  collisions[16,17]. In those cases for which comparison data
to y=2.3-2.9, indicating that the stopping of protons atare available, the inverse slopes measured by the two experi-
these energies is incomplete. FoA collisions, the antipro- ments are consistent. Figure 12 shows a comparison of the
ton yield is essentially constant frop=1.9-2.3 toy rapidity densities for net protons and antiprotons from NA44
=2.3-2.9, whereas foBA collisions more antiprotons are and NA35. There is good agreement between the two experi-
produced aly=2.3-2.9. ments.
For theSA data, no change in the inverse slopes of pro-
tons and antiprotons with centrality is seen within the 11%
most centraSPh and 8% most centr&® S collisions. Both
proton and antiproton yields increase with centrality. The
increase is larger for protons than for antiprotons, and both These data constitute the first systematic measurement of
particles show a larger increase wt2.3—2.9 than aty proton and antiproton yields and spectra frpe to SPh
=1.9-2.3. The stopping of protons is incomplete at 200 Gewlicleon.
RQMD predictions for proton and antiproton yields, with For SA collisions, target nucleons tend to be struck by more
and without color ropes, are shown in Table VI and Fig. 8.than one projectile nucleon: this causes the target depen-
The proton yields are generally well described by the modefience of the inverse slopes and yields to be strong&An
in both pA and SA collisions, although there is a tendency han inpA collisions. As the size of the system increases, the
for RQMD to overpredict the yield in the more backward jncreasing density of particles at midrapidity causes the pro-
rapidity interval for sulphur-nucleus collisions. Antiproton i5s to recscatter more often and so their megn or in-
yields from pA collisions are also in reasonable agreement,qrse siope, increases. This mechanism is less efficient for
with RQMD, however, the data show a somewhat weakeginrotons since they may annihilate when they rescatter. In
target dependence than the model. The antiproton yielBEn  gpite of annihilation, the yield of antiprotons increases with
collisions is consistent with the RQMD prediction without gystem sjze and centrality: this increase is strongest at midra-
ropes, whereas thBPbyield is between the rope and no- pigity. Comparisons with RQMD imply that antiproton anni-
rope predictions. With no rope formation, it is possible thatyjjation is overestimated in the model or that some new

RQMD could reproduce the observ&A antiproton yields  mechanism is needed to account for antiproton production in
with a smaller annihilation cross section in the model. If, syphur-nucleus collisions.

however, the rope hypothesis is valid, then either RQMD
overpredicts antiproton production in nucleus-nucleus colli-
sions, or it underpred|_cts the subseq_uent anr_uhllatlon of the ACKNOWLEDGMENTS
produced antiprotons in the surrounding medium.
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